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DOI: 10.1039/X0XX00000X applications like 3D displays and 3D Telepresence. In this report, the performance of a novel PR polymer

composite doped with graphene is studied. The addition of graphene laminates to a photorefractive

www.rsc.org/ composite results in up to threefold enhancement of space charge (SC) field build-up time. From our

optical and electrical measurements, the faster build-up time is attributed to larger charge generation
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1. Introduction

Photorefractive (PR) polymer composites have gained
considerable attention due to their advantages like large PR
effect, structural flexibility, low cost and good processability
compared to inorganic crystals. Since large diffraction
efficiency can be obtained in a PR polymer composite sample
that is several micrometers thick (as opposed to a few
centimeters thick in the case of inorganic crystals), they are an
interesting choice for large area and compact applications.
Recently, remarkable advances have been accomplished in
refreshable, eye-glass-free holographic three dimensional (3D)
displays and 3D Telepresence using PR polymers '*. Currently,
there is a clear understanding of the physical phenomena taking
place in PR polymers and the focus is to develop highly
sensitive polymers for fast refreshing holographic 3D displays
and 3D Telepresence * °. However, PR polymers currently
available are not adequately sensitive to record holograms with
low light intensity within a short exposure time. For instance, in
order to achieve a sub-millisecond response time, a nanosecond
(ns) pulsed laser with intensity as high as 4MW/cm® was
required®. The sensitivity of PR polymers is therefore limited by
the charge generation and separation efficiency.

The writing speed of the PR materials depends on two
major factors: (1) formation of the space charge field ie.
charge generation, transfer, transport and trapping; and (2)
the reorientation dynamics of the chromophores. It is
generally accepted that the former contributes to the fast time
constant of the PR composite and the latter governs the slow
time constant” ®. Even though the limiting time factor for
reaching the steady state in the PR polymers is the slow time
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between graphene and the 7-DCST chromophores.

constant, diffraction efficiencies smaller than the steady state
diffraction value are sufficient for most practical dynamic
holographic applications. For instance, an updatable
hologram that can be viewed under ambient light condition
with only 0.5% diffraction efficiency was recently
demonstrated °. As a result, charge generation plays an
important role in improving the temporal dynamics of
hologram generation. It was found that, using proper charge
generation moieties or sensitizers, like buckminister fullerene
(Cgp) or tetranitroflurinone (TNF), can substantially improve
the writing dynamics of PR polymerslo’ 1

As a result, Cg, has become one of the most commonly
used,well-performing sensitizers in PR composites'? and a
benchmark sensitizer in the literature’>'®. A more soluble
derivative of Cg, [6,6]-phenyl C 61 -butyric acid methyl ester
(PCBM) '* ' has also been used recently providing similar
PR performance and easier material processing. However,
while carbon nano-materials, particularly Cq and its
derivatives, have proven to be efficient charge generators in
PR composites, other carbon nano-materials within the same
family of carbon allotropes, like single wall carbon nanotubes
(CNTs) and multiwall carbon nanotubes, can also enhance
the performance of PR composites'®?2. Phase separation
constitutes one of the processing challenges when dealing
with CNT sensitizers. Recently, Lingam et al. **> have bonded
PVK polymer to CNTs. It was found that the charge-transfer
process was improved through the intimate contact between
the sensitizer and CTP. This grafted polymer system (PVK/7-
DCST/TCP/PVK grafted CNT) showed internal diffraction
efficiency as high as ~60% and two beam coupling gain of
! at 633nm. Furthermore, CNTs are involved not
only in the charge generation but also in charge transport,

~78 cm
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which can occur along the tube. The photoconductivity of
polymer composites with CNT was found to increase
significantly compared to composites without CNTs** 2°,

can be categorized by their
dimensionality, from zero (0D) to 3D

dimensions. One can think of the 2D configuration of carbon,

Carbon nanomaterials
which ranges

namely graphene, as a building block to form the other
dimensional structures of carbon allotropes such as 0D
1D CNT,
monolayer of carbon atoms densely packed into a two-

fullerene, and 3D graphite. Graphene is a
dimensional honeycomb lattice, which can be regarded as a
parent to Cgo and CNTs, as it can be wrapped up to form 0D
fullerene, rolled to form 1D CNT, and stacked to form 3D
graphite®®. Moreover, it is an interesting material with
excellent electrical properties, mechanical flexibility, optical
transparency, thermal conductivity, low thermal expansion
and properties?’>". Unlike

