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Graphene monolayers were discovered in 2004 [1],
and their structure (hexagonally symmetric,
covalently bonded 2D carbon monolayers) was estab�
lished. A graphene monolayer has a thickness of the
carbon atom. A.K. Geim, one of the discoverers, notes
that being the thinnest, graphene is also the most
robust and hardest of known materials. Charge carri�
ers exhibit giant intrinsic mobility in it, have zero
effective mass, and move over a few micrometers with�
out scattering at room temperature. Graphene can
sustain six orders of magnitude higher current densi�
ties than copper, shows a record�breaking thermal
conductivity, and is impermeable to gases [2]. Excel�
lent electronic characteristics, heat resistance, chemi�
cal stability, transparency, and good mechanical prop�
erties have been the impetus for research�and�devel�
opment works in the line of designing and
manufacturing a variety of graphene�based devices [3,
4]. Regarding the photonic and optoelectronic prop�
erties of graphene, their extensive study was initiated
in 2008 after the advent of the most inexpensive
method for liquid�phase exfoliation of graphite [5, 6]
by long�term sonication. In the resulting slurry, most
individual flakes contain three to four graphene
monolayers and a small portion contains up to 15
monolayers [6]. The main focus was on the develop�
ment of optical limiters, which are used when rapid
reduction in transmission with a sharp rise in light
intensity is needed. To assess the effect, the open�
aperture z�scan technique was used [4, 7, 8] (see the
Experimental section). During z�scanning, the inten�
sity of laser radiation incident on a sample can be
increased by five orders of magnitude or more by mov�
ing the sample along the focused laser beam. It was

shown that such an increase in laser radiation intensity
in a graphene suspension or a graphene mixture with
oligothiophene leads to only a few percent decrease in
optical transmission as a result of twophotonic and
twoquantum processes [8]. However, the transmission
decreased by ~70% when the graphene was grafted to
oligothiophene [8]. A similar effect was observed after
graphene grafting onto polyvinylcarbazole (PVK) [4].
This effect is believed [4, 8] to be due to photoinduced
energy transfer.

EXPERIMENTAL

The photoelectric and PR characteristics of the
composites were measured using a continuous Nd :
YAG laser with an emission wavelength of 1064 nm. To
make the composites, we used the dispersion prepara�
tion procedure developed in [9]. Graphene was intro�
duced into tetrachloroethane (TCE) and dispersed for
48 h in a UZDN�A ultrasonic disperser. After that. the
solvent dispersion was allowed to settle, with the
undertreated graphene partly precipitating as a black
sediment on the bottom of the vessel and partly accu�
mulating on the surface. Then, an appropriate quan�
tity of the dispersion was withdrawn with a micropi�
pette, to which PVK (Aldrich, MW = 1.1 × 106; glass
transition temperature, 200°С) was added, and the
mixture was subjected to three 30�min runs of agita�
tion using a magnetic stirrer with heating to 60°С.
Electronic absorption spectra were recorded on a Shi�
madzu UV�3101PC spectrophotometer in both the
graphene/TCE dispersion and PVK–graphene com�
posites supported on a quartz substrate. The compos�
ites on the quartz substrate were also used to measure
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the nonlinear optical properties. Photorefractive mea�
surement cells were prepared as follows: first, to
reduce the dark current, an Al2O3 dielectric film was
deposited on the electrode, which was a glass substrate
coated with a conducting In2O3 : SnO2 (ITO) film.
Then, a solution of the polymer composition was cast
on the top and dried at 60°С for a sufficiently long
time. After evaporation of the solvent, the thickness of
the composite was first measured with an interferome�
ter (PR layer thickness was about 6.5–12 µm). After
that, an upper glass plate with an ITO electrode coated
with a thin polyvinylalcohol film, capable of adsorbing
molecular oxygen, was pressed to the composite. The
resulting cell was compressed under a low pressure at
60°С for 5 min. Then, the samples were placed in a
vacuum chamber and stored before measurement.

Photoelectric measurements were made after mea�
suring the PR characteristics on the same samples.
The upper electrode was removed, and an opaque sil�
ver paste was applied as the second electrode to have a
diameter of about 2.5 mm. The polymer layer was illu�
minated with a laser beam on the transparent ITO
electrode side.

