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1. Introduction

Zinc oxide (ZnO) nanomaterials have found extensive applications 
due to their  low cost , high refractive index ( 2.0 at λ = 632.8 nm) and  
it has also wide direct band gap (3.37 eV) [1,3]. One of the significant 
approaches to obtain high-efficiency optical devices is to improve the 
optical absorption by light capturing [4]. The large surface-to-volume 
ratio of nanostructures can increase the absorption index. Moreover, 
nanostructures have been investigated in various fields because of their 
excellent physical and chemical features. ZnO nanostructures have 
shown great optoelectronic properties compared to their bulk and other 
materials [5,7]. Some methods have been employed for the synthesis of 
nanostructures such as nanobelts, nanorods, and nanotips; among which, 
physical evaporation [8], spray pyrolysis [9], laser ablation [10], and 
chemical bath deposition (CBD)  can be mentioned [11]. Among these 
methods, CBD exhibited several advantages such as easy, affordable, 
and low-temperature procedures. The size and shape form of the nano-
material are relatetd to several factors such as  time, temperature, solu-
tion concentration, and pH of the solution [12-13]. This paper reports 
a highly controllable growth method for the synthesis of two types of 
ZnO nanostructures (nanotips and nanorods) in solutions with different 
pH levels. The optical characteristics of ZnO depend on its size and 
morphology. This research is thus aimed to compare the optical char-
acteristics and morphological of the ZnO nanorods (NRs) and nanotips 
(NTs) in terms of their reflection spectrum.  The outcomes showed an 
increment in the optical properties of the ZnO NTs arrays compared to 
ZnO NRs. 

Additionally, graphene oxide has received high consideration due 
to its unique mechanical and high electron mobility. Therefore, ZnO 
nanostructure along with other materials, such as graphene, can capture 
electrons from ZnO due to its larger surface area.

In addition, a large number of papers reported in recent years studied 
the deposition of rGO on ZnO nanorods using the spin coating method 
[14,17]. One of the foremost drawbacks of spin coating is related to the 
size of the substrate. If the size of the substrate rises, the control of speed 
spinning is problematic. 

A novelty is introduced in this investigation on deposition rGO to 
enhance light absorption by EPD (electrophoretic deposition) method 
on ZnO nanotips. The main and positive advantage of this process is its 
large-scale built-up of rGO layer which can be simply achieved. Mor-
over, it is low cost for transfering graphene at room temperature. To the 
best of our knowledge, the effect of the deposition of reduced graphene 
oxide (rGO) layers on the optical characteristics of ZnO NTs has been 
rarely explored. We investigated the optical effects of EPD-deposited 
graphene on ZnO NTs.

The improved optical properties of ZnO NTs arrays by graphene 
layers can expand its potential applications in optical devices such as 
high-efficiency solar cells, and detector applications.

2. Experimental 

The experiments were performed on a highly doped p-type silicon 
(100) wafer at a resistivity range of 1-30 Ωcm. The silicon substrate 
was cleaned using a conventional RCA (Radio Corporation of Ameri-
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ca)  method to eliminate the both organic and ionic contaminants from 
wafers [18]. ZnO thin film was deposited onto the cleaned silicon (Si) 
wafer by Radio Frequency (RF) magnetron Sputtering  sputtering tech-
nique to serve as a seed layer. Then,  two types of ZnO nanostructures 
were prepared by the CBD method.  Typically, samples were dipped in a 
solution including zinc dehydrate (Zn((O2CCH3)2(H2O)2)) and ammonia 
(NH4OH) for 1 hour. The optimal bath temperature was set at 85 . The 
concentration of  zinc acetate was fixed 0.1 M.  Although, the shape 
of ZnO nanostructure depends on ammonia concentration which ZnO 
NTs changed to  ZnO NRs by increasing the ammonia concentration 
from 4 ml to 6 ml. Graphene was synthesized by the modified Hummers 
technique [19]. 

