Synthesis of ZnO Micro Prisms on Glass
Substrates by the Spray Pyrolysis Method

Shadia Ikhmayies

Abstract ZnO micro prisms in thin film form were produced by the low cost spray
pyrolysis technique at a substrate temperature of 350 £ 5 °C on glass substrates.
Scanning electron microscopy (SEM) and energy dispersion X-ray spectroscopy
(EDS) were used to explore morphology and composition of the films respectively.
The films were found to be oxygen rich and contain chlorine. ImageJ software was
used to analyze the size of the prisms, where the diameter and length of the micro
prisms were estimated.
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Introduction

Waurtzite ZnO with space group P63mc or C6v4 is an important II-VI compound
semiconductor material with wide direct bandgap of 3.37 eV at room temperature,
and large exciton binding energy of 60 meV at room temperature [1-4]. ZnO is a
transparent conductive oxide (TCO) that has promising advantages in optoelec-
tronic devices, solar cells and gas sensors. Nowadays, ZnO is one of the most used
TCO materials for thin film silicon solar cell development, and it is of potential use
in dye sensitized solid-state solar cells, which are currently the most stable and
efficient excitonic solar cells for large-scale solar energy conversion [5-7]. In these
cells, 1D ZnO nanorods with high carrier mobility can serve as direct conduction
pathways for the excitons [8]. In addition, it is the compound of choice to achieve
low-cost, reproducible electrode layers on large-scale production lines. Various
physical and chemical techniques have been employed to synthesize ZnO
nano/micro structures, such as hydrothermal method [3], chemical vapor deposition
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(CVD) [4], metalorganic chemical vapor deposition (MOCVD) [9-11], sputtering
[12], molecular beam epitaxy [13], sol-gel [14], and spray pyrolysis (SP) [15]
method. However, for low cost, large-scale production, and intentional doping
purposes, the SP method is preferred.

A lot of experimental work was conducted to prepare and characterize ZnO
prisms. For example, Ekthammathat et al. [3] produced ZnO prisms on Zn foils by a
simple hydrothermal method. Kao et al. [16] deposited ZnO hexagonal prisms on
indium titanium oxide-coated glass substrates by using the solution phase deposi-
tion method. Hamada et al. [17] deposited these prisms using the electrochemical
deposition method on a graphite substrate, and Liu et al. [18] grown them from
polyvinylpyrrolidoned-assisted ~ electrochemical assembly onto p-type Si
(111) substrate. In this work ZnO hexagonal micro prisms were produced on glass
substrates using the spray pyrolysis method. These micro prisms are of important
use in solar cells, gas sensors, and optoelectronics industry.

Experimental Procedure

ZnO thin films were deposited on glass substrates of dimensions of 60 X 26 X 1 mm’
by the spray pyrolysis technique at a substrate temperature of 350 + 5 °C. The
starting material was zinc chloride (ZnCl,) of purity 99%. The precursor solution was
prepared by dissolving 2.5 g of ZnCl, in 60 ml of distilled water to get a 0.03 M
solution. This solution was sprayed vertically and intermittently on the hot glass
substrates, and oxygen was used as the carrier gas. After finishing the deposition
process, the heater was turned off, and the samples were left on the heater to cool
naturally to room temperature. The morphology of the films was examined by a FEI
scanning electron microscope (SEM) (Inspect F 50) operating at 5.0 kV. The com-
position of the samples was analyzed by the same SEM system, which is supported by
energy dispersion X-ray spectroscopy (EDS). The thickness of the films was measured
using SEM microscope too. ImagelJ software was used to analyze the size of the micro
prisms, where both the diameter and length were estimated.

Results and Discussion

Figure 1 displays the SEM images of two ZnO thin films of hexagonal prism micro
structure. The film in (a) has a thickness of 1.622 um, while that in (b) has a
thickness of 1.277 pm. The films show high density of ZnO micro prisms where the
density in Fig. la appears larger than that in Fig. 1b. The difference in density may
be due to the larger thickness of the film in Fig. la. In this film, three or four
positions appear with collections of high density of micro prisms of approximate
sizes. In both films, ZnO prisms have hexagonal cross-section, and they appear
approximately perpendicular to the surface of the substrate.
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Fig. 1 SEM micrographs of
two ZnO films of thickness
t = 1.622 um (a), and

t = 1.277 pm (b)

Figure 2 displays the EDS spectrum of the film in Fig. 1b, in addition to an
image showing the point at which measurement was performed. From the EDS
report it is found that the films contain Zn, O, and Cl, where the presence of
chlorine is due to the use of ZnCl, as a starting material. The ratio of Zn: O in the
film is 37.93: 59.58, or 0.637, while the stoichiometric ratio is 1. This means that
the films are oxygen rich. This may be due to the use of oxygen as the carrier gas
besides the long period (more than one month) of exposure to air. The EDS report
also showed that the ratio of Cl: O in the film is 2.49: 59.58 or 4.18%. When Cl is
incorporated in the ZnO crystal lattice, it replaces oxygen, and hence it increases the
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Fig. 2 SEM image shows the point A at which measurement was performed (a), and EDS
spectrum for the film of SEM shown in Fig. 1b (b)

n-type conductivity of the films, which is preferred in the case of the use of ZnO as
a fore contact or a window layer in thin film solar cells.