the valence and conduction bands of

coefficient electronic
semiconductors,
graphene intersect at the Dirac point, indicative of a metallic
like behavior with no energy band gap. Therefore, graphene
can absorb and convert light into photocurrent over a broad
electromagnetic spectral range, leading to great interest for its
use in development of new optoelectronic materials. Under
an applied electric field, photocurrent generation in graphene
can occur under several processes such as Seebeck effect,
photovoltaic effect, and bolometric effect’® *. Tt has been
found that electrical conductivity and photo-charge transport
of polymer composites are improved with graphene doping*
38 Therefore, it is highly interesting to investigate the effect
of graphene on the speed of grating formation in PR
composites since the process involves both charge generation
and transport.

Recently, Grishina et al. reported on the beam coupling
properties of poly(N-vinylcarbazole)/ graphene composites at
visible and infrared wavelengths®> *°. Neither plasticizers nor
NLO chromophores were added in their system. The two
beam coupling gain of the system was measured to be 50 cm”
" at an applied field of 150 V/um and wavelength of 532 nm.
However, such composite does not represent a real PR
sample since it lacks NLO chromophore which is necessary
for a PR system. Nevertheless, it is highly interesting to
examine the use of graphene in a real PR polymer composite.

In this report, we studied the performance of a novel PR
polymer composite doped with graphene at 633 nm. The
system under study is of poly (acrylic
tetraphenyldiaminobiphenyl) (PATPD) as the conducting

composed

polymer, N-ethyl carbazole (ECZ) as the plasticizer and 4-
homopiperidinobenzylidenemalononitrile (7-DCST) as the
NLO chromophore. We found that by adding graphene to the
composite, photoconductivity and grating formation speed
can be improved. We attribute such improvement to more
efficient charge generation with graphene and donor-acceptor
the and the nonlinear

interaction between graphene

chromophore.
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2. Results and discussion

2.1 Effect of graphene on optical absorption of the PR
composite

We prepared three PR samples by melt compounding
process [see Experimental section for details]. The first
sample (“undoped”) is an undoped sample consisting of
PATPD/ECZ/7-DCST with 49.74/15.08/35.18wt%. The
second sample (“graphene doped”) is graphene doped and the
loading of graphene is about 0.03 wt% (graphene doped to
“undoped”). The third sample ("PCBM doped”) is a PR
composite doped with the same wt% (0.03) loading of a
benchmark PR sensitizer, PCBM for comparison. PCBM is
selected as a standard sample for comparison here, since
recent novel applications like updatable photorefractive 3D
displays and 3D telepresence were demonstrated using
samples sensitized with PCBM’, although at different
concentration. In the present work, we study the performance
of a system similar to the one discussed in Reference 9 but
using graphene additives. Since our graphene is not
functionalized, maximum loading of 0.03% was used in our
study to avoid graphene agglomeration. It is however
important to note that the amount and performance of the
PCBM in the present work are not comparable to that of
Reference 9. In fact, decrease in rise time would be expected
for higher weight percent, due to the subsequent larger
number of photogenerated charges. All samples were
prepared by sandwiching the PR composite between two
indium tin oxide (ITO) coated glass slides with a controlled
thickness of 105um using spacers. Optical absorption spectra
of these samples are shown in Figure 1(a). All samples show
large absorption in the green region of the spectra. These
large green absorptions are due to chromophore absorption.
In order for PR effects to take place, light absorption is
essential: this means that all PR samples will work well in the
green region. However, since the light absorption is small in
the red region, the addition of the sensitizers to the system is
necessary. While the undoped and PCBM doped have similar
absorption spectra, the graphene doped sample shows a
longer absorption tail at longer wavelengths. The optical
absorption of graphene dispersed in tetrahydrofuran (THF)
shown in the inset of Figure 1(a) is in agreement with
previous reports?'. Therefore, improvement in the PR
performances in the red region with the addition of graphene
is expected. Comparing absorption spectra of the PR samples
with their individual components, we found that the observed
absorption profiles cannot be accounted for by simple
the absorptions of the individual
components. We have also measured absorption spectra of
both undoped and graphene-doped composites without
chromophores (Figure 1(b)). Both samples have high
absorption at ~400 nm due to absorption of the polymers. The

superposition  of

graphene-doped sample, however, exhibits higher residual
absorption throughout the visible range. This higher residual
absorption can be attributed to frequency-independent

