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Photorefractive Polymer Composites based on
Third-Order Nonlinear Optical Chromophores

L. Ya. Pereshivko, A. D. Grishina, T. V. Krivenko,
V. V. Savelev, and A. V. Vannikov
A.N. Frumkin Institute of Physical Chemistry and Electrochemistry,
Russian Academy of Sciences, Moscow, Russia

Photorefractive materials based on unplasticized polymers that have a high glass
transition temperature and the frozen random orientation of chromophores are
prepared by layer casting. Under these conditions, only the third-order suscepti-
bility has a nonzero value, by increasing with an increase in the conjugation chain
length and reaching considerable values in the case of nano-sized molecules, such
as single wall carbon nanotubes. In single wall carbon nanotubes containing poly-
N-vinylcarbazole, the photoelectric sensitivity and photorefractive characteristics
are measured at 1064 and 1550 nm.
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INTRODUCTION

The capability to amplify IR laser beams makes photorefractive mate-
rials promising for optical diagnostics in medicine (1064 nm) and in
optical communication processes (1550 nm). Therefore, the develop-
ment of devices for the enhancement of informative laser beams in this
range is an important problem.

The photorefractive (PR) effect is known to be characteristic of
polymer materials that possess photoelectric, charge transport, and
nonlinear optical properties. The PR effect includes the following pro-
cesses (Fig. 1): interference of two input laser beams, photogeneration
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of electron-hole pairs in the bright interference bands (Fig. 1, solid
lines in the polymer layer), and the prevailing drift of one of the
charges, as an example, of the holes in the direction of the applied elec-
tric field E0 to the dark regions (the plus and minus signs represent
trapped holes and electrons, respectively). The periodic space charge
field Esc is formed as a result of the trapping of both electrons and
holes along dark regions. The orientation of dipole molecules and the
electron polarizability of chromophores in the periodic field Esc provide
the modulation of the refractive index Dn and the diffraction grating
formation, which is shifted in space relative to the bright fringes

FIGURE 1 Schematic representing the interaction geometry of the writing
beams 1 and 2 with a polymer composite: composite layer (1), ITO-electrodes
(2), Al2O3–insulating barrier (3). The sample is titled at /¼ 45�, the angle
between beams is 2h¼ 15�. E0 is the applied electric field. Solid and dashed
lines inside the composite layer denote the interference and diffraction grat-
ings, resapectively. Electrons are trapped near bright bands, holes drift to
dark regions. The periodic field Esc is directed along the x-axis, K is the grating
period, w ¼ 2pDx=K and Dx are the phase and spatial shifts between the
gratings, respectively.
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(dashed lines in Fig. 1). A necessary condition for the emergence of the
PR effect is a difference in the mobilities of unlike charges. Seeing the
drift of electrons in the direction opposite to that of holes, this electron
displacement limits the phase shift w (Fig. 1) and decreases the beam-
coupling gain coefficient:

C ¼ 4p Dn cos 2h sin w=k: ð1Þ

For the geometry of the sample shown in Figure 1, the field Esc and,
hence, Dn peaks are spatially shifted relative to the interference bands
by the distance �Dx or by the phase �w¼ 2p(�Dx)=K, where K is the
grating spacing.

As a consequence, beam 1 (pump) reflected from the grating travels
parallel to and is in phase with beam 2 (signal), and their interference
provides the amplification of the signal beam. The reflected beam 2 is
out of phase with beam 1, and the intensity of the latter decreases due
to their interference (Fig. 1).

The vast majority of PR materials were synthesized using plasti-
cized polymer composites with glass transition temperatures (Tg) close
to room temperature [1–4]. In these polymers, the high diffusive
mobility of low-molecular dipolar chromophores is responsible for their
orientation in the direction of Esc. In this case, the index refraction
modulation is provided by two contributions: the orientation polariza-
tion and the second-order polarization. Polymers with low Tg have
high PR characteristics, but the high diffusive mobility of chromo-
phores leads to a short lifetime of stable PR composites due to
the dimerization or crystallization of chromophores. Therefore, there
is a strong need for the PR polymers with a high Tg and high PR
characteristics.

