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Abstract In this work, the experimental investigation of
the nonlinear response of the mixture of ZnO nanoparticles
and graphene nanosheets as a function of volumetric ratio of
ZnO and graphene colloidal suspensions has been reported.
The colloidal ZnO nanoparticle and graphene were synthe-
sized by nanosecond pulsed laser ablation of Zn and graph-
ite target in water, respectively. The X-ray diffraction pat-
tern, transmission electron microscopy, Raman spectrum
and linear absorption properties of ZnO nanoparticle and
graphene nanosheets were used to characterize the ablation
products. D band and G band of Raman shift at 1325 and
1580 cm™ !, respectively, confirmed the formation of gra-
phene nanosheets in water. Results show that the bandgap
energy of mixtures decreased noticeably with increasing
the amount of graphene in the suspensions. The nonlinear
optical properties of the mixture of ZnO nanoparticles and
graphene nanosheets were also investigated using open and
close z-scan experiments. The positive nonlinear refractive
index and absorption coefficient of the mixture of graphene
nanosheets and ZnO nanoparticles were increased with
increasing the concentration of graphene in the mixtures.

1 Introduction

Graphene, a single layer of carbon in a hexagonal lattice
demonstrates many interesting electrical and optical proper-
ties that appear due to its zero bandgap energy. Compared to
other carbon nanostructures like fullerenes, carbon nanotubes
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and graphite, the interest in graphene-based materials has
been exponentially increased due to its unique properties like
high carrier mobility at room temperature, large specific sur-
face area, good optical transparency and thermal conductivity.
Graphene and graphene oxide have significant and important
nonlinear optical (NLO) properties [1]. Graphene has unique
absorption properties. Such unique absorption could become
saturated when the input optical intensity is above a thresh-
old value. Graphene can be saturated readily under strong
excitation over the visible to near-infrared region, due to the
universal optical absorption and zero bandgap. This has rel-
evance for the mode locking of fiber lasers, where fullband
mode locking has been achieved by graphene-based satura-
ble (SA) absorber. Due to this special property, graphene has
wide application in ultrafast photonics. Moreover, the opti-
cal response of graphene and graphene oxide layers can be
tuned electrically [2—4]. Saturable absorption in graphene
could occur at the microwave and terahertz band, owing to its
wideband optical absorption property. The microwave satu-
rable absorption in graphene demonstrates the possibility of
graphene microwave and terahertz photonics devices, such as
microwave saturable absorber, modulator, polarizer, micro-
wave signal processing and broadband wireless access net-
works [5]. Under more intensive laser illumination, graphene
could also possess a nonlinear phase shift due to the optical
nonlinear Kerr effect [6, 7].

It has been demonstrated that graphene incorporated
with nanoparticles exhibits high activity for catalytic appli-
cations, including photocatalytic reduction, solar cells and
fuel cells. These advanced functions can be due to the elec-
tron transfer from the conduction band of semiconductor to
the graphene [8]. Zinc oxide (ZnO) also is a semiconductor
with a great application potential in optics. Compared with
other semiconductor materials, ZnO with a wide and direct
bandgap of 3.37 eV has higher exciton binding energy
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(60 meV) and has been studied as an optoelectronic, trans-
parent conducting and piezoelectric material [9-11]. Tak-
ing into consideration the excellent properties of ZnO and
graphene, the mixture of ZnO nanoparticles and graphene
nanosheets can enable multi-purpose properties with com-
petence far beyond those of the individual members.

Recently, there has been a growing interest in fundamen-
tal and experimental studies focused on NLO properties of
graphene/ZnO composites. Kavitha et al. [1] worked on syn-
thesis of reduced graphene oxide—ZnO hybrid with enhanced
optical limiting property. They found that there was a 15
times enhancement in nonlinear absorption coefficient of the
reduced graphene oxide/ZnO hybrid compared to bare ZnO.
Ouyang et al. [12] have worked on enhanced nonlinear opti-
cal and optical limiting properties of graphene/ZnO hybrid
organic glasses. Their results showed that the graphene/ZnO/
poly methyl methacrylate organic glasses exhibited enhanced
nonlinear absorption and nonlinear scattering properties com-
pared to the ZnO/PMMA organic glass, resulting in excellent
optical limiting performance. Song et al. [13] worked on syn-
thesis and nonlinear optical properties of reduced graphene
oxide hybrid material covalently functionalized with zinc
phthalocyanine. Their results showed that NLO properties
and optical limiting performance of the reduced graphene
oxide/zinc phthalocyanine hybrid increased noticeably in
comparison with individual graphene oxide, zinc phthalocya-
nine and the graphene oxide—zinc phthalocyanine hybrid.

