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1. Introduction

In the last two decades, novel nanostructures based on carbon allotropes, such as diamond-like carbon (DLC),
multiwall, and single-wall carbon nanotubes (MWCNT & SWCNT), fullerene, and graphene, have attracted much
attention due to their potential applications for advanced technologies. Among all the nanostructures, graphene
has gained the highest attention due to its amazing characteristics, including extreme conductivity, very high
carrier mobility, electromechanical stability, and large surface area. Gradually, graphene has developed as one of
the most promising materials for photovoltaic applications, such as solar cells [1, 2], photodetectors [3-5], and
light-emitting diodes (LED) [6, 7]. As one of the allotropes of carbon; structurally graphene atoms are coordinated
in a single two-dimensional layer of carbon atoms ordered in a honeycomb lattice. The bond distance of carbon-
carbon (C-C) in one layer of graphene is about 0.142 nm [8-10], and the sp? hybridization of these bonds is
responsible for the high stability of graphene nanostructure. The single carbon bonds are extremely strong and
allocated in one plane while an empty orbital is formed out of the plane. Each carbon atom is bonded to three other
carbon atoms, while the free fourth electron will be responsible for electronic conduction. Despite intense attention
and remarkably fast development in the field of graphene-associated research, there is still a long way to go for
widespread of graphene application. It is primarily a result of the difficulty of reliably producing samples of high
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quality, particularly in a scalable fashion, and of controllable alteration the graphene band gap. Previous studies
indicate that the fabrication of heterojunction based on semiconductors and the allotropes of carbon such as
graphene is very effective in reducing surface recombination [11, 12]. It has been observed that the graphene layers
could reduce the series resistance of the silicon-based solar cell through the passivation of surface dangling bonds
[8, 9, 13]. Consequently, by combining the well-known optical characteristics of zinc oxide with the superior
electronic transport graphene properties, UV-sensitivity, a hybrid optoelectronic device has been developed [9,
14-16]. These hybrid devices may gain an extraordinary responsivity, making them very well suitable for
photodetector applications. With a reducing the bandgap of zinc oxide by incorporating graphene and with the
wide light-harvesting ability of graphene, nanohybrids of these two materials could enhance visible light
responsivity. Moreover, the folded three-dimensional nanostructure can also enhance the electron conductivity
and separation of photogenerated charge carriers and thus the photoconductive behaviour may significantly
improve [8, 17]. Combining the electrical and optical properties of graphene could open up new horizons for
photonics and optoelectronic applications. Several applications using graphene as a promising candidate can be
proposed, which may include photodetectors, light-emitting devices, touch screens, transparent electrodes, and
ultrahigh-frequency devices [18, 19]. Recently, several publications have been focused on the synthesis of
graphene-ZnO nanohybrid structures to improve the device performances for photovoltaic applications [20-26].
The aim of the current work is a synthesis of graphene-ZnO nanohybrid thin films by spray pyrolysis technique
and systematically study their structure and optical properties. The influence of various graphene content as a 2D
nanostructure on the morphology and microstructure will be investigated.

2. Experimental Work

Graphene-ZnO thin films were deposited on quartz substrate by spray pyrolysis. Spraying solution with ZnCl,
(HIMEDIA zinc chloride 99.0 wt.%) to make Zinc Oxide thin films and then add graphene (Skyspring
Nanomaterials, Inc, USA, thickness 6-8 nm, Carbon content 99.5 wt.%, with electrical conductivity 10’ S.m™)
with various concentrations (0, 0.1, 0.2, 0.3, 0.4 and 0.5 wt.%). The graphene nanoplates were dispersed in 50 mL
of distilled water by ultrasonication for about 1 h and then mixed with the ZnCl solutions by a magnetic stirrer.
The quartz substrates were cleaned by sonication in ethanol to eliminate any contaminations. The solution was
deposited on a substrate heated at 350 °C and a solution flow rate of 4 ml/min. The distance between the nozzle
end and the substrate was about 30cm. XRD diffractometer (XRD 6000, Shimadzu, Japan) with wavelength
(1.5406 A for CuKa) was used to analyze the phases and the crystalline structure. UV-VIS spectrophotometer
(Shimadzu 3101 PC) was used to measure the spectral transmission of thin films. The surface morphology of
deposited films was examined using the field emission scanning electron microscope FESEM model (Zeiss Sigma
300-HV Germany).