Graphene oxide (GO) was synthesized using modified Hummers 
technique. A solution containing a mixture of H2SO4/H3PO4 (9:1) was 
added to a mixture of graphite flakes and KMnO4, producing a slight 
exotherm to 30~40 °C. The solution was stirred for 24 h at the tempera-
ture of 50 °C. Then, the temperature of solution was gradually decreased 
to RT and it was poured onto ice with H2O2 (30%). Then, in order to 
eliminate the supernatant, the mixture was centrifuged at 5000 rpm. The 
residual solids were washed sequentially with water, HCl and ethanol 
and dried overnight at RT. The material remaining after washing process 
was vacuum-dried overnight at RT. Then, the colloidal GO suspension 
was prepared via dissolution of final product in water and sonicated for 
10 min at RT.

Finally, rGO solutions with excellent dispersion were prepared. The 
rGO was then coated on the ZnO NTs as optimized sample for improv-
ing optical properties via the EPD method at a constant current density 
of 0.01 mA.cm−2 and a steady voltage of 20 V at room temperature using 
platinum cathode and silicon substrate anode. 

Scanning electron micrographs were recorded using VEGA\\TES-
CAN-LMU instrument.  X-ray diffraction patterns were identified us-
ing a XRD Phillips APD 3520 powder with Cu K-alpha radiation (40 
keV,30 mA). The reflectance spectra were measured via Avaspec-2048-
TEC spectrometer. Zinc dehydrate and ammonia were purchased from 
Merck, Germany. distilled water was used in the current of this research.

3. Results and discussion

Figs. 1(a) and 1(b) show the FESEM micrographs of ZnO NTs and 
ZnO NRs at different pH values before graphene deposition. The ZnO 
NTs and ZnO NRs were uniformly grown on silicon substrates. The 
chemical reactions involved in the synthesis of ZnO NR were reported 
in previous papers [20]. In this study, the morphology of the ZnO nano-
structure can be adjusted by the concentration of ammonia solution in 
the deposition bath. The ZnO nanostructures changed from ZnO NTs 
to ZnO NRs by increasing the ammonia concentration from 4 ml to 6 
ml. The morphological differences between the two types of ZnO nano-
structures can be assigned to the concentration of ammonia. Ammonia 
concentration directly influenced the relative growth rates of crystal 
planes, resulting in an optional growth of ZnO nanostructure with sharp 
pyramid or flat tips. The surface of the ZnO nanostructure will absorb 
the polar molecules of NH3, as shown in Fig. 2(a). However, the quantity 
of the absorbed NH3 molecules changed on the sharp ZnO NRs as the 
distribution of surface charge density is associated with the shape; i.e. 
the sharper the curve shape, the larger the amount of surface charges. 
Consequently, the peak area has the highest surface charge density and 
hence can drag more NH3 molecules compared with other regions. The 
dissolution rate of ZnO increased by raising the concentration of am-
monia; therefore the area of the pyramid tip will be declined slowly. 
Eventually, the entire tip peak was etched out, as shown in Fig. 2(b) [21].

Fig. 3(a) depicts X-ray diffraction patterns of ZnO NTs sample. ZnO 
NTs sample exhibited (100), (002), and (101) peaks corresponding to 
hexagonal wurtzite ZnO structure based on the reference card No. 01-
089-0510, with no other peaks related to other phases. The emergence 
of a sharp peak at 2θ=34° indicates the hexagonal structure of the ZnO 
nanostructures as the formation energy of this plane is lower than oth-
er planes [22]. Fig. 3(b) shows EDX spectrum carried from ZnO NTs 
which illustrate zinc, oxygen, and silicon signals without the existence 
of any contamination in the sample. The Si peak is corresponding to the 

Fig. 1. FESEM images of (a)  ZnO NTs array obtained using 4 ml ammonia and, 
(b) ZnO NRs array obtained using 6ml ammonia.

Fig. 3. (a) XRD pattern of ZnO NTs array and, (b) EDX spectrum of ZnO NTs 
grown on silicon substrate.

Fig. 2. F(a) Distribution of ammonia molecule on the tip of the ZnO nanostruc-
ture, (b) schematic representation of morphology of the ZnO NRs in the ammonia 

solution..