This journal is © The Royal Society of Chemistry 2012
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Figure 1 (a) Absorption spectra of undoped, graphene doped and PCBM doped in the film form. The inset shows the absorption of
concentrated 7-DCST in THF. (b) Absorption of PR composites without chromophores (film) with (red) and without (blue) sensitizer.
The addition of graphene results in broadband flat absorption in the visible wavelength range. The inset shows absorption of PCBM and
graphene in THF. Axis labels of the insets are the same as of the main curves.

absorption of graphene® *2. The existence of an absorption
shoulder, only when chromophores are present in the
graphene doped composite, suggests an interaction between
the chromophores and graphene.

2.2 Studies on photorefractive performances of the
graphene-doped PR composite

To measure the speed of refractive index grating formation in
the PR process, we performed a transient four-wave-mixing
(FWM) experiment. The wavelength used was 633 nm
generated from a HeNe laser. It is to be noted that, in all of
our experiments, the samples are pre-illuminated to avoid a
history-dependent effect *** *. In a typical FWM experiment,
two coherent writing beams interfere inside the sample,
resulting in an intensity modulation. This modulated intensity
generates photo-generated charges which then drift and
diffuse to form a space-charge (SC) field. The resulting SC
field modulates the refractive index by electro-optic and
reorientational effects, creating an index grating inside the
material. To probe the formation dynamics of such gratings,
another counter propagating beam or reading beam is used.
Due to the index grating, the reading beam is diffracted and
the transient behavior of the grating formation can be probed.
The diffraction efficiency of this transmission grating
depends on the strength of the grating according to the

equation:
nocsin®(S) )]
where S is the grating strength given by :
A
S= ﬂindcos(al -a,)
AJcosa, cosa, “ @)

This journal is © The Royal Society of Chemistry 2012

with 4n being the magnitude of the index modulation, /1 is the
wavelength of the reading beam, and a; and a; are the angles
of the writing beams with respect to the sample normal. Due
to small dielectric screening in PR polymer, an external field
is applied to facilitate charge separation and the sample is
tilted to project an effective electric field along the grating
vector. As a result, in the case of PR polymers, 4n is a
function of applied field and SC-field dependent
birefringence and the electro-optic effect of the chromophore.
Since the generation of SC-field and thus the index grating
are dynamic in nature, 4n is a function of both time and
voltage. In transient FWM measurements, we monitored the
temporal behavior of the diffracted beam at a constant
applied field of 64 V/um as one of the writing beams is
blocked and then opened. The total writing intensity used was
800 mW/cm® From these measurements, shown in Figure
2(a), we found that the graphene doped sample showed faster
dynamics than the other samples. Such observation indicates
a faster formation of the refractive index grating. We have
also measured the steady-state FWM properties of the
samples [Supporting information, FigureS1]. All three
samples showed comparable diffraction efficiency. At the
applied field of 64V/um, the undoped, graphene doped and
PCBM doped samples have internal diffraction efficiency of
69%, 62%, and 53% respectively.

In general, the speed of the formation of the index grating
depends (1) speed of SC-field
formation and (2) chromophore reorientation time. The first

on two contributions,

contribution is largely affected by the charge generation
efficiency of the sensitizers while the second contribution
depends on the properties of the chromophore and the 7, of
the composite. In fitting the transient data, the assumption of
bi-exponential character in the transient behavior of the index
modulation, An(?), results in two time constant, i.e. the fast