The main purpose of our work is the creation of PR materials based
on a polymer having a high Tg. This task requires to use third-order
nonlinear optical chromophores. The chaotic distribution of chromo-
phores is ‘‘frozen’’ in the stiff polymers having high Tg. In this case,
the orientation polarization and the second-order polarization equal
zero, and only the third-order susceptibility has non-zero value,
increasing with the conjugation chain length and reaching consider-
able values in the case of nano-sized molecules, such as single wall
carbon nanotubes. Poly-N-vinylcarbazole was used as the polymer
matrix (Tg¼ 200�C).

The electron polarizability reacts to a change of Esc on the timescale
of picoseconds. Therefore, the PR properties are determined by the
photogeneration quantum efficiency, the mobility of charge carriers,
and their dependence on an applied electric field.
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EXPERIMENTAL

The PR composites consist of poly-N-vinylcarbazole (PVK) and
0.26 wt.% oxidized single wall carbon nanotubes (o-SWCNT) or
0.26 wt.% non-oxidized single wall carbon nanotubes (SWCNT). PVK
as-received from Aldrich was used. SWCNT material (AP-grade) pro-
duced by an arc discharge was purchased from CarboLex (USA).
According to the manufacturer, the purity was 50–70 vol.% as determ-
ined by Raman spectroscopy and SEM. Impurities included approxi-
mately 35 wt.% of residual catalyst particles (Ni, Y), and some
amorphous carbon might also be present. SWCNT had an average
diameter of 1.4 nm, and their samples include both semiconducting
(2=3) and metallic (1=3) tubes with chiral angles distributed between
0� and 30�. SWCNT were purified for the removal of impurities by
treating in 65% nitric acid for 26 h. Then, after filtering off, SWCNT
were washed several times with deionized water on a centrifuge until
pH7. o-SWCNT were obtained by means of the treatment of SWCNT in
aquafortis at 110–120�C in the course of 24 h.

To prepare composites, SWCNT were first dispersed in tetra-
chloroethane for 30 min by an UZDN-A ultrasonic homogenizer. Next,
a PVK solution in tetrachloroethane was added to the dispersion and
mixed, and the viscous mixture was ultrasonicated for 5 min. Polymer
composites were prepared by casting a viscous solution of their
components onto a transparent ITO electrode (In2O3:SnO2) and dried
for 3 h at 60�C. Films of the PVK–SWCNT composite were 10–20 mm in
thickness.

In photocurrent measurements, a polymer layer was sandwiched
between two electrodes, the transparent ITO electrode and the elec-
trode that was made from a colloidal silver paste and had a diameter
of about 3 mm. We measured the dark current jd (before switching on
light) and the kinetic curves of the total current buildup to a steady-
state value j after switching on a laser at different values of the
applied field E0. The photocurrent was determined as the difference
jph¼ j – jd after attaining a steady-state value of the total current.
Nd:YAG and IS550-120 continuous wave laser systems radiating at
1064 and 1550 nm, respectively, were used.

The PR characteristics were measured in a cell shown in Figure 1
on a holographic device by the two-beam coupling technique using
the linearly polarized radiation from a continuous Nd:YAG or IS550-
120 laser. A linearly polarized laser beam was divided by a splitter into
two beams of the same intensity of about I1(0)¼ I2(0)¼ 0.14 W=cm2

(Nd:YAG) and I1(0)¼ I2(0)¼ 0.425 W=cm2 (IS550-120). The polymer
compositewas sandwiched between electrodes made from a transparent
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conducting ITO film applied onto a glass substrate. To reduce the
injection of holes from the anode, an Al2O3 film of a few nanometers
in thickness was deposited on the ITO surface.