In measuring the PR effect, the laser beam was first
split into two equal beams (beams 1 and 2), which were
then brought together and crossed in the polymer
layer, creating an interference pattern. The bisector of
the angle between the incident beams intersected the
layer at an angle of φ = –45°. The angle between the
beams was 2θ = 15° [10]. The maximum intensity of
beams 1 and 2 at the entrance to the layer was I1(0) =
I2(0) = 0.15 W/cm2. The diameter of each of the beams
incident on the layer was about 4 mm in their intersec�
tion region. The spacing of the interference pattern at
λ = 1064 nm was Λ = λ/(2n0sinθ) = 2.7 µm, since θ =
7.5° and the refractive index of PVK is n0 = 1.5.

To measure third�order nonlinearity, we used a
z�scan method based on a femtosecond pulse laser
[11]. The basic element of the assembling was an
Origami�10 pulsed femtosecond laser, which emits
radiation with a wavelength of λ = 1030 nm. The pulse
duration was 217 fs. The laser beam was focused by
lens 4 with a focal length of 6.5 cm. A movable unit
made it possible to move (z�scan) the sample along the
laser beam, covering the prefocal (– z), lens focus (z =
0), and postfocal (+ z) regions. During movement, the
sample was stopped after 1 mm and transmittance was
measured. The transmission of light was measured in
two modes, TCA (closed aperture transmittance) with
the aperture mounted on the photodetector and TOA
(open aperture transmittance) without an aperture.

The pulse repetition frequency was 74.82 × 106 s–1.
The average power of laser radiation was 0.15 J/s.
Consequently, the energy per pulse at a pulse duration
of 217 fs was I = 0.15/(74.82 × 106 × 217 × 10–15) =
9.24 × 103 W. Repeated measurements showed that the
beam radius at the focus (waist radius) was about w0 =

20.6 µm. Therefore, the light intensity at the waist was

I0 = I/(π ) = 6.92 × 108 W/cm2 [11].

RESULTS AND DISCUSSION

Figure 1a shows the optical absorption spectra of
the graphene/TCE dispersion, as measured in a cell
with a thickness of 0.1 cm. Figure 1b shows optical
absorption in a PVK/2.2 wt % graphene layer of a
12 µm thickness. The inset of Fig. 1b demonstrates the
PVK absorption range. Optical absorption of graphene
does not change significantly throughout the measure�
ment range of 400 nm to 3000 nm. The spectrum of
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Fig. 1. (a) Optical absorption spectra of a graphene/TCE
dispersion with a graphene content of (1) 1, (2) 0.4, or
(3) 0.125 mg/mL. (b) Optical absorption of the composite
PVK/2.2 wt % graphene. The inset shows the PVK absorp�
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graphene does not vary on passing from TCE to PVK.
Hence, it is more likely to assume that the
PVK/graphene composite is an additive mixture of the
components.

The measurements of the photoelectric and PR
properties were basically made at 1064 nm in the PVK
composites containing less than 0.15 wt % graphene.
(The exact amount of graphene in the sampled disper�
sion could not be determined, since a portion of the
graphene precipitated as a black solid after the disper�
sion and sedimentation.) Figure 2 depicts field depen�
dence curves for steady�state photocurrent measured
when saturation was reached after laser switching on
and the dark current in the PVK/≤0.15 wt % graphene
composites. The photocurrent was determined as the
difference between the currents measured under illu�
mination (jph + jd) and in the dark jd: jph = (jph + jd) –
jd. The field dependence of the quantum efficiency for
the formation of mobile charge carriers was estimated
from the dependence of photocurrent upon the
applied electric field jph(Е) under continuous opera�
tion of the Nd : YAG laser and was calculated by the
formula:

ϕ(Е0) = jph(Е0)hν/[е × I0(1 – exp(–α0d))]. (1)

At 1064 nm, hν = 1.165 eV (hν/е = 1.165 V). The
quantity (1 – exp(–α0d)) = (1 – 10–A) = (1 –
exp(⎯2.3А) is the proportion of light energy absorbed
in the layer. The layer thickness was d = 6.5 µm. The
measured optical absorbance was А = 0.004. The lin�
ear optical absorption coefficient was α0 = 2.3А/d =
14.1 cm–1. Figure 3 shows the quantum efficiency as a
function of the applied field. The solid curve in Fig. 3
was plotted according to the Onsager equation ϕ(Е0) =

ϕ0 × P(r0, E0) calculated accurate to  Here, ϕ0 is the
quantum yield of thermalized electron–hole pairs
with an initial separation radius r0 and P(r0, E0) is the
probability that the charges in the pairs escape recom�
bination with the separation radius r0:

 (2)

where K1 = [2 – (rc/r0)]/3, K2 = [1– (rc/r0) +
(rc/r0)

2/6]/2.
The Onsager formalism�based analysis of a wide

array of experimental data on carrier photogeneration
in doped PVK by Braun [12] showed that the precur�
sors of free charge carriers are relaxed PVK–dopant
charge�transfer states with a radius of separation of r0 ≤
10 Å. In the calculation of the field dependence of the
quantum efficiency by the Onsager equation, we took
r0 = 9.8 Å. The quantum yield of thermalized elec�
tron–hole pairs estimated according to Eq. (2) is ϕ0 =
1 (solid curve in Fig. 3).