J. Mater. Chem C, 2014, 00, 1-3 | 3
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time constant ¢; and the slow time constant #,, as seen in
Equation (3).
An(t)oc[l-mexp(—t/t))—(1-m)exp(-t/t,)] (3
Since the SC-field formation is much faster than the
reorientation of the chromophores, ¢, can be mainly attributed
to the speed of the SC-field formation. On the other hand, ¢,
mostly reflects the chromophore reorientation kinetics’. By
fitting our data with Equation (3), ¢, and ¢,, for graphene
doped are determined to be 0.8 s and 25 s respectively. In
contrast, for undoped, ¢, = 2.5 s and ¢, = 25s, and for PCBM
doped #; = 1.8 s and ¢, = 38 s. The weighting factor m used
for fitting undoped, graphene doped and PCBM doped data
are 0.51, 0.51, and 0.65s respectively. When compared to its
undoped counterpart, the graphene doped sample has
approximately 3 times faster ¢, while their ¢, values are the
same. Such reduction in the fast time constant, i.e. the faster
SC-field formation can be attributed to the improved charge
generation and transport due to the presence of graphene. In
order to wverify this assumption, performed
photoconductivity measurements (Figure 2(b)). The total
light intensity used for all measurements was 400mW/cm>.
The speed of the SC-field formation and the value of the
magnitude of the ¢, value are largely governed by the
photogeneration efficiency. We found that our graphene-
doped sample exhibits significantly larger photoconductivity,
o,y than the undoped sample. Its photoconductivity also is
larger than that of PCBM-doped sample when applied filed is
larger than 30V/um. This larger photoconductivity in the
graphene-doped sample means, given the same irradiation,
more charges (larger photocurrent) are generated in the
sample. By the definition of electric current, a larger current
is the manifestation of a greater number of charges flowing
through the sample per time interval. In the case of the PR
polymer, this enhanced charge flow will result in a faster
formation of a steady state SC-field. Therefore, the observed
largest photoconductivity in the graphene-doped sample
explains its fastest 7, We also calculated the photo-charge
generation efficiency, ¢,,, of the samples according to the
equation

we

¢ph e]

a

where E is the applied electric field, I, is the absorbed light
intensity, 4 is Planck’s constant, v is the light frequency, and
e is the elemental charge constant. It is found that the
photogeneration efficiencies of all samples increase with E,
as depicted in Figure 2(c). Such field dependent efficiency
suggests the electric field assisted dissociation of excitons ***
46 In other words, holes and electrons are generated at the
interface between two species (donor and acceptor). From the
experimental data, the rate of increase of the efficiency with
applied field is higher in the case of the graphene-doped
sample compared to that of the undoped sample. This higher

4 | J. Mater. Chem. C, 2014, 00, 1-3

rate is an indication of a smaller initial electron-hole
separation, or exciton thermalization length, in the graphene-
doped sample*’. Such reduction in the initial thermalization
length may be explained by the small loading of the

graphene. The number of participating charge generators can
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Figure 2 (a) Transient FWM curves (b) Photoconductivity vs.
applied field and (c) Photo-charge generation efficiency of
undoped, graphene doped, and PCBM doped.

significantly affect the interfacial area between donor and
acceptor species and the thermalization length is highly
dependent upon the interfacial areas*®. Larger loadings of
both species can result in continuous pathways available to
both electrons and holes and thus a longer thermalization
length. On the other hand, the absence of such pathways in
either one of the charge species causes a reduction in the
thermalization length. The undoped sample has a large initial
thermalization length (smaller slope) because the charge
generation and separation occurs between two species with
large loadings which are, in this case, the chromophores and
the charge transporting polymers. From the experiments, we
found that the graphene-doped sample had much larger

This journal is © The Royal Society of Chemistry 2012
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photo-charge generation than its undoped counterpart. It
becomes obvious that the additional charges are generated by
the presence of graphene. The observed reduction in the
initial thermalization length in the graphene-doped sample
further confirms that such increase in photogeneration
involves the species with smaller loading, i.e. graphene.

Since any species added to the PR polymer composites
can also act as charge traps* >, it is interesting to investigate
this aspect. We performed two beam coupling (TBC)
measurements with our sample (Figure 3). In this experiment,
the energy exchange between two overlapping laser beams
was monitored. The magnitude of the energy exchange is
expressed in the form of the gain coefficient, I', which
depends not only on the magnitude of the SC-field but also
on the phase shift between the light interference pattern and
the index modulation®'. Charge trapping can affect both the
magnitude and the phase of the SC-field, resulting in changes
in the magnitude of I'*2. Not only that, TBC measurement
implicitly gives information about the trapping mechanisms,
the non-zero TBC gain coefficient is a proof of the PR effect
in the system due to the nonlocal nature of the PR effect. We
found that the gain coefficients of our graphene-doped
sample are comparable to those of the undoped sample. This
observation indicates that the addition of graphene neither
affect the magnitude nor the phase of the SC-field, possibly
due to the absence of new favorable charge traps (otherwise,
very shallow traps) generated with graphene. Both samples
showed large gains with p-polarized beams. This is because
the index modulation seen by p-polarized light is stronger
than by s-polarized light. It is to be noted here that both
samples showed reversed direction of energy transfer as the
incident beams were changed from s-polarization to p-
polarization. This effect has previously been observed™.

