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Abstract A systematic study to optimize the electrical
properties of ITO—graphene composite films deposited by
spray pyrolysis method was investigated. The Hummers
method was used for the synthesis of graphene oxide (GO)
powder. Graphene was prepared by chemical reduction
method from GO. To reduce GO, the most common
reducing agent hydrazine hydrate at 3 ml per 100 mg of GO
was used, Then, “ITO-graphene” composite films deposited
by spray pyrolysis method. Structural, electrical and optical
properties of films by X-ray diffraction, scanning electron
microscopy, transmission electron microscopy, two-point
probe method, Hall Effect experiment and UV-Vis were
analyzed. The results show that graphene sheets and “ITO-
graphene” composite have been produced. The obtained
ITO—graphene composite films showed an energy band gap
from 3.62 to 3.57 eV and sheet resistance from 7.5 to
1.5 KQ/sq in comparison with undoped ITO films. This
study showed that adding graphene to ITO film without
causing much change in structural properties and energy gap,
reduces the resistance of ITO film about 75 % and increases
its transparency up to 90 %. The results of this study may
lead to ITO—graphene composite films be more interested in
sensing and solar cells applications and composites.
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1 Introduction

Graphene, a single layer of graphite, has attracted lots of
attention. It has emerged in recent years as a novel and
important class of materials on its own merit. This is due
not only to the plethora of new fundamental science that it
has displayed [1] but also to the prospect of a variety of
applications that span graphene-based nano electronics
devices [2], composite materials [3], and gas sensors [4] as
well as energy-storage materials [S], and “paper-like” mate-
rials [6]. The remarkable properties of graphene reported so
far include high values of its Young’s modulus (~ 1100 GPa)
[7], thermal conductivity (~5000 W m~'K™") [8], mobility
of charge carriers (200,000 cm? V_ls_l) [9] and specific
surface area (calculated value, 2630 ng_l) [5].

Graphene and its derivatives have unique physical and
chemical properties, and have reliable synthetic methods
for both solid and solution-phase processes. So graphene
and its derivatives have been incorporated into a number of
functional materials to composite form.

For further exploitation of these properties in various kinds
of applications, versatile and reliable synthetic routes have
been developed to prepare graphene and its derivatives. These
methods involve bottom—up epitaxial growth [10] to the top—
down exfoliation of graphite by oxidation, intercalation, and/or
sonication [11]. In particular, the low-cost and mass produc-
tion of chemically exfoliated GO [12] and reduced graphene
oxide (RGO) sheets have been realized [13]. These products
possess many reactive oxygen-containing groups for further
functionalization and tuning properties of GO or reduce-GO
sheets. With these added advantages, it is attractive to harness
the useful properties of graphene and its derivatives in com-
posites. This is done through the incorporation with various
kinds of functional materials. Graphene and its derivatives
have been used as building blocks for various kinds of
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applications, including FETs [13], memories [14], photo-
voltaic devices [15], photocatalysis [16], sensors [17], etc.

Transparent conductive oxides (TCOs) are widely used
in a variety of applications such as: optoelectronics, flat-
panel displays (FPD), solar cells, gas sensors, photocata-
lysts, and photoelectrocatalylists and so on. Among the
existing TCOs, ITO is one of the most frequently used
materials, because of its unique characteristics such as
good conductivity, high optical transmittance over the
visible wavelength region and excellent adhesion to
substrates.