Fig. 4. Reflectance curves of ZnO NTs and ZnO NRs array.
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substrate. This analysis exhibits the good synthesized ZnO NTs.
ZnO NTs and NRs structures were experimentally compared via re-

flectance analysis. Fig. 4 compares the reflectance of the two types of 
ZnO nanostructure to select the best sample with lower reflectance. The 
average reflectance of ZnO NTs was ~%12 which incremented to ~%18 
in the case of ZnO NRs. The ZnO NTs sample managed to reduce the 
optical reflectance due to its high specific surface area. Therefore, the 
ZnO NTs can be employed in diverse optoelectronic devices. 

Fig. 5(a) illustrations the FESEM micrograph of the rGO layer on 
the ZnO NTs. The ZnO NTs were selected as an optimized morphology 
due to their high surface area and enhanced optical characteristices com-
pared to the ZnO NRs. As seen, rGO layers were uniformly deposited on 
the ZnO NTs. The ZnO NTs of the sample were visible due to the trans-
parency of rGO layers. In addition, the rGO layers did not demolish the 
shape of ZnO NTs on the substrate. Fig. 5(b) indications that the average 
reflectance of the rGO /ZnO NTs is less than 8 %  while the reflectance 
of the  ZnO NTs is over 10 %  without rGO layers. The graphene layers 
enhanced their roughness and highly impacted their optical properties 
[23]. Hence, the obtained outcomes may lead to more satisfactory per-
formance suitable for a wide variety of applications.

4. Conclusions

The significance of this work lies in two points. The first aspect is 
related to the effect of morphology on the reflectance of ZnO NTs and 
NRs, while the second aspect involves the effect of rGO deposition on 
ZnO NT samples. ZnO NTs arrays showed promising potential for im-
proving the efficiency of optical devices. Moreover, the graphene was 
deposited on the ZnO NTs as best sample using the EPD method to im-
prove the optical properties of the samples. Based on FESEM results, the 
ZnO nanostructures with a hexagonal wurtzite structure were densely 
grown and on the silicon substrate. Different concentrations of ammo-
nia also altered the shape of nanostructures. The XRD pattern showed 
a main peak at 2θ=34° that is related to the (002) plane of hexagonal 
wurtzite ZnO nanostructure. The reflectance of the ZnO NTs array was 
lower than the ZnO NRs array due to the light-trapping features of ZnO 
NTs. Therefore, The ZnO NTs array can offer excellent antireflection 
performance compared to the ZnO NRs array.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Acknowledgement

The  authors  thank  the  Materials and Energy Research Center for  
their cooperation in equipment.