120+
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graphene doped (s-polarized) 5 4
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Figure 3 T vs. E for undoped, graphene doped and PCBM
doped. Data for both s- and p-polarizations are shown.

When the performance of the graphene-doped sample was
compared with a PR polymer doped with the benchmark
sensitizes, like in the PCBM doped, we found that ¢; of the
graphene-doped sample is shorter than that of the PCBM-

This journal is © The Royal Society of Chemistry 2012
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doped sample at an applied voltage of 64V/um. The shorter
time constant in this graphene-doped sample is in accordance
with its higher photoconductivity when compared to the
PCBM-doped sample. However, the linear absorption of the
graphene-doped sample is higher than that of the PCBM-
doped sample at similar loading levels. The rate of increase in
the photocharge generation efficiency of the graphene-doped
sample, however, is larger than that of the PCBM-doped
sample. We also found that the TBC gain coefficient is much
higher in the case of the PCBM-doped sample. The larger
TBC gain in the PCBM-doped sample can be attributed to
traps generated from ionized sensitizers **. In the PCBM
system, the majority of charges are generated from
photoexcitation of PCBM molecules. By transferring holes
to the transport polymer, ionized PCBMs are created. These
species act as electron traps that increase the separation
between positive and negative charges, resulting in large
TBC gain. On the other hand, graphene-doped sample and
undoped sample have similar gain coefficients, suggesting
the lack of such trapping mechanism. This implicates that
charge sensitization processes in PCBM-doped and graphene-
doped samples are different. In the former, PCBM acts as
independent charge sensitizers and ionized species are the
results of photoexcitation. In the latter, however, graphene
helps separation and transport of charges created from
photoexcitation of the nonlinear chromophores as evident by
photocurrent, absorption and PL. measurements (discussed in
the following section).

2.3 Effect of graphene on photoluminescence of the PR
composite

From the TBC measurements, it is clear that the PR effect
can take place in the PATPD/ECZ/7-DCST system, without
the use of additional sensitizer, i.e. the case of the undoped
sample. However, we found that the absorption profile of the
composite is not a simple superposition of the component’s
profiles. This finding suggests electronic interactions between
the components. To have an insight into this aspect, we
performed photoluminescence (PL) measurements with 532
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o) 2
£ S 250+
1 150 =1
o o
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Figure 4. PL spectra of (a) PATPD/7-DCST composite and 7-
DCST, and (b) graphene doped and undoped PR samples. The
excitation wavelength was at 532nm. The composites studied
here were so prepared that the % weight loading of the
components in polymer matrices are the same as those of the PR

samples. J. Mater. Chem C, 2014, 00, 1-3 | 5
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nm laser excitation (Figure5) using a Raman confocal
microscope (Witec Alpha 300 RA Raman system). First, we
investigated the PL of the PATPD /7-DCST composite to
observe the interaction between PATPD and 7-DCST. The
PL of the PATPD/7-DCST composite has a peak at ~ 610 nm
which is red-shifted compared with the PL of 7-DCST
(Figure 4(a)). These results suggest that excited 7-DCST
electronically interacts with the PATPD host polymer. The
PL spectra of thin layers of undoped and graphene doped
samples are shown in Figure 4(b). The undoped sample has a
PL peak at 610 nm which is same as the PL peak of the
PATPD/7-DCST composite. The observed peak at 610nm in
the undoped PR composite may be attributed to the radiative
recombination between electron in the LUMO level of
7DCST and hole in the HOMO level of PATPD as illustrated
in Figure 5(a). However, according to our previous optical
measurements, the photo-charge generation efficiency of this
system is relatively small which results in a slow formation
of the SC-field.