ITO thin films are wide-bandgap, n-type semiconduc-
tors, which are extensively used as wave-selective coatings
and mainly transparent electrodes [18]. Consequently,
along with their good etch ability and adherence too many
types of substrate, ITO films have become the films of
choice for many applications, ranging from optical coatings
to front contacts on various optoelectronic and photovoltaic
devices [15].Chemical stability and photochemical prop-
erties, which originate from its n-type highly degenerate
semiconductor behavior along with a wide-band gap, are
other advantages of ITO films [19, 20]. ITO films can be
produced by different deposition techniques, namely RTE
[21], RF and DC sputtering [22], electron-beam evapora-
tion [23] and spray pyrolysis [24]. Among the techniques
currently being used, spray pyrolysis is a simple and cost-
effective method. The spray pyrolysis technique is an
important method for deposition of transparent conducting
oxides, dielectrics, magnetic materials, and optical semi-
conductor thin films. It is a relatively simple and inex-
pensive technique for large-area coatings on glass and
ceramic substrates at the atmospheric pressure.

The combination of these two materials, ITO as host
material and graphene as conductive filler, with unique
properties in a composite and systematic study of electrical
and optical and structural properties can be considerable.

The aim of the present work is to optimize the properties
of ITO using graphene. In this paper, we have systemati-
cally studied the effect of graphene on the structural,
electrical and optical properties of ITO films. The deposi-
tion technique which was selected in this work was spray
pyrolysis, which turned out to be a simple and cost-effec-
tive one for the deposition of good ITO films. Their mor-
phology and microstructural characteristics were studied in
detail.

2 Experimental
In the present work, at first graphene was prepared by
chemical reduction of graphene oxide then five samples of

ITO-graphene composite thin films were prepared by spray
pyrolysis. One of them without graphene and the four other
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samples were prepared with different amounts of graphene
as conductive filler.

2.1 Preparation of graphene

In the present work, graphene was prepared by chemical
reduction method using “hydrazine hydrate” from gra-
phene oxide. Hummers method was used for the synthesis
of GO similar to the literature [25].

The chemical reduction of graphene oxide with hydra-
zine hydrate was performed to produce graphene according
to the following steps. 100 mg of graphene oxide in 100 ml
of deionized water for 1 h was dispersing.

Then 3 ml of hydrazine hydrate was added to the mix-
ture. Mixture in an oil bath at 95 °C for 60 min in the
presence of argon gas was reflux. Then, the Mixture was
left black. The mixture was left overnight. Then the mix-
ture was filtered and washed 3 times with deionized water
and 3 times with ethanol, and the remaining precipitate was
dried under vacuum and at room temperature for 2 h.

2.2 Preparation of thin films

ITO thin films were deposited on glass substrates using the
spray pyrolysis technique. For preparation of the precursor
spray solution, 3.1 mmol of indium chloride (InCl3) and
0.0684 millimol of tin (IV) chloride pentahydrate (SnCl,.
5H,0) was dissolved in 8.4 g of a solvent containing
double distilled water and ethanol in a mass ratio of 1:1. To
enhance the solubility of InCly, 2 ml of hydrochloric acid
was also added to the solution and the solution was stirred
slowly with magnetic stirring until the solution was trans-
parent (about 15 min). The ITO film was deposited using
the spray pyrolysis method. Compressed air was used as
the carrier gas and 10 ml of the starting solution was
sprayed on the glass substrates with a solution flow rate of
5 ml/min and a nozzle to substrate distance of 35 cm. The
substrate temperature was fixed at 500 °C. Uniform coating
was achieved by rotating the substrate with 30 rpm. To
prepare samples ITOG25, ITOG50, ITOG75, ITOG100,
respectively amount of 25, 50, 75 and 100 mg of graphene
was added in the 10 ml of the precursor spray solution
which was prepared in the previous step and for half an
hour was dispersing. Then the process was repeated similar
to the first. Deposition conditions are mentioned in
Table 1.