Their results were extracted from the simple but precise
z-scan experiment data for measuring the nonlinear refrac-
tive index and absorption coefficient. Z-scan technique is
a simple and popular experimental technique to measure
intensity-dependent nonlinear susceptibilities of materi-
als, way to obtain information of nonlinear refractive index
and nonlinear absorption properties of materials [14—18].
In most experiments, Q-switched Nd:YAG laser was used
as the source to induce nonlinearity in their samples, but
in our z-scan measurement for the first time, the second
harmonic continuous wave Nd:YAG laser was used. NLO
behavior of materials strongly depends on the intensity of
the incident beam. Our results show that in the low energy
regime, the nonlinear absorption of ZnO nanoparticles/
graphene nanosheets mixture is based on saturable absorp-
tion and we may increase the nonlinearity of mixture with
increasing the amount of graphene nanosheets.

2 Experimental

2.1 Synthesis of graphene nanosheets and ZnO
nanoparticles

Graphene nanosheets were produced by pulsed laser abla-
tion of a graphite plate (99.9 % purity) in water. Graphite
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target was irradiated with the fundamental wavelength
(1064 nm) of a pulsed Nd: YAG laser operated at 7 ns pulse
width and 5 Hz repetition rate. In water environment, 5000
laser pulse was used to produce graphene nanosheets. The
fluence of laser pulse was 0.7 J/cm? with 6 mm diameter,
which was focused by a 80-mm focal length lens on the
surface of the target. Graphite target was placed on the bot-
tom of an open glass cylindrical vessel filled with 80 ml
distilled water. Height of liquid on the target was 0.8 cm.
ZnO nanoparticles were produced using the same system.
The fluence of the laser pulse for producing ZnO nano-
particles was 0.5 J/cm?. Bothe targets and containers were
cleaned ultrasonically in alcohol, acetone and deionized
water before the experiments.

2.2 Synthesis of graphene/ZnO composites

The produced graphene and ZnO suspensions were mixed
in different volumetric ratio. We mixed graphene/ZnO sus-
pensions at the volume ratio of 1/2 (sample 1), 1/1 (sample
2), 3/2 (sample 3), and 2/1 (sample 4). Twenty milliliters
of ZnO nanoparticles suspension was mixed with 10, 20,
30 and 40 ml of graphene nanosheet suspension in samples
1-4, respectively. Then these mixtures were sonicated for
2 h to get a uniform dispersion. Pictures of graphene and
ZnO suspensions and mixture of ZnO nanoparticles/gra-
phene suspensions are presented in Fig. 1. After ablation
the color of ZnO nanoparticles suspension was light brown
and the color of graphene suspension was light gray.

2.3 Characterization

A variety of analytical techniques were employed for charac-
terization of products. The optical properties of suspensions
were examined at room temperature by UV—Vis—NIR spec-
trophotometer from PG instruments Ltd. The crystalline struc-
ture of the dried ZnO nanoparticles and graphene nanosheets
suspensions on silicon substrate was analyzed using a Cu-Ka
radiation (A = 1.54060A) of STOE-XRD diffractometer. Zeiss
EMIOC transmission electron microscope was employed to
investigate the size and form of the ZnO nanoparticles and
graphene nanosheets. For transmission electron microscopy
(TEM) imaging, few drops of the concentrated suspensions
were dried on a carbon-coated copper grid. Raman Thermo
Nicolet disperse spectroscope from Almega was utilized to
determine the structure, quality and amount of produced gra-
phene graphene in suspensions. To perform Raman spectra,
few drops of suspensions were dried on glass substrate.