3. Results and Discussion

Figure 1 shows XRD patterns of ZnO and graphene-Zn0 thin films deposited at 350 °C temperature and confirmed
the ZnO phases of the hexagonal wurtzite structure. All the crystalline planes (100), (002), (101), (102), (110) and
(103) of the zinc oxide were obvious, and (002) was the preferred orientation. The XRD patterns of graphene-ZnO
nanohybrids were almost identical to those of pure ZnO films, where no additional phases were observed. On the
other hand, the addition of graphene does not essentially modify the crystal orientations or result in variation in
ZnO preferred orientations. However, no graphene diffraction peaks were identified in the thin film patterns, since
the amounts of graphene were too small to identify using the XRD technique, and the yield of graphene diffraction
intensity is much lower than the yield of zinc oxide diffraction intensity [17, 23, 27, 28]. The lattice constants a
and c could be estimated based on (002) orientation and the d-spacing dna of graphene-ZnO nanostructure films
are listed in Table 1. It could be noticed that for all films the d-spacing does not change whatever the level of
graphene content. Such behaviour suggests that the graphene nanostructures are incorporated into the zinc oxide
matrix and have played a significant role in modifying the characteristics of the as-deposited nanohybrid films.
Moreover, the crystallites size was estimated for the nanohybrid thin films by the Scherrer equation [28]:

D= (0.94 1)/ (B cos0) 1)

Where 0 is the Bragg's angle, ) is the X-rays wavelength (1.5406 A for CuKa) while B is the full width at half
maximum FWHM. Results show that crystallite size was affected by the concentration of graphene. It is decrease
as the graphene content increase, and this is the reason for the decrease in the X-ray peak with the increase in the
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percentage of graphene. Furthermore, the microstrain (¢) and the dislocation density (8) are also determined via
the well-known formulas [18, 29, 30]:
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Figure 1: XRD pattern of ZnO-graphene thin films sprayed at 350 °C.

Table 1: The lattice parameters of graphene-ZnO thin films at different concentrations.

20 d FWHM D L a c
Sample (deg) (A) (deg) (nm) Sx(’ia'f 107 A) A)
ZnO 34.470 2.5998 0.2133 40.73 0.6027 0.888 3.0008 5.1976
0.1G 34.439 2.6021 0.2286 38.00 0.6924 0.952 3.0034 5.2021
0.2G 34.457 2.6007 0.2639 32.92 0.9226 1. 099 3.0019 5.1995
0.3G 34.458 2.6007 0.2652 32.76 0.9317 1.105 3.0019 5.1994
0.4G 34.431 2.6027 0.2722 31.92 0.9817 1.134 3.0042 5.2034
0.5G 34.465 2.6002 0.3046 28.55 1.2271 1.268 3.0013 5.1985

The microstrain and density of dislocation were found to be increased with increasing the graphene content in the
ZnO matrix. These constants are interesting structural parameters, and their values are crucial to understanding
the electrical and optical behaviour of all graphene-ZnO nanohybrid films. In contrast to some reports in the
literature [22], these findings have indicated that the addition of graphene has a strong effect on the microstructural
feature of zinc oxide films. To investigate the influence of graphene content on the surface morphologies of the
Zn0 films, FESEM images were studied for all films as shown in Figure 2. The images showed that there are
several morphological features were obtained on the films deposited under various graphene content. Zinc oxide
film surface without graphene is covered with high packing hexagonal grains having a sharp crystal edge and
narrow grain size distribution. With the addition of graphene as low as 0.1 wt.%, the zinc oxide crystals develop
a finer grain with few grains that have to undergo an exaggerated growth, also the packing density of the grain has
noticeably decreased. As the percentage of graphene was gradually increased, more random orientation of grains
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has obtained with finer grain size. At a higher graphene content of 0.5 wt. %, graphene nanoplates nested with
zinc oxide grains were observed.