2.3 Characterization
2.3.1 Characterization of graphene

The graphene oxide and graphene were characterized by
X-ray diffraction (XRD), scanning electron microscopy
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Table 1 Spray deposition parameters

Parameter Specification
Substrate temperature (°C) 500
Solution volume (ml) 10
Solution flow rate (ml/min) 5
Nozzle to substrate distance (cm) 35
Carrier gas pressure (bar) 3
Rotating speed the substrate (rpm) 30

(SEM), and transmission electron microscopy (TEM).
X-ray diffraction system (BRUKER, D8 Advance, Ger-
many) was used for the X-ray analysis with Cu-Ka; radi-
ation (A = 1.540 A). To know the morphology, SEM
analysis was carried out for all samples. TEM images were
recorded. For TEM analysis, samples were suspended in
water via ultrasonication for 2 h and then the unstable dis-
persion was dropped on a fresh lacey carbon TEM grid.

2.3.2 Characterization of thin films

The deposited films were characterized by XRD, SEM, and
electrical and optical measurements. The sheet resistance
(Rg) of the films measured by two-point probe method by
using thermally evaporated aluminum electrodes. The
majority carrier type and carrier concentration of the films
was confirmed by the Hall measurement. The Hall Effect
experiment was performed at room temperature by apply-
ing a magnetic field (B = 200 mT) perpendicular to the
plane of the films. The optical measurements carried out in
the range of 300—-1000 nm using Unico 4802 double beam
spectrophotometer system.

Film thickness (t) was determined by using the optical
transmission spectra (T %) and the following equation
[26]:

t= ()»1}2)/(211 Ml — )zl) (1)

In which, A; and A, are the two consecutive peaks in
transmission spectrum and n is the refractive index of glass
(n ~2). The thickness of films was ~248 nm on average.

3 Results and discussion

3.1 Structural properties of graphene oxide
and graphene

The graphene oxide and graphene were characterized by
XRD, SEM, and TEM. XRD was used to the structural
characterization of the few-layered graphene nano-sheets.
We compared the structural properties of the graphene
nano-sheets and GO obtained by Hummers method by

studying the powder X-ray diffraction patterns. The XRD
diffraction patterns of samples are similar to previous
reports [25].Compared with pristine graphite (not shown),
it can be clearly observed that the diffraction (001) peak of
GO appears at 20 = 9.84°. Using the Bragg equation, the
distance between the plates is obtained 0.89 nm. This value
is larger than the distance between graphite plates about
0.34 nm. This is due to a result of intercalation of water
molecules and the formation of functional groups con-
taining oxygen during oxidation of the graphite layers [27].

In Fig. 1, the sharp peak at 20 = 26.7° indicates a
highly  organized  crystal  structure  with  an
d-space = 0.34 nm, which is consistent with the layer
spacing of normal graphite [28]. This occurs because the
interlayer spacing inside the few-layered graphene nano-
sheet has a structure similar to that of normal graphite.
There are rather weak peaks at about 20 = 9° in the gra-
phene sample. This peak is similar to the typical (001)
diffraction peak of GO [27], which shows more functional
groups on graphene samples have been removed from the
GO. Based on experimental and simulated results [29, 30],
the broad peak at 260 = 24.7° can be ascribed to their few-
layer nanostructures and could also be due to the compli-
cated nature of the size, curvature, sheet rotation, and atom
positioning in the graphene sheets. The broad peak at
20 = 20.1°, suggests the existence of regions of expanded
stacking of more corrugated or disordered graphene sheets,
probably existing at the edge areas [28].

Figure 2 shows the SEM images of the graphene oxide
and graphene. SEM images of GO (Fig. 2a, b) confirm the
formation of layered graphene oxide structure that this
sample used in the production of modified graphene

002

Graphene

100
Graphite T

Graphene

Intensity(a.u.)

AT TN

30 35 40 45 50 55 60
20 (deg.)

Fig. 1 XRD spectra of GO and graphene samples (1.54 A Cu Ko, as
wavelength)
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Fig. 2 SEM image at different magnifications of the a, b GO and c,
d graphene

sample. Figure 2c, d shows the wrinkled structure of gra-
phene layers.