(a) LUMO (b) LUMO
2
B P 2 -
g PO g
= FNE = - N £
- £t =
£ /78 g 8% LA g
PL /R = e Y
emission | PL 1_ e =
i hv emission”| ;
¢é_,h\+ ' , ) e by g
! A H <
b+ | , =
543 M +®"K o g
543 IV o
5.9 5o
HOMO > __HOMO
undoped graphene doped

Figure 5 Possible charge interaction diagram for (a) undoped
and (b) graphene doped. In the undoped PR composites, a
photo-generated hole is transferred from 7-DCST to PATPD.
ECZ does not participate in hole transport due to its lower
HOMO level of 5.92eV. These holes are the primary charge
conductors in PR polymers. In the case of graphene doped,
graphene may act as an electron acceptor with 7-DCST as a
donor, resulting in Dbetter exciton dissociation/charge
generation efficiency.

By adding graphene to the system, the efficiency can be
improved. This improvement in the efficiency results in faster
formation of a SC-field and shorter ¢;. Here, we found that
graphene can be used to improve the photocharge generation
efficiency of the PR system. Even without optimization and
functionalization, the photo-charge generation efficiency of
the graphene sensitizers is similar to benchmark materials
like PCBM. We also found that the absorption of the
graphene doped sample has a longer tail in the red region
than those of the undoped and PCBM doped. The PL

6 | J. Mater. Chem. C, 2014, 00, 1-3

spectrum of the graphene doped PR is also slightly red-
shifted compared to that of the undoped. Considering the
energy level of graphene (Figure 5(b)), it is possible that
graphene interacts electronically with the LUMO level of 7-
DCST, resulting in the slight red-shift in the PL spectrum and
better charge generation efficiency. In fact, electronic
interactions between graphene and z-conjugated polymers
has been observed in the case of photonic and optoelectronic
devices™ . It has also been found that electron transfer
occurs between poly(3-octylthiophene) and graphene where
graphene acts as an acceptor . In addition, blending
conjugated polymers with graphene-based materials can
result in effective electron—hole separation and charge
transport. It also provides a continuous pathway for charge

transfer >°.

2.4 The role of charge trapping in the graphene-doped PR
composite.

While both graphene-doped and PCBM-doped samples
have similar charge generation efficiency, the latter shows
much stronger TBC gain. This finding can be explained in
terms of charge trapping in the composites. In the PCBM-
doped system, the generated charges are transferred to the
conducting polymer, resulting in ionized PCBMs. The
ionized PCBMs act as hole traps. However, in the case of the
graphene-doped sample, the presence of graphene in the
system does not significantly affect the magnitude of the
TBC gain, suggesting the lack of a trapping mechanism.

An increase in the speed of the SC-field formation can be
the manifestation of two phenomena, namely more efficient
photo-charge generation and better charge transport. Since
we observed an increase in photo-charge generation
efficiency, we conclude that better charge generation process
due to the interaction between graphenes and the complex is
responsible for the improvement. However, it is also possible
that the addition of graphene helps transporting the photo-
generated charges, possibly by improving overall electrical
conductivity of the composite. Enhancement in electrical

0.05

<70.04 =
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o o
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= .
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8 002
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Figure 6 Dark conductivity vs applied field for undoped,
graphene doped and PCBM doped.
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conductivity of graphene-doped composites has been
observed previously®. In order to investigate this aspect, we
looked at the dark-conductivity of the samples (Figure 6).
The dark conductivity was measured at the steady state after
pre-illumination. We found that both undoped and graphene
doped have similar dark-conductivity at low voltages.
However, doping

conductivity at larger fields. It is possible that the addition of

graphen showed slightly higher
graphene leads to such voltage dependent enhancement of the
dark conductivity. This aspect is the subject of future study.
However, we can conclude that, in our graphene—doped PR
composite, the graphene dopants do not negatively affect the
charge transport mechanism. In other words, charge trapping
is absent in the graphene-doped sample. On the contrary, The
PCBM doped shows a reduction in dark-conductivity when
compared with the undoped. This can be attributed to the

trapping mechanism previously discussed.
3. Experimental
3.1 Sample preparations

Graphene used in this experiment was synthesized by
chemical exfoliation according to previous reports®" ©2
Briefly, graphene samples were prepared by ultrasonic
cleavage of high purity HOPG in an organic solvent, N-
methylpyrrolidone. The resulting solutions were centrifuged
to obtain a stable dispersion. This dispersion contains 10-50
nm graphene crystallites, predominantly mono and bilayers.
These dispersions were filtered through alumina filters to
obtain um thick free standing graphene laminates. These
graphene laminates were re-dispersed in THF to produce PR
samples.