REFERENCES                                                                                                      

[1] S.M. Mostafavi, Enhancement of mechanical performance of polymer nano-
composites using ZnO nanoparticles, Chemistry 39 (2015) 2269-2278.
 [2] V.V. Ursaki, O. Lupan, I.M. Tiginyanu, G. Chai, L. Chow, Photoluminescence 
and raman study of well-aligned ZnO nanorods on p-Si substrate, Journal of Nano-
electronics and Optoelectronics 6, (2011) 473–477.
[3] S.S. Patel, P. Sengunthar, N. Thankachen, U. Joshi, Optoelectronic properties 
of optimally grown ZnO nanorods, Journal of Materials Science: Materials in Elec-
tronics 33 (2022) 6432-6445.
[4] P. Fallahazad, N. Naderi, M. Taherkhani, A.M. Bazargan, Porous pyramidal sil-
icon structures for improved light sensing performance, Optik 222, (2020) 165433.
[5] M. Petrov, K. Lovchinov, M. Mews, C. Leendertz, D. DimovaMalinovska, Op-
tical and structural properties of electrochemically deposited ZnO nanorod arrays 
suitable for improvement of the light harvesting in thin film solar cells, Journal of 
Physics: Conference Series 559, (2014) 012018. 
[6] F. Khatun, A. Abd Aziz, L.C. Sim, M.U. Monir, Plasmonic enhanced Au deco-
rated TiO2 nanotube arrays as a visible light active catalyst towards photocatalytic 
CO2 conversion to CH4, Journal of Environmental Chemical Engineering 7 (2019) 
103233.
[7] S.M.M. BR, Nanomaterial Chemistry, Toranj Group Publication, Ltd (2010).
[8] B.D. Yao, Y.F. Chan, N. Wang, Formation of ZnO nanostructures by a simple 
way of thermal evaporation, Appl. Phys. Lett. 81, (2002) 757–759.
[9] E. Karaköse, H. Çolak, Structural and optical properties of ZnO nanorods pre-
pared by spray pyrolysis method, Energy. 140, (2017) 92-97.
[10] E.N. Ghaem, D. Dorranian, A.H. Sari, External magnetic field effects on the 
characteristics of cobalt nanoparticles prepared by pulsed laser ablation, Optical 
and Quantum Electronics 53 (2021) 1-14.
[11] Z. Yang, Y.Y. Shi, X.L. Sun, H.T. Cao, H.M. Lu, X.D. Liu, The competition 
growth of ZnO microrods and nanorods in chemical bath deposition process, Ma-
terials Research Bulletin 45, (2010) 474–480.
[12] S. Mohan, M. Vellakkat, A. Aravind, U. Reka, Hydrothermal synthesis and 
characterization of Zinc Oxide nanoparticles of various shapes under different re-
action conditions, Nano Express 1(3), (2020) 030028.
[13] S. Abolfazl Davoudiroknabadi, S.S. Sajadikhah, An Introduction to Nanotech-
nology, Mikima Book (2016).
[14] G. Guo, L. Huang, Q. Chang, L. Ji, Y. Liu, Y. Xie, W. Shi, N. Jia, Sandwiched 
nanoarchitecture of reduced graphene oxide/ZnO nanorods/reduced graphene ox-
ide on flexible PET substrate for supercapacitor, Applied Physics Letters 99 (2011) 
083111.
[15] L. Huang, G. Guo, Y. Liu, Q. Chang, Y. Xie, Reduced graphene oxide-zno 
nanocomposites for flexible supercapacitors, Journal of Display Technology 8 
(2012) 373-376.
[16] Z. Wang, C. Luo, Y. Zhang, Y. Gong, J. Wu, Q. Fu, C. Pan, Construction of 
hierarchical TiO2 nanorod array/graphene/ZnO nanocomposites for high-perfor-
mance photocatalysis, Journal of Materials Science 53 (2018) 15376-15389.
 [17] L. Huang, G. Guo, Y. Liu, Q. Chang, W. Shi, Synthesis of reduced     graphene           
oxide/ZnO nanorods composites on graphene coated PET flexible substrates, Ma-
terials Research Bulletin 48 (2013) 4163-4167.
[18] P. Fallahazad, N. Naderi, M.J. Eshraghi, A. Massoudi, Optimization of Chem-
ical Texturing of Silicon Wafers Using Different Concentrations of Sodium Hy-
droxide in Etching Solution, Advanced Ceramics Progress 3 (2017) 16-18.
[19] M. Sharifi, N. Naderi, P. Fallahazad, M.J. Eshraghi, Role of graphene on the 
optoelectrical stability of photodetectors based on porous silicon, Sensors and Ac-
tuators A: Physical 310, (2020) 112065.
[20] P. Fallahazad, N. Naderi, M.J. Eshraghi, A. Massoudi, Combination of   sur-
face texturing and nanostructure coating for reduction of light reflection in ZnO/
Si heterojunction thin film solar cell, Journal of Materials Science: Materials in 
Electronics 29, (2018) 6289-6296.
[21] L. Guanghai, H. Wang, In situ chemical etching synthesis of ZnO nanotips 
array, Proceedings of the 2nd WSEAS international conference on Nanotechnol-
ogy, World Scientific and Engineering Academy and Society (WSEAS). (2010).
[22] P. Fallahazad, N. Naderi, M.J. Eshraghi, A. Massoudi, The effect of seed layer 
on optical and structural characteristics of ZnO nanorod arrays deposited by CBD 
method, Journal of Materials Science: Materials in Electronics 28(20), (2007) 
15495-15499.
[23] P. Fallahazad, N. Naderi, M.J. Eshraghi, Improved photovoltaic performance 
of graphene-based solar cells on textured silicon substrate, Journal of Alloys and 
Compounds 834, (2020) 155123. 