2.4 Nonlinear optical properties measurement

Open and close z-scan experiments were carried out to
study the nonlinear optical properties of samples. In the
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Fig. 1 ZnO nanoparticles and (a)
graphene nanosheets suspen-
sions produced by laser abla-
tion (a) and mixture of ZnO
nanoparticles and graphene
nanosheets (b)

Zn0 nanoparticles
i

z-scan measurement system, a 100 mW second harmonic
continuous wave Nd:YAG laser of 532 nm wavelength
was used as the source to induce nonlinearity in samples.
During the exposure, sample was mounted on a controlled
translation stage and it was moved along the z-axis through
the focal point of a lens of 10-mm focal length. The radius
of the beam waist of laser was 1 mm before the lens and
was calculated to be 20 pm at the focus. Colloidal samples
were taken in 1 mm thickness quartz cuvette, which were
placed at the axis of the beam and scanned on either side of
focal point. In the closed z-scan experiment, the diameter
of the aperture was 0.5 mm.

3 Results and discussion

3.1 Structural characterization of the ZnO
nanoparticles and graphene sheets

The crystalline structures of ZnO nanoparticles and Zn target
were characterized by X-ray diffraction, which are shown in
Fig. 2. The peak at 20 = 69.41° in the ZnO nanoparticles
X-ray pattern is due to silicon substrate lattice structure.
Various peaks of ZnO XRD pattern are corresponded to
the hexagonal wurtzite phase of ZnO. The main dominant
peaks of ZnO nanoparticles were identified at 260 = 31.81°,
34.51°,36.31°, 47.61°, 56.71°, and 63.11°. The XRD peaks
of nanoparticles are different from Zn target peaks. It can
be concluded that Zn and O atoms are composed randomly
during the ablation process. Ablation of Zn atoms produced
local high-temperature and high-pressure plasma plume and
nucleation was occurred during the plasma plume expansion
phase on the surface of Zn target. Chemical reaction and
physical processes took place between the ablated Zn target
and water molecules, which caused the formation of ZnO
nanoparticles in the water environment. Same results were
reported in our previous work [10].

Figure 3 shows the X-ray diffraction pattern of the pro-
duced graphene nanosheets and graphite target. The disap-
pearance of graphite target XRD peaks in the XRD pattern
of as-prepared graphene sample in water supports the for-
mation of graphene sheets [19, 20]. Basically the peaks in
XRD diffraction pattern of materials are the reflected X-ray
photons from the atoms on the successive planes of their
lattice, which satisfy the Bragg’s condition. When the num-
ber of plane is small, we may not expect large reflection of
X-ray photons. In this case, we will not have strong peaks
in the XRD pattern of graphene. This result is in good
agreement with the result of TEM image.

TEM images of the ZnO nanoparticles, graphene and
mixture of ZnO nanoparticles and graphene are displayed
in Fig. 4. Most of the ZnO nanoparticles with an average
diameter of about 29.5 nm are spherical with some hexago-
nal shape particles between them. The micrograph of gra-
phene shows a sheetlike transparent morphology. We may
observe the folded regions over the graphene sheet. The
high transparency of TEM image of graphene confirms that
they are few layers graphene. It can be clearly seen in the
TEM image of the mixture of ZnO nanoparticles and gra-
phene sheets that the exfoliated graphene sheet was deco-
rated with ZnO nanoparticles.

3.2 Raman spectrum

The Raman spectrum of graphene in the range of 1200—
1700 cm ™! is presented in Fig. 5a. Data have been recorded
from the dried drops of graphene suspension on a glass
substrate with 0.1 cm™! spectral resolution.

According to the literature the D band at 1325 cm™!
and the G band at 1580 cm™" are attributed to the graphene
in this sample [21-23]. With increasing the local defects
in the graphene, the intensity of D band increases. In this
work, the ratio of the integrated intensity of the disorder-
induced D band to that of the G band is small. The small
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Fig. 2 X-ray diffraction patterns of ZnO nanoparticles and Zn target
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magnitude of I/l indicates the increased fraction of sp?
domains and decreased defect in this sample and suggests
an acceptable quality of graphene nanosheets in the sus-
pension. In order to determine the average domain size of
the sp? in graphene, we employed the Tuinstra and Koenig
relation, which relates the ratio of D and G bands intensi-
ties into the crystallite size as follows [24];

b 2x107'9(2%)

I 2 ey

where L is sp2 domain size, A is the laser wavelength
which was used for Raman spectroscopy, and I/l is the
intensity ratio of the D and G peaks. In this work, the cal-
culated value of sp?> domain size is 8.04 nm. The G band
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intensity is high due to the increase in the sp? domain in
graphene [25]. In other reports, the calculated values of sp?
domain size in graphene oxide and in graphene are about
12.08-16.28 and 14-26 nm, respectively, while the calcu-
lated values of sp? domain size in reduced graphene oxide
is 6.77 nm [26-28].