Figure 3 shows the histograms of the diameter of ZnO micro prisms appearing in
the SEM micrographs in Fig. la and b, and Fig. 4 shows the histograms of the
length distribution for the same micrographs in Fig. 1 too. For the film in Fig. 1a,
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Fig. 3 The histograms of the diameter distributions of ZnO micro prisms in SEM micrographs in:
a Fig. 1a, and b Fig. 1b

the average diameter estimated by imageJ software is D & AD = 156.2 + 57.7 nm,
and the average length of the prisms is L + AL = 433.0 £ 134.6 nm. Hence the
aspect ratio of the prisms in this film is about 2.77. For the film in Fig. 1b, the
average diameter is D £ AD = 145.3 4+ 68.8 nm, and the average length is
L £ AL = 222.1 £ 74.1 nm. In this film the ZnO prisms have an aspect ratio of
about 1.53. So the prisms in (a) have larger diameter, larger length, and larger aspect
ratio. These differences are most probably related to the difference in film thickness
in the two cases. The large values of the uncertainties are expected in the case of
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Fig. 4 The histograms of the length distributions of ZnO micro prisms in SEM micrographs in:
a Fig. 1a, and b Fig. 1b

using the SP method to produce micro and nano structures. There are several factors
that determine the size and shape of the produced structures, and to control all of
them is a challenge.

Such micro prisms provide larger surface area, which is necessary for several
applications such as the dye sensitized solar cells (DSSC). To make a rough esti-
mation of the area of the whole array of micro prisms in the film of Fig. la, two
assumptions were made. First; no overlap of the micro prisms, and second; the
length of the micro prism equals the thickness of the film, where both assumptions
are not found in reality. The second assumption may be accepted if there are several
layers of the micro prisms are stacked over each other, where the thickness of the
film d = NL, and N is the number of layers, while L is the average length of the
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Fig. 5 Prism of hexagonal <1t >
cross section, radius r and
length d = NL

prisms calculated before. Dividing d by L to get N ~ 4 for the film of Fig. la.
Hence each four ZnO micro prisms each of length L and diameter D stacked
vertically on each will be replaced by one prism of the same diameter and length d
as shown in Fig. 5. The area of the portion of such ZnO prism where the dye in

DSSC will be adsorbed is Apye—prign = #rz + 6rd, where r is the radius of the
hexahedron, and d the thickness of the film in Fig. la, which is 1.622 um. The
radius r =2 =78.1 nm. S0 Apye_prign = 7.6 X 10° nm?. If the density of prisms
per nm? in Fig. la is approximated by 10 prisms/nm?, and the area of the sub-
strate = 60 X 26 mm” = 1.56 X 10'° nm?, then the total area of the array ~ 1.19

X 10'® nm?, which is more than 7 times the area of the substrate.

Conclusions

ZnO Micro prisms were produced as thin films by the low cost spray pyrolysis
method on glass substrates. The SEM images showed that the prisms have
hexagonal cross sections and they are approximately perpendicular to the sub-
strates. The average diameter, and average length of the micro prisms, besides their
distributions were calculated using imageJ software. The EDS reports revealed the
composition of the films, and they are found to be oxygen rich and contain chlorine.
The estimated surface area of prism arrays on one of the films was found to be
seven times that of the substrate. These results are important for the use of such
ZnO micro prisms in solar cells and optoelectronic devices.

References

1. Yan C, Xue D (2008) Solution growth of nano- to microscopic ZnO on Zn. J Cryst Growth
310:1836-1840

2. Yang JH, Zheng JH, Zhai HJ, Yang LL, Lang JH, Gao M (2009) Growth mechanism and
optical properties of ZnO nanosheets by the hydrothermal method on Si substrates. J Alloy
Compd 481:628-631

3. Ekthammathat N, Phuruangrat A, Thongtem S, Thongtem T (2015) Hydrothermal-assisted
synthesis and photoluminescence of ZnO microrods. Digest J Nanomaterials Biostructures 10
(1):149-153

4. Kang DS, Seok KH, Sang MY, Kim JG, Hwang WJ, Hong SK (2008) Growth and
characterization of zinc oxide nanostructures on (111) silicon substrates with aluminum
compound layer. J Korean Phys Soc 53(1): 292-298



138

10.

11.

12.

13.

14.

15.

16.

17.

18.

S. Ikhmayies

. Galoppini E, Rochford J, Chen H, Saraf G, Lu Y, Hagfeldt A, Boschloo G (2006) Fast

electron transport in metal organic vapor deposition grown dye-sensitized ZnO nanorod solar
cells. J Phys Chem B 110(33):16159-16161

. Law M, Greene LE, Johnson JC, Saykally R, Yang P (2005) Nanowire dye-sensitized solar

cells. Nat Mater 4:455-459

. Gregg BA (2003) Excitonic solar cells. J Phys Chem B 107:4688-4698
. Lupan Oleg, Chow Lee, Chai Guangyu, Roldan Beatriz, Naitabdi Ahmed, Schulte Alfons,

Heinrich Helge (2007) Nanofabrication and characterization of ZnO nanorod arrays and
branched microrods by aqueous solution route and rapid thermal processing. Mater Sci Eng B
145:57-66

. Nicolay S, Benkhaira M, Ding L, Escarre J, Bugnon G, Meillaud F, Ballif C (2012) Control of

CVD-deposited ZnO films properties through water/DEZ ratio: decoupling of electrode
morphology and electrical characteristics. Sol Energy Mater Sol Cells 105:46-52

Fay S, Steinhauser J, Nicolay S, Ballif C (2009) Polycrystalline ZnO: B grown by LPCVD as
TCO for thin film silicon solar cells. Thin Solid Films 518:2961