Graphene morphology was characterized using TEM.
The TEM image of sample is shown in Fig. 3. A large
sheet of graphene with several hundred nanometers
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dimensions found on the top of the grid, where it can be
seen that there are wrinkled and transparent areas in the
images. According to previous articles, wrinkled areas are
part of the intrinsic nature of graphene, that becoming
stable via bending [31]. It can be seen from TEM image in
Fig. 3, that part of the graphene sheet shows relative flat
morphology with low contrast, which is an indication of
few-layer thickness. The results correspond with the results
of XRD analysis. In Fig. 3, the formation of graphene
sheets can be seen. Table 2 summarizes the results of the
characterization of graphene.

3.2 Structural properties of ITO-graphene films

The XRD patterns of ITO—graphene films deposited on a
glass substrate with different values of graphene are shown
in Fig. 4. The diffraction peaks, which are related to the
cubic structure of the ITO with preferred orientations in the
(211), (222), (400), (440), and (622) planes, were observed
at around 20 = 21.53°, 30.66°, 35.54°, 51.10°, and 60.71°,
respectively. The films show a polycrystalline structure
with preferred orientation along the (222) plane. In
Table 4, the exact location of the (222) diffraction peak of
samples, Full-Width at Half Maximum (FWHM) and
crystallite size (D) is listed. The crystallite size (D) is
calculated using the Debye—Scherrer’s formula [32]:

D = k/(f cosO) (2)

(a)
graphene flake

(b)

graphene flake _‘
100 nm_|

Fig. 3 a, b TEM image at different magnifications of the graphene
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Table 2 A summary the results of the characterization of graphene

Sample Situation XRD SEM TEM
A peak at 20 = 9.84° due to
graphene oxide
GO Hummers method A peak at 26 = 20.1° due to Confirms the formation of layered -

defect in edge of area

Remove of the GO peak at
20 = 9.84°
Graphene Chemical reduction by 3 ml A peak at 20 = 20.1°
hydrazine hydrate per 100 mg GO
A peak at 20 = 26.7° due to
crystal structure of graphene

Show the wrinkled structure of

graphene oxide structure

Part of the graphene

graphene layers sheet can be seen

Fig. 4 XRD patterns of the 211) (222)(400) (440) (622)
ITO-graphene films deposited | | | |
on glass substrate for different : : : :
amounts of graphene (1.54 A | | | |
Cu Ko, as wavelength) | : | |
! I I I
! I I I
| | | |
| | |
| |
| |
|
7474
; 170625
s
>
i 170G50
c
2
£ 170675
170G 700
10 15 20 25 30 35 40 45 50 55 60 65 70
20 (deg.)

where B is the full width at half maximum of the cor-
responding XRD peak, k is a constant (~ 1) and 0 is the
Bragg angle as well as A is the wavelength of X-ray and
itis 1.540 A. The positions and shapes of the XRD peaks
of ITO-graphene films remain almost the same except
for the width of the peaks. As can be seen from Table 4,
the FWHM value of the (222) peaks was increased from
0.24° in ITO to 0.27° in ITOG25 and ITOG75 which
means reducing the size of crystalline grains. The
FWHM values of the (222) peaks in ITOGS50 and
ITOG100 samples slightly is decreased compared to the
ITO. It indicates that the degree of crystallinity in the
ITO-graphene film is dependent on the amount of gra-
phene. This can be explained by the fact that the diffu-
sion of deposited atoms is disturbed by graphene sheets
during the process.

3.3 Surface morphology of ITO-graphene films

Figure 5 shows SEM images of the samples. SEM images
confirm the formation of the ITO layer in all of the cases.
The micrographs show that the nanostructure of the films
has a particle-cluster type growth. Almost similar mor-
phology for samples can be seen. As can be seen graphene
has an effect on aggregate. With increasing amounts of
graphene, the grains have also grown.