RESULTS AND DISCUSSION

As known, the optical-range of electronic absorption in SWCNT-based
PR polymer composites extends to 2000 nm [5]. Figure 2 shows the
field dependence of the quantum efficiency uðEÞ for the formation of
mobile charge carriers in PVK–o-SWCNT (0.26 wt.%) exposed to the
laser radiation with a wavelength of 1064 nm [Fig. 2 (1)] or 1550 nm
[Fig. 2 (2)]. To determine the quantum efficiency, we measured the
dependence of the photocurrent on the applied field jph(E). The quan-
tum efficiency was calculated by the equation

uðEÞ ¼ jphðEÞhc=fek½I0ð1� 10ð�AðkÞÞ�g;

where hc=k is the photon energy at the wavelength of a laser, e is
the electron charge, I0¼ 5.2 W=cm2 and I0¼ 0.85 W=cm2 are the
intensities of Nd:YAG (1064 nm) and IS550-120 (1550 nm) lasers,

FIGURE 2 The electric field dependence of the quantum efficiency at (1) 1064
and (2) 1550 nm in PVK–o-SWCNT (0.26 wt.%). The solid line is constructed
according to the Onsager equation w ¼ Pðr0EÞ � u0 calculated to within the
fourth-power term (E0)4 ð/0 ¼ 0:012 and r0 ¼ 9:8 GÞ
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respectively, I0ð1� 10ð�AðkÞÞ is the light energy absorbed in the layer;
and A(k) is the optical absorption at a wavelength k [A(k)¼ ad=2.3,
where a is the absorption coefficient and d is the layer thickness].

The solid line in Figure 2 is constructed according to the Onsager
equation u ¼ Pðr0; E0Þ � u0 [6]. Here, P(r0, E0) is the probability that
the charges in a thermalized photogenerated electron-hole pair escape
the recombination at the initial separation r0. The value of P(r0, E0)
increases with both the initial charge separation distance in the pair
r0 and the applied field E0. The probability was calculated to within
the fourth-power term (E0)4. The calculated curve fits the experimental
dependence at r0¼ 9.8 Å, and the quantum yield of pairs is u¼ 0.012.

As was shown in Figure 2, the quantum efficiency in composite
PVK–o-SWCNT at 1064 nm equals that at 1550 nm.

The PR effect was measured in composites PVK–o-SWCNT
(0.26 wt.%), PVK–SWCNT (0.26 wt.%), and in these composites with
the addition of 3 wt.% fullerene C60. The use of both carbon nanotubes
as a sensitizer and third-order nonlinear optical chromophores
provides the PR sensitivity in the IR-region at 1064 and 1550 nm.

Figure 3 presents the two-beam coupling kinetic curves measured
in the PVK composite containing 0.26 wt.% SWCNT (curve 1) and
the composite which additionally contained 3 wt.% C60 (curves 2 and
3) with laser radiation at a wavelength of 1550 nm. The following
sequence of operations was used for the measurement of the curves
shown in Figure 3: beam 2 was first switched on, and its intensity at
the exit from the cell I2.0 was measured. Then, a negative potential
was applied to the exit electrode; the intensity of beam 2 being not
changed under these conditions. As is seen from the data in Figure 3,
the intensity of beam 2, I2.1, increased after switching on beam 1 (at
the time t¼ 10 s). When beam 1 was switched off, the intensity of beam
2 acquired the initial value I2.0. The gain in beam 2 is accompanied by
a loss in the intensity of beam 1.

A relative rise in the intensity of beam 2 with time after switching
on beam 1, I2.1, can be represented by the expression

I2:1=I2:0 ¼ 1þ ðc0 � 1Þf1� exp½�ðt� t0Þ=s�g:

Here, c0 is the gain factor (or the intensity ratio I2.1=I2.0 under con-
ditions, when I2.1 reaches saturation), and s is the diffraction grating
formation time constant or the composite response time to the two-
beam exposure.

The two-beam coupling gain coefficient C was calculated by the
formula

CL ¼ ½lnðbc0Þ � lnð1þ b� c0Þ�:
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Here, b¼ I1(0)=I2(0)¼ 1, L¼d=cos(/ – h) is the optical path length of
beam 2, (/ – h)¼ 37.5� is the angle between beam 2 and the normal
to the layer surface (Fig. 1), and d is the layer thickness.

Figure 3 (curve 2) shows that the addition of C60 to the PVK–
SWCNT composite leads to an almost double increase in the gain fac-
tor c0 for beam 2. It is likely that the effect is due to the strong acceptor
properties of fullerene (the electron affinity is 2.66 eV [7]), namely, to
the reduction in the distance over which electrons drift from their gen-
eration region (bright interference fringes) because of the scavenging
by C60 molecules. This shortening leads to an increase in the phase
shift w (Eq. 1) which is primarily determined by the range of holes
before the trapping under these conditions. The possibility for C to
grow due to the contribution of fullerene to the third-order bulk
susceptibility cannot be ruled out as well [8].