Figure 5 (b) displays the Raman shift due to the dried
graphene suspension in the range of 1000-3000 cm™'. The
2D band is occurred at 2678 cm ™! in the spectrum, due to
production of graphene. Because of added forces from the
interactions between layers of AB-stacked graphene, as the
number of graphene layers increases, the spectrum will
change from that of single-layer graphene, namely a split-
ting of the 2D peak into an increasing number of modes
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Fig. 4 TEM images of ZnO
nanoparticles, graphene and
mixture of ZnO nanoparticles
and graphene
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that can combine to give a wider, shorter, higher-frequency
peak [22]. A characteristic peak generally named G’
(~2950 cm™") was found in the spectrum due to the graph-
ite-based materials.

3.3 UV-Vis-NIR absorption spectra

The UV-Vis—NIR absorption spectra of samples are illus-
trated in Fig. 6. By applying sonication at the mixing step,
significant breakup of nanoparticles agglomerated and
penetration of ZnO nanoparticles between graphene sheets
took place. When the mixture of ZnO nanoparticles and
graphene suspension was exposed to the ultrasonic irra-
diation, bubbles grew in it. Bubbles collapsed when they
reached maximum size. This strong collapse raised the
temperature and caused the rupture of chemical bonds
leaded to formation of free radicals [29]. The absence of
absorption edge can be seen in the absorption spectra of
these samples before sonication. However, after ultrasonic,
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the absorption edge was formed in the range of 329-
340 nm. The intensity of absorption peak was increased by
sonication.

Figure 7 shows the UV—Vis—NIR absorption spectra
of ZnO nanoparticles, graphene sheets and samples after
applying ultrasonic irradiation. The spectrum of the ZnO
nanoparticles showed exciton absorption at 308 nm. The
broad UV absorption band at 309-347 nm can be attrib-
uted to the combination of the band of ZnO nanopar-
ticles and m—m* transition of C=C bands of graphene.
The slight red shift of absorption peak and change in the
width of UV absorption band of the mixture spectra in
comparison with the ZnO spectrum suggests the ground-
state electronic interactions between the ZnO nanopar-
ticles and graphene. Moreover, in comparison with the
pure graphene sheets, the UV absorption intensity of sam-
ples was increased, while the absorption of samples was
smaller than ZnO nanoparticles. In addition, it is noticea-
ble that there was a reduction in absorption intensity with
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Fig. 6 UV-Vis—NIR absorption
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Fig. 7 UV-Vis-NIR absorption spectra of ZnO nanoparticles, gra-
phene sheets and mixture samples after ultrasonic irradiation

increasing the concentration of graphene in the samples
and its intensity depended on the amount of graphene in
the suspensions.

By using the Tauc’s equation, the optical bandgap can
be obtained from absorption coefficient. Absorption coeffi-
cient of ZnO nanoparticles, graphene nanosheets and sam-
ples is evaluated from their transmittance spectrum using
the following relation [30]:

1 (1
oe_—dn(lo) ?)

@ Springer

for the forbidden cases it is 3 or more [32]. For allowed
direct transition, Fig. 8 exhibits the derived spectra for the
relationship of (ahv)? versus photon energy hv. Values of
the optical energy gap E, were determined from the inter-
cept of the extrapolation of the linear part to zero absorp-
tion with the photon energy axis. Using this method the
optical bandgap value obtained for ZnO nanoparticles was
3.32 eV and the optical bandgap energy for samples 1-4
was found to be 3.18, 3.15, 3.12 and 3.11 eV, respectively.
According to the result with increasing the amount of gra-
phene in the suspensions, the bandgap energies of samples
were decreased.