3.4 Electrical properties of ITO—graphene films

Variations of sheet resistance (R,) and carrier concentration
(n) for all samples are shown in Fig. 6. The majority carrier
concentration was calculated using the following equation
by the Hall Effect measurements [32]:
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Fig. 5 SEM image of the
a ITO, b ITOG25, ¢ ITOG50,
d ITOG75 and e ITOG100

-
SEM HV: 20.0 kV/ 'WD: 8.58 mm

View field: 2.77 pm Det: SE

SEM MAG: 75.0 kx  Date(m/dly): 06/10/15

SEM HV: 20.0 kV WD: 8.62 mm
View field: 4.61 ym Det: SE
SEM MAG: 45.0 kx |Date(m/dly): 06/10/15

n = IB/(qVy) (3)

In this equation, B, I, t, g and Vy are the magnetic flux
density, measured current, film thickness, electron charge
and Hall voltage, respectively. The Hall Effect
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measurement confirms that the majority of the carriers
were electrons, and the films exhibit n-type conductivity.

As it can be seen from Fig. 6, adding graphene to ITO
reduces resistance layers in all cases. Resistance of the
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Fig. 6 Variation of sheet resistance and carrier concentration for
ITO-graphene films

Graphene sheets

N
%

ITO layer

Glass substrate

Fig. 7 A schematic view of the ITO-graphene film

ITOG25-50-75-100 ITO-graphene layers dropped 46, 77,
71 and 43 % compared to the non-graphene layer (ITO),
respectively. Figure 7 is a schematic of the ITO—graphene
layer. Graphene sheets during layer growth between the
grains were trapped. Graphene sheets increase the con-
ductivity of the layer. On the other hand, there is also the
scattering of graphene sheet edges.

As Fig. 6 is found in the sample ITOGS50, the resis-
tance of ITO-graphene layers is optimized. Compared
with non-graphene layer (ITO), resistance of layer
ITOGS50 has dropped more than 75 % and its sheet
resistance value is approximately 1.6 kQ/sq. This could
be because the graphene sheet behaves like conductive
layers and reduces resistance. With the increasing
amount of graphene, scattering from defects and edges is
increased and because of this resistance of the layers also
increases.

3.5 Optical properties of ITO-graphene films
and band gap energy estimation

The optical transmittance of the ITO—graphene films in the
wavelength range of 300—1000 nm is shown in Fig. 8. It
can be seen from Fig. 8 that transparency has increased.
And transparency is reached from 84 % in the ITO film to
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Fig. 8 Optical transmittance of ITO-graphene films

90 % in the visible region for the rest of the samples. This
change occurred in transparency with regard to the same
conditions of deposition for all samples. During the
deposition, the only variable was the amount of used
graphene. Film thickness was determined by using Eq. (1).
Thickness and transmittance of each layer are shown in
Table 3. As can be seen from the Table 3, using graphene
changed the thickness of the layers. The thickness in
samples ITOG25 and ITOGI00 have grown. In the
ITOGS0 thickness has been reduced by 5 %. And the
thickness of ITOG75 is almost not changed. Although the
thickness of the layers is changed, it is significant that
adding graphene reduces the transparency layer in all
samples. It seems that change the transparency is due to
adding graphene. This is probably due to the transparency
of graphene [15].

The direct band gap (E,) of the prepared films was
obtained from the extrapolation of the linear part of the
(ohv)? curve versus photon energy (hv) and using the fol-
lowing equation:

(ahv)’oc (hv — Ey) (4)

where o and E, are the absorption coefficient and the
energy gap, respectively. Figure 9 shows (athv)® versus hv
(photon energy) for the ITO-graphene films. The inter-
section of the tangent to the curve and the horizontal axis
shows the gap. The values of the band gaps were obtained
in the range 3.57-3.62 eV (see Table 4). The ITO film
without graphene has the lowest energy gap between the
other samples. Change in the energy gap of ITO film
without graphene is a maximum 0.8 % in the sample
ITOG100.The characterized results for ITO—graphene thin
films have been summarized in Table 4.
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Table 3 Thickness and

transmittance of ITO—graphene Parameter ITO ITOG25 ITOGS50 ITOG75 ITOG100
composite films Amount of graphene (mg)* 0 25 50 75 100
Layer thickness (nm) 236 285 222 235 264
Transmittance 84 90 87 88 90
How to change the parameters
The amount of used graphene Un® i© i i i
Other deposition parameters Un Un Un Un Un
Layer thickness Un i d¢ Un i
Transmittance Un i i i i