The third�order susceptibility was measured in the
PVK/graphene ≤0.15 wt % composite by the z�scan
method with a femtosecond laser. As noted above, the
laser pulse had a duration of 217 fs and, as such, could
not affect the triplet transitions, since it was more than
three orders of magnitude shorter than the time of sin�
glet–triplet intersystem crossing. Therefore, the opti�
cal nonlinearity is most likely due to twophotonic
S0 → S2 absorption.

During z�scanning [13] in this study, the transmis�
sion of light was measured in the two modes, with the
aperture mounted on the photodetector (TCA) and
without the aperture (TOA mode). At high light inten�

3
0.E

( ) ( ) ( ) ( ){

( ) ( ) ( ) ( )

c c

2 3
c 1 c 2

exp 1 2

2 2

0 0 0 0 0 0

0 0 0 0 0 0

, [

,

P r E r r r r eE r kT

r r K eE r kT r r K eE r kT

= − + −

+

0.002

4030100 20

0.004

0.006

0.008

0.010

0.012

1

2

I × 106, А/cm2

E0, V/μm

Fig. 2. Field dependences of photocurrent jph and dark
current jd in the PVK/≤0.15 wt % graphene composite.

0.02

0 15105

0.04

0.06

0.08

0.10

E0, μm

ϕ × 106

Fig. 3. Dependence of the quantum efficiency ϕ on the
applied field Е0. The solid curve has been constructed on
the basis of the Onsager equation for a quantum yield of
thermalized electron–hole pairs of ϕ0 = 1 and the initial
radius of separation of r0 = 9.8 Å.



HIGH ENERGY CHEMISTRY  Vol. 47  No. 2  2013

PHOTOELECTRIC, NONLINEAR OPTICAL, AND PHOTOREFRACTIVE PROPERTIES 49

sity in the focal region, the space polarization of the
sample acquires a significant contribution of nonlin�
ear components and the refractive index becomes

n = n0 + n2I0. (3)

During z�scanning, the refractive index n increases
as the sample approaches the focal point with an
increase in I0 at positive n2 and, since the sample acts
as an additional focusing lens, the distance to the focus
is reduced by the value of phase shift ΔΦ0. Therefore,
the beam diameter in the aperture region increases,
resulting in a decrease in the proportion of light enter�
ing the aperture hole. In the postfocal region (for pos�
itive values of z), the increase in the refractive index at
high intensities I0 leads to a decrease in the beam
diameter on the aperture and, hence, an increase in
the proportion of light entering the aperture hole.
Therefore, the photodetector records z�scan TCA
curves with a minimum and a maximum in the prefo�
cal and the postfocal region, respectively.

Figure 5a presents TCA as a function of the distance
from the focal point (z = 0) in the solid PVK–
graphene composite. There is a coincidence of trans�
mittance measured 40 and 450 µs after laser beam
opening; i.e., sample heating is not manifested notice�
ably under these conditions. The experimental data
points were approximated by the theoretical relation�
ship [13]

ТСА = 1 – 4ΔΦ0x/[(x2 + 1)(x2 + 9)] (4)

via fitting the phase shift ΔΦ0, which is related to n2 by
the equation:

n2I0 = ΔΦ0λ/2πLeff. (5)

Here, x = z/z0 is the relative distance from the cell to

the focus, z0 = n0π /λ, Leff = (1 – е–α0L)/α0 [13], L =
6.5 mm is the thickness of the composite, and α0 =
2.3А/d = 14.1 cm–1 is the optical absorption coeffi�
cient at 1030 nm. Hence, Leff = 0.000645 cm.

2
0w

The curve in Fig. 5a illustrates Eq. (4) at ΔΦ0 = 1.2.
From Eq. (5) it follows that n2I0 = 0.02 and n2 = 3.2 ×

10–11. The real part of third�order susceptibility is

related to n2 by χ(3) = n2 × ( /0.0394) esu (electro�
static units). Consequently, the real term of suscepti�
bility in the PVK composite with ≤0.15 wt % graphene
is χ(3) = 1.8 × 10–9 esu.