Pure graphene has a zero bandgap and thus behaves like
a metal. Results show that the bandgap energy of mixture
of ZnO nanoparticles and graphene was smaller than the
bandgap of ZnO nanoparticles and increasing the amount
of graphene decreased the bandgap energy of samples.
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3.4 Open and close z-scan

In the z-scan technique, one measures the change in the
intensity of a focused beam as a sample travels axially
(the z-axis) through the beam waist with z = 0 at the focal
plane. There are two variations of z-scan, each of which
yields a different component of x'¥. The closed aperture
z-scan gives the real component of x® corresponds to non-
linear refraction; and the open aperture z-scan determines
the imaginary component of x® corresponds to nonlinear
absorption.

Figure 9 shows the normalized transmittance of closed
aperture z-scan as a function of distance from the focus
point of the Gaussian beam (z = 0). Any other material was

not chosen as the reference. According to a pair of simple
equations; d(Ag)/dz = An(I) k and dI/dz = — «a(l) I, where
k is the wave vector. In the propagation depth in the sam-
ples for Gaussian beam, the nonlinear refraction is related
to the on-axis phase shift Ag at the focus and «(7) includes
linear and nonlinear absorption terms [33].

When the data of normalized transmittance in closed
aperture z-scan show a perfect symmetry curves, the
absorption coefficient is very small so the open aperture
z-scan curves for the hypothetical sample are linear. In gen-
eral, the peak and the valley of the closed aperture z-scan
are asymmetric due to both the axial phase shift Ag, and
the nonlinear absorption [33-36]. The nonlinear refractive
index can be calculated from the normalized transmittance

@ Springer
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Table 1 Magnitudes of AT}y, Sampl AT A -1 L. 10-13 (m2/W
Ago, o, Lo and n, of ZnO ampre PV o @ (mm™) err (mm) 2 X m7W)
nanoparticles and samples ZnO nanoparticles  0.0244 0.0678 1.1 0.6065 1.183
Sample 1 0.0324 0.0900 1.2 0.5823 1.635
Sample 2 0.0710 0.1972 1.3 0.5596 3.728
Sample 3 0.0741 0.2058 1.4 0.5381 4.046
Sample 4 0.0750 0.2083 1.5 0.5179 4.255
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data of closed aperture measurement, which can be written
as follows [33]:

ATp—y = 0.406(1 — 5)°% Ago(Agy < ) “)

where AT, _, T, T, is the difference between
normalized peak and valley transmittance,
S =1—exp(—2ri/w3) is the aperture linear transmit-
tance with r, denoting the radius of aperture and w, denot-
ing the beam radius at the aperture in the linear region and
Ag, is the induced phase distortion of radiation passed
through the sample. The nonlinear refractive index n, can

be finally calculated by the following equation [33]:

AAg@g
np=-——
2 loLegy

&)

where L = (1—exp (—aL))/a is known as the effective
thickness of the sample, L is the thickness of the cell, A is
the laser wavelength, I, = 8 x 10’ W/m? is the Gaussian
beam intensity at the focal plane, and « is the linear absorp-
tion coefficient when A = 532 nm.

The calculated values of the nonlinear refractive index
for the samples 1-4 and ZnO nanoparticles are listed in
Table 1. We observed that the nonlinear refractive index
increased with increasing the concentration of the graphene
nanosheets in the samples. Increasing the concentration of
graphene leaded to increase the numbers of nanostructures
in effective thickness, so the interaction of nanostructures
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which were located in the beam path with laser beam
enhanced. By increasing these interactions, the nonlinear
refractive index was increased. The rate of increasing in
nonlinear refractive index was not same for all samples.
The variation of AT,_, is a function of Ag,, for a spe-
cific aperture size. In this case, AT|,_, was increased with
increasing the concentration of graphene in samples.

Figure 10 shows the results of open aperture z-scan experi-
ments. Transmission at the focus was increased with increas-
ing the concentration of graphene in samples. Sample trans-
mittance was increased with input laser intensity (intensity is
maximum at the focal point z = 0 and decreases gradually in
both 4z and —z directions), suggesting a SA behavior. It indi-
cated that the SA of samples could be enhanced by increasing
the concentration of graphene. Actually the higher concentra-
tion of the graphene gives stronger NLO properties [37].