Fig. 5. FESEM images of (a) rGO/ZnO NTs array, (b) Reflectance spectra of ZnO 
NTs and rGO/ZnO NTs recorded in the range 400-800nm.

https://doi.org/10.1166/jno.2011.1198
https://doi.org/10.1166/jno.2011.1198
https://doi.org/10.1166/jno.2011.1198
https://doi.org/10.1007/s10854-022-07815-8
https://doi.org/10.1007/s10854-022-07815-8
https://doi.org/10.1007/s10854-022-07815-8
https://doi.org/10.1016/j.ijleo.2020.165433
https://doi.org/10.1016/j.ijleo.2020.165433
https://doi.org/10.1088/1742-6596/559/1/012018
https://doi.org/10.1088/1742-6596/559/1/012018
https://doi.org/10.1088/1742-6596/559/1/012018
https://doi.org/10.1088/1742-6596/559/1/012018
https://doi.org/10.1016/j.jece.2019.103233
https://doi.org/10.1016/j.jece.2019.103233
https://doi.org/10.1016/j.jece.2019.103233
https://doi.org/10.1016/j.jece.2019.103233
https://doi.org/10.1063/1.1495878
https://doi.org/10.1063/1.1495878
https://doi.org/10.1016/j.energy.2017.08.109
https://doi.org/10.1016/j.energy.2017.08.109
https://doi.org/10.1007/s11082-020-02694-x
https://doi.org/10.1007/s11082-020-02694-x
https://doi.org/10.1007/s11082-020-02694-x
https://doi.org/10.1016/j.materresbull.2009.11.005
https://doi.org/10.1016/j.materresbull.2009.11.005
https://doi.org/10.1016/j.materresbull.2009.11.005
http://dx.doi.org/10.1088/2632-959X/abc813
http://dx.doi.org/10.1088/2632-959X/abc813
http://dx.doi.org/10.1088/2632-959X/abc813
http://dx.doi.org/10.1063/1.3629789
http://dx.doi.org/10.1063/1.3629789
http://dx.doi.org/10.1063/1.3629789
http://dx.doi.org/10.1063/1.3629789
http://dx.doi.org/10.1109/JDT.2011.2173158
http://dx.doi.org/10.1109/JDT.2011.2173158
http://dx.doi.org/10.1109/JDT.2011.2173158
https://doi.org/10.1007/s10853-018-2724-3
https://doi.org/10.1007/s10853-018-2724-3
https://doi.org/10.1007/s10853-018-2724-3
https://doi.org/10.1016/j.materresbull.2013.06.046
https://doi.org/10.1016/j.materresbull.2013.06.046
https://doi.org/10.1016/j.materresbull.2013.06.046
https://dx.doi.org/10.30501/acp.2017.90753
https://dx.doi.org/10.30501/acp.2017.90753
https://dx.doi.org/10.30501/acp.2017.90753
https://doi.org/10.1016/j.sna.2020.112065
https://doi.org/10.1016/j.sna.2020.112065
https://doi.org/10.1016/j.sna.2020.112065
https://doi.org/10.1007/s10854-018-8608-0
https://doi.org/10.1007/s10854-018-8608-0
https://doi.org/10.1007/s10854-018-8608-0
https://doi.org/10.1007/s10854-018-8608-0
https://doi.org/10.1007/s10854-017-7437-x
https://doi.org/10.1007/s10854-017-7437-x
https://doi.org/10.1007/s10854-017-7437-x
https://doi.org/10.1007/s10854-017-7437-x
https://doi.org/10.1016/j.jallcom.2020.155123
https://doi.org/10.1016/j.jallcom.2020.155123
https://doi.org/10.1016/j.jallcom.2020.155123

	OLE_LINK23
	OLE_LINK24