The imaginary part of the susceptibility is deter�
mined by nonlinear optical absorption β. At high laser
intensities, the optical absorption coefficient includes
the linear α0 and nonlinear βI0 terms: α = α0 + βI0.
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Fig. 4. Z�scan setup: (1) 1030�nm femtosecond laser,
(2) focusing lens, (3) movable sample, (4) 1�mm hole
aperture, and (5) photodetector.
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The quantity β is evaluated from the open aperture
transmittance using the following equation [14]

TOA = ln(1 + q0/(1 + x2))/(q0/(1 + x2)), (6)

where q0 = βI0Leff. Approximation of the experimental
data s in Fig. 5b by Eq. gives q0 = 0.16. Consequently,
β = 0.16/I0Leff = 2.6 × 10–7 cm/W and the imaginary

part of susceptibility is χ(3) = (βλ/4π) × ( /0.0394) =
1.2 × 10–10 esu. Since the real part of susceptibility is
much greater than the imaginary part, the net suscep�
tibility, [(Reχ(3))2 + (Imχ(3))2]0.5 = 1.82 × 10–9 esu, is
determined by the real part of the susceptibility of the
sample.

As seen in Fig. 5b, optical transmittance of the
layer is reduced by 7% with an increase in laser radia�
tion intensity I0 by about five orders of magnitude (to
a value of 6.9 × 108 W/cm2).

The PR effect was measured at a laser wavelength
of 1064 nm. The PR effect appears in a photosensitive
polymer composite by the interference of two coher�
ent laser beams, in which electron–hole pairs are gen�
erated in the bright fringes. Under the influence of a
constant electric field Е0 applied to the sample, the
charges separate and drift in the opposite directions
until their capture in deep traps. The trapped charges
of opposite signs form a periodic electric field of space
charge Esc (subscript sc stands for space charge).The
field (Е0 + Esc) polarizes nonlinear optical chro�
mophores (graphene), thereby causing periodic
refractive index modulation Δn = (2π/n0)χ

(3)(Е0 +
Esc)

2, i.e., providing for generation of a phase grating in
the polymer layer.

The PR effect does not occur unless electrons and
holes before trapping are displaced to different dis�
tances from the site of generation. In our experiment,
as will be shown below, the intensity of beam 2
increased when a negative potential was applied to the

2
0n

electrode at the exit of laser beams. Hence, it follows
that holes are more mobile than electrons in the
PVK/graphene composite. It may be assumed that the
following reaction occurs after photoexcitation of
graphene at 1064 nm:

Graphene + hν → Graphene *;

Graphene* + PVK → Graphene–• + PVK+•

and subsequent transport of holes → PVK+• +
PVK → PVK + PVK+• etc.

Owing to the low concentration of graphene,
≤0.15 wt %, its single particles do not interact with
each other and there is no electron transport.

When a negative potential is applied to the output
electrode, the diffraction grating is displaced with
respect to the interference pattern by a distance (–Δх)
or a phase –ψ = 2πΔх/Λ, where Λ is the period of the
grating. Beam 2, directed from the fringe to the grat�
ing, coincides in both direction and phase with the
part of pump beam 1 reflected from the grating, and
their constructive interference provides amplification
of the transmitted beam 2. Hence, beam 2 is an object
beam. Pump beam 1 is in antiphase with the reflected
part of object beam 2, and their destructive interfer�
ence leads to attenuation of the pump beam.

Below, it will be shown that the PR effect was
observed only at a low graphene concentration of
≤0.15 wt %. With a higher graphene content of 0.8 wt %
as shown in Fig. 6, the intensity of light I21 incident on
the photodetector, which is designed for measuring
the intensity of beam 2 and, as noted above, offset from
the direction of beam 1 by 15°, increases by almost 6%
when beam 1 is switched on. The picture shown in
Fig. 6 is preserved in the applied electric field and is
independent of its direction. It follows that the 6%
intensity rise in the channel of beam 2 as shown in
Fig. 6 is due to scattering of beam 1. (Beam 2 is scat�
tered to the same extent.) The absolute absence of the
PR effect in the case of applied electric field is indi�
cates the complete loss of coherence of the beams as a
result of scattering.