FIGURE 3 Two-beam coupling kinetic curves measured at 1550 nm (1) in
composite PVK–SWCNT (0.26 wt.%), (2,3) - in composite PVK–SWCNT
(0.26 wt.%) -C60(3 wt.%), and (3)- in composite after its preliminary illumi-
nation for 1 min with a He-Ne laser (633 nm, I¼ 0.06 W=cm2). A change in
the intensity of beam 2 was measured in a field E0¼ 40 V=mm upon switching
beam 1 on and off at a negative voltage on the exit electrode (Fig. 1).
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Figure 3 (curve 3) shows a double increase in the gain factor c0 for
beam 2 as a result of the 1-min preliminary illumination in the C60

absorption region (a He-Ne-laser, k¼ 633 nm, I0¼ 0.06 W=cm2) of com-
posite PVK–SWCNT–C60 (in the absence of the field E0). The increase
in C can be associated with the filling of deep traps for holes during the
preliminary illumination. This filling ensures both an increase of the
distance, over which holes drift from their generation region and the
increase in C as a result of the increase in the phase shift w [Eq. (1)].

So, the two-beam coupling gain coefficient C of a laser beam and the
net gain C–a (difference of the gain and absorption coefficients) at
E0¼ 140 V=cm are 32 cm�1 and 27 cm�1 in composite PVK–SWCNT–
C60 (a ¼ 4.6 cm�1). The time constant s decreases from � 4 to 0.9 s with
an increase in E0 from 33.3 to 140 V=mm. The preliminary illumination
of this composite with a 633-nm laser beam (in the absence of the
electric field) leads to an additional twofold increase in the two-beam
coupling gain coefficient.

FIGURE 4 The field dependence of the two-beam coupling gain coefficient at
1550 nm in PVK–o-SWCNT (0.26 wt.%) (1,2) and PVK–SWCNT (0.26 wt.%)
(3,4). (2,4); 3 wt.% C60 was added in the composites. Up arrow indicates that
the measurement was made after the illumination for 1 min with a He-Ne
laser (633 nm, I¼ 0.06 W=cm2) in composites with C60.
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Figure 4 shows the field dependences of the two-beam coupling gain
coefficient with laser radiation at 1550 nm in the PVK composites con-
taining 0.26 wt.% o-SWCNT (1,2) and (3,4) 0.26 wt.% SWCNT. It is
worth to compare the effect of the additive of C60 on PR parameters
of composites (Fig. 4, curves 2 and 4). As shown in Figure. 4 (curve
1,3), the field dependences of the two-beam coupling gain coefficient
for both composites without C60 are the same. Figure 4 (curve 2) shows
also that the two-beam coupling gain coefficient C is not changed with
the addition of C60 into the composite containing o-SWCNT, but
increases (curve 4) in composite PVK–SWCNT (due to the strong
acceptor properties of C60). It is clear that the attached oxygenous
groups prevent the transfer of the electrons photogenerated in nano-
tubes on outside C60. It is determined by an increase of the ionization
potential of nanotubes after the oxidation.

Main PR-characteristics at 1064 nm in PVK–SWCNT 0.26 wt.%
and in PVK–o-SWCNT 0.26 wt.% have higher values than those at
1550 nm. At the field E0¼ 115 V=mm, the net gain is C-a¼ 42 cm�1

(a¼ 11 cm�1) in PVK-SWCNT 0.26 wt.%. In composite PVK–o-SWCNT
0.26 wt.% at the field E0¼ 170 V=mm, the net gain is
C–a¼ 55 cm�1 (a¼ 10 cm�1).

Thus the single wall carbon nanotubes provide photorefractive
properties at 1064 and 1550 nm of the composites based on PVK hav-
ing high Tg (200�C), as these nanotubes have photoelectric sensitivity
in the near IR region and a high third-order nonlinearity.
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