Since the laser beam was single TEM,,, Gaussian beam,
we can use Eq. 6 to calculate the normalized transmittance
for the open aperture condition;

o0

T(z,s = 1)=Z

[—qo()]"

3 (6)
m=0 (m 4+ 1)72
For g, < 1, where
IoLesiB
7

qo(z) = (

22
1+z§)
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Table 2 Magnitudes of T(z, s = 1), q,, B, and xG) of ZnO nanoparticles and samples

Rex® x 1071 (S Imy® x 107" (SI) ™I x 1071 (ST)

Sample T(z,s=1) 9 B x 1072 (m/W)
ZnO nanoparticles 0.007 2.8086 0.005789
Sample 1 0.016 2.7831 0.005974
Sample 2 0.018 2.7775 0.006204
Sample 3 0.033 2.7351 0.006353
Sample 4 0.037 2.7237 0.006574

0.7440 1.543 1.544
1.0290 1.592 1.595
2.3466 1.654 1.670
2.5466 1.693 1.712
2.6782 1.752 1.772

where z, = kw2 is the diffraction length of the focused
beam. Similar to closed aperture experiments, the laser
beam intensity of I, = 8 x 107 W/m? was used in this
part. The calculated values of § are presented in Table 2.
Numerical values are indicative of increased nonlinear
absorption at the focus with increasing the concentration
of graphene in samples. Thus, this nanomaterial could be
a good candidate for nonlinear optical devices. Mixture
of ZnO nanoparticles and graphene nanosheets shows sig-
nificant increase in nonlinear absorption, which in turn
may be due to increase in the extended conjugation on the
graphene nanosheets compared to that of pure ZnO nano-
particles. Also it may be due to saturable absorption and
photoinduced photon transfer between ZnO and graphene
nanosheets. Importantly, the values of the NLO param-
eters can be controlled by adjusting the volumetric ratio of
mixture of ZnO nanoparticles and graphene. If the added
amount of graphene increases, the values of the NLO
parameters will also increase.

In electromagnetism, the electric susceptibility is a
dimensionless proportionality coefficient that indicates the
degree of polarization of a dielectric material in response to
an applied electric field. In many materials, the polarizabil-
ity starts to saturate at high values of electric field. This sat-
uration can be modeled by a nonlinear susceptibility [38].
The real and imaginary parts of the third-order nonlinear
optical susceptibility x® in the international system (SI) of
units are the following equations [39]:

4
ReX(S) = (3)n(2)80cn2 (8
And
Imy® = (n%eocl/%r)ﬂ )

where ny, €, ¢, and A denote, respectively, the linear refrac-
tive index of the material, the electric permittivity of free
space (8.85 x 107'2 F/m), the speed of light in the vacuum
and the wavelength.

Based on this theory, results of experiments are used
to calculate Re x® and Im x®, which are presented in
Table 2. The values of Re x® and Im x® increase with

increasing the concentration of graphene in samples. Thus,
the absolute value of the third-order nonlinear optical sus-
ceptibility was calculated as:

[l )]

The values of the third-order nonlinear susceptibility
obtained for the present samples are listed in Table 2.

Saturable absorption is an important nonlinear opti-
cal property of graphene. When graphene is under laser
irradiance, the electrons in lower energy states absorb
the energy of photons and jump to higher energy states.
However, when the laser intensity is so high that most of
the higher electron energy states are occupied, and hence,
further absorption is blocked, which is known as “Pauli
blocking” effect. This results in saturable absorption of
graphene [3].

4 Conclusions

We have reported the synthesis, and nonlinear optical prop-
erties of the mixture of ZnO nanoparticles and graphene
nanosheets. The results of XRD, Raman, UV-Vis—NIR and
morphological studies of TEM confirm the successful fab-
rication of ZnO nanoparticles and graphene sheets. Slight
red shift and change in the width of absorption peak of the
mixture samples compare to the ZnO nanoparticles sug-
gest the ground-state electronic interactions between the
ZnO nanoparticles and graphene nanosheets. Increasing
the amount of graphene in mixtures decreased the band-
gap energy of samples. This is a suitable way to decrease
the bandgap energy of ZnO and expands its applications.
In conclusion, from nonlinear optical measurements con-
ducted in the mixture of ZnO nanoparticles and graphene
nanosheets we showed that their nonlinear refractive index
and absorption behavior can be tailored by controlling the
concentration of graphene. Compare to ZnO nanoparticle,
the mixture of ZnO nanoparticles and graphene nanosheets
exhibits good nonlinear absorption, which may be due to
the saturable absorption.
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