All samples were prepared by melt processing. First, the
chemicals were mixed with the designated composition in a
common solvent, THF. The solution was then dried at 55 °C
under vacuum for 24hr. The mixture solid was placed
between two indium-tin-oxide (ITO) and melt processed at
165 °C. Polystyrene glass beads of 105 wm diameter were
used as a spacer to control the thickness of the samples.

3.2 Optical absorption measurement

The absorption spectra of all samples were taken using fiber-
coupled light source (DH-2000) and spectrophotometer
(USB4000) from Ocean Optics. The absorption coefficients
at 633nm were determined and confirmed using a power
meter (Newport 1918-R) equipped with a silicon photodiode
(Newport 818-SL).

3.3 FWM measurement

In this measurement, two writing beams of equal
intensities of 400mW/cm?® were used. The wavelength was

This journal is © The Royal Society of Chemistry 2012
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633nm generated from a HeNe laser. The intensity of the
reading beam was 21mW/cm’. The tilt angle between the
sample normal and bisect of the two writing beams was fixed
at 55°. The angle between two writing beams was fixed at
24° for all measurements. Photodiodes connected to a digital
oscilloscope were used to measure the transient behaviors.
The transient measurements were done by blocking and un-
blocking one of the writing beams using a mechanical
shutter. The intensity of the diffracted beam was monitored

once the shutter was open. The internal diffraction
efficiencies, m;,, were calculated using the following
equation:
_ Ly ®)
nint - I Ji
diff + trans

1,4, are the diffracted and transmitted
intensities, respectively.

where 1;; and

3.4 TBC measurement

In TBC measurements, two interacting beams with a 1:1
intensity ratio were used. The gain coefficients, I', for a
sample with thickness, L, were calculated via the equation15 .

1 (6)
I'= Z[ln(by) —In(b+1-y)]

with the gain ]/:]1 (12 > 0)/]1 (]2 = O)and the intensity

ratio b =1.
3.5 Photocurrent and dark-current measurements
In photocurrent measurement, the samples

irradiated with uniform laser beam (633nm) of 400mW/cm?
and the photogenerated currents flowing through the samples

were

were measured using a Keithley 6485 picoampmeter. The
currents under dark conditions (dark-current) were also

recorded. The photoconductivity, o,,, was calculated
according to the following formula.
i A (7)
— tot elec
O-ph - EA _Gdark(A _1)
beam beam

where i, is the total current, o4, is the dark conductivity, £
is the applied electric field, 4., is the electrode area, and

Apeanm 18 the illumination area.
3.6 PL measurements
A confocal Raman system from Witec (Alph300RA) was

used The
excitation light at 532 nm was focused using a 20X objective.

to acquire the photoluminescence spectra.

The spectra presented in Figure 5 are the results of 5
accumulations single spectra with 0.5s integration time using

J. Mater. Chem C, 2014, 00, 1-3 | 7
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the 600 g/mm grating of the UHTS300 spectrometer centered
at 620 nm.

Conclusions

In conclusion, we have studied the performance of PR
composites doped with graphene. We found that, in the
undoped PATPD/ECZ/7-DCST,
sensitization  occurs  via
Nonetheless, the addition of graphenes to the system results

system  of charge

nonlinear  chromophores.
in shorter SC-field build-up time. The faster build-up time is
attributed to larger charge generation due to the electronic
between chromophores.
Photocurrent  studies the
enhancement in charge generation with the addition of

interaction graphenes  and

on our samples confirm
graphene. From the energy levels of the component and our
luminescence study, it is likely that the improved charge
generation is due to the efficient exciton separation at the
7DCST-grapehne interface. The PR performance of the
grapehene-doped sample are comparable with the PCBM-
doped sample with the same (wt%) loading. We found that
the graphene-doped sample exhibited faster SC-field build up
time and larger photoconductivity at high applied field
(>50V/um). The steady state TBC gain of the sample doped
with the benchmark sensitizer PCBM is larger than that of the
graphene-doped PR composite. However, the TBC gains of
the graphene-doped sample are comparable with the undoped
composite. The absence of improvement in the TBC gains of
the graphene-doped sample compared with PCBM-doped
sample may be attributed to the lack of charge trapping in the
graphene-doped sample. This study has revealed the potential
of using graphene-based materials to improve the speed of
PR polymer composites. Future work will focus on further
enhancement of the PR speed by increasing the loading of
graphene by suitable functionalization.
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