Figure 2: FESEM images of ZnO-G thin films morphologies with various graphene content.

Results suggest that the graphene nanoplate was strongly acted as grain growth inhibitors, which may explain the
X-ray diffraction results of the films. As the size of the ZnO grains decreases, the total area of the grain boundaries
increases and also the crystallite sizes decrease, thus increasing the structural defects and hence increasing the
dislocation density. This was reflected in the decrease of the degree of crystallization of the films with adding
more graphene nanoplates, which causes a decrease in the relative intensity of the diffraction patterns, as has been
noticed with the most dominant plane (002). The transmission spectra analysis in the wavelength range (200-1100)
nm can be revealed in Figure 3. According to the results, all films exhibit high transmittance in the visible range,
varying between 80% and 90%. Also, the transmission of the ZnO film is found to be maximal and it reduces with
a rise in graphene concentration. Figure 4 illustrates the absorption coefficient (a) values via wavelength which is
deliberated via the equation [31]:

1 1
a = ?ln; (4)

Where ¢ is the thickness of the thin film, and 7 is the transmittance. The figure confirms the decrease of absorption
coefficient with wavelength and increases it with graphene concentration. While Figure 5 shows the extinction
coefficient plot as a function of wavelength which appears the extinction coefficient increases with graphene
concentration. The extinction coefficient values are calculated by the equation [32, 33]:

al
K= (5)
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Using Tauc’s plot, the optical band gap is gained by plotting (ahv)® against (hv) as shown in Figure 6 and
extrapolating the linear part of the curve to get the intercept with the energy axis. The direct energy band gap was
decreased as the graphene concentration increased.
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Figure 3: UV—Vis Transmission spectra of the nanohybrid graphene-ZnO thin films with different
concentrations.

Transmission

Graphene can decrease the band gap energy by removing the effect of Burstein—Moss also decreases the absorption
edge of the nanohybrid thin films to the lower energies [12, 21]. Moreover, the presence of graphene in the films
increases the surface charge and electronic coupling between ZnO grains and graphene nanoplatelets, which leads
to a shift of the band gap towards the higher wavelengths, causing a narrowing of the band gap [16, 22]. Based on
Figure 6, it is evident that the zinc oxide films have a single direct energy gap, while when graphene is added, two
linear slopes have appeared and they became more distinct with increasing the graphene content. The findings
support the presence of the nanohybrid system where the graphene and ZnO behave separately with the incident
light, the data obtained, also, are highly consistent with the observed SEM images in the previous section. The
determined direct energy gap for the films were 3, (Y.9, 2.8), (2.6, 2.4), (2.7, 2.3), (2.5, 2), and (2.7, 2) eV to 0,
0.1, 0.2, 0.3, 0.4 and 0.5 wt.% graphene concentration, respectively. The decrease of the ZnO energy gap is
ascribed to the internal defects rather than to the doping effect of carbon into the ZnO lattice, as has already been
indicted by the high level of microstrain and dislocation density based on x-ray diffraction data presented in tablel.
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Figure 4: Absorption coefficient spectrum of the nanohybrid graphene-ZnO thin films at different concentrations.
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Figure 5: Extinction coefficient spectra of the nanohybrid graphene-ZnO thin films at different concentrations.
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Figure 6: Plots of (ahv)? versus (hv) of the nanohybrid graphene-ZnO thin films at different concentrations.
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4. Conclusions

In this work, graphene-ZnO nanohybrid thin films were effectively prepared using the spray pyrolysis technique
at a substrate temperature of 350 °C. graphene-ZnO thin films possess a well-structured crystalline hexagonal
wurtzite structure with a preferred orientation over the (002) orientation. The XRD analysis has also indicated that
the addition of graphene has a strong effect on the microstructural feature of zinc oxide films. The presence of
graphene in the microstructure of the ZnO films significantly affects the grains morphology and crystalline
structure of the prepared films, where the graphene nanoplate act as grain growth inhibitors. The optical
characteristics such as the transmission, optical band gap energy, and extinction coefficient were affected by
graphene concentration in thin films. Results confirmed that graphene can be used as an efficient modifier for band
gap engineering and the microstructure of ZnO thin films.
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