? In 10 ml of the precursor spray solution
® Unchanged compared to the ITO film [Un]
¢ The Parameter value is increased compared to the ITO film [i]

4 The Parameter value is decreased compared to the ITO film [d]

T T T T T 7
[
= |TO /
d
ITOG25 ! -
ITOG50 [ 4
v ITOG75 /N
?
ITOG100 VAW, ¢
35 'e
. / /v
J ?m
o , v
é, ./'l/
o ¥
° "’/‘6
24
enwy’,
n /
addv’
aﬂ””ccvv ////
VVV\N\N\QQCCCVVVV ///
T T T T T T T
3.00 3.25 3.50 3.75 4.00
hv(ev)

Fig. 9 Absorption curve in terms of photon energy. The intersection
of the tangent to the curve and the horizontal axis shows the gap

4 Conclusion

A systematic approach was used to produce ITO—graphene
composite films by the spray pyrolysis methods. Five
samples, including ITO film without graphene and four
other samples were prepared with different amounts of
graphene. The structural properties and morphology of
graphene were analyzed by XRD, SEM and TEM. The
deposited films were characterized by XRD, SEM, and
electrical and optical measurements.

Using the analysis characterized results can extract the
following conclusions:

e From the TEM image shown in Fig. 3, graphene sheets
have been found, where it shows transparent and
rippled silk wave appearances. In accordance with the
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previous reported in literature, wrinkles and folded
regions are part of the intrinsic nature of graphene [31].
In Fig. 3, it can be seen that the part of graphene sheet
shows relative flat morphology with low contrast,
indication of few-layer thickness and also obtained
XRD diffraction patterns of samples are similar to
previous reported [33].

The diffraction peaks of ITO-graphene thin films are
related to the cubic structure of the ITO. The films
show a polycrystalline structure with preferred orien-
tation along the (222) plane. The crystallite size
(D) calculated using the Debye—Scherrer’s formula
demonstrates that the graphene alters the size of
crystalline grains of ITO-graphene films. This is due
to the fact that the diffusion of deposited atoms is
disturbed by graphene sheets during the process.

The obtained ITO-graphene films showed an electrical
sheet resistance from 1.5 to 7.5 KQ/sq. Adding
graphene to ITO reduces resistance layers in all cases.
Graphene sheets increase the conductivity of the layer.
Comparison with other samples results showed that
ITO-graphene composite film prepared by 50 mg
graphene perl0 ml of the precursor spray solution has
the best electrical conductivity among other samples.
Resistance of the ITOG50 dropped 77 % compared to
the non-graphene layer (ITO).

Layer transparency in the visible region increased 6 %
by adding graphene to ITO films, and it reached to
90 %.Although the thickness of the layers is changed, It
is significant that adding graphene reduces the trans-
parency layer in all samples. It seems that change the
transparency is due adding graphene.

The obtained ITO-graphene films showed an energy
band gap from 3.59 to 3.62 eV. Change in the energy
gap of ITO film without graphene is a maximum 0.8 %.
This means that graphene does not have significant
effect on the electronic structure of ITO.



tivity, transparency and the band gap samples show that
adding graphene to ITO film (50 mg per 10 ml) without
causing much change in structural properties and gap
energy, reduces the resistance of ITO-graphene film
about 75 % and increases its transparency up to 90 %.
This method is suggested as an application method for
regulation of the electrical conductivity.

ITO-graphene composite films may be more interested
in sensing and solar cells applications and composites.
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