Figure 7 shows two�beam coupling kinetic curves
measured in the PVK/≤0.15 wt % graphene composite
at a laser intensity of I1(0) = I2(0) = 0.15 W/cm2 in a
field of Е0 = 111 V/µm (Figs. 7a and 7b) and
133 W/cm2 (Fig. 7c). Measured was the intensity of
the beam 2 transmitted through the layer when beam 1
was switched on (1 (I21) and in its absence (I20). The
measurements were made as follows. First, beam 2 and
the electric field Е0 were successively turned on, and, a
few seconds later, beam 1 was turned on (upwards
arrows) and then off (downward arrows). As shown in
Figs. 7a and 7b, the change in intensity in the channel
of beam 2 with beam 1 switched on is composed of two
contributions, a sharp increase in intensity by ~1.1%
in both figures is due to the fact that scattered beam 1
gets into the channel of beam 2. A comparison of
Figs. 6 and 7 shows that scattering is reduced from 6 to
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beam 1 switched on and off, respectively. The picture does
not vary when an electric field is applied or its polarity
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1.1% in proportion to grapheme concentration as the
graphene content decreases from 0.8 to 0.15%.

The PR effect is manifested in an increase in inten�
sity of beam 2 by Δ when the electric field Е0 is directed
from the input to the output electrode (Fig. 7a). When
the direction of the electric field is reversed (Fig. 7b),
the intensity of beam 2 decreased by the same value of
Δ. These changes are due to the fact that in the former
case, as noted above, the grating was displaced relative
to the interference pattern by the phase ψ = –2πΔх/Λ
and beam 2 and 1 were the object and pump beams,
respectively. In the latter case, the grating was dis�
placed relative to interference pattern by the phase
ψ = +2πΔх/Λ, beam 1 became the object beam, and
beam 2 became the pump beam. Such a change in the
function of the beams with a change of the direction of
the applied electric field is unequivocal evidence for
the PR effect.

The gain factor is g0 = 1 + Δ = 1.0043 at 111 V/µm
(Fig. 7a). The appearance of the PR effect at a
graphene content of ≤0.15 wt % and 1.1% scattering
means that some portions of beams 1 and 2 retain
coherence under these conditions.

From the data in Fig. 7a and 7b, it is seen that the
PR part of the I21/I20 ratio first reaches a maximum
and then gradually decreases. (In Fig. 7b, it first
reaches a minimum and then starts increasing.) These
effects are associated with gradual buildup of space
charge in the near�electrode area during passing dark
current and with a corresponding reduction of the
field Е0 in the sample [15]. To remove the relevant
space charge, kinetic curves were recorded with alter�
nating polarity of the electrodes.

Only the PR gain of beam 2 is given in Fig. 7c. The
rise in the I21/I20 ratio fits well with the equation

I21/I20 = 1 + (g0 – 1){1 – exp[–(t – t0)/τ]}. (7)

Here, τ is the response time (grating formation time
constant). The growth in the I21/I20 ratio shown in
Fig. 7c is consistent with Eq. (7) at g0 = 1.012 and τ =
0.2 s.

The two�beam gain coefficient Γ measured at equal
intensities of the input beams I1(0) = I2(0) was calcu�
lated by the equation

Γ = LN(g0/(2 – g0))/L. (8)

Here L = d/cos(φ – θ) is the optical path length of
beam 2. The two�beam gain coefficients are Γ =
7.6 cm–1 at Е0 = 111 V/µm and Γ = 21.2 cm–1 at Е0 =
133 V/µm. Since the optical absorption coefficient in
the composite is α0 = 14.1 cm–1 as noted above, the
net gain has a positive value only at 133 V/µm and is
Γ – α0= 7.1 cm–1. Such low values for the two�beam
gain coefficients are due to scattering of beams 1 and
2, leading to the loss of their coherence, the necessary
condition for constructive interference.

1.000
252015100 5

1.005

1.010

1.015

1.020

1.000
25201510

1.005

1.010

30 35

1.000
4320 1

1.006

1.012

I21/I20

I21/I20

I21/I20

t, s

t, s

t, s

Δ

Δ

g0

(а)

(b)

(c)
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CONCLUSIONS

Graphene in a small amount of somewhat less than
0.15 wt % admixed to PVK imparts photoelectric and
PR sensitivity at 1064 nm to the PVK/graphene com�
posite, as well as third�order dielectric susceptibility.
The quantum yield of thermalized electron–hole pairs
determined with the use of the Onsager equation is
ϕ0 = 1 with the initial pair separation radius of r0 =
9.8 Å.

It has been found that the third�order dielectric
susceptibility in this composite is χ(3) = 1.8 × 10–9 esu.

The PR gain coefficient of the object laser beam is
low, Γ = 21.2 cm–1 at an applied field of Е0 =
133 V/µm. Such a low value of the PR gain coefficient
is due to the revealed considerable scattering of laser
beams by the medium, resulting in the loss of their
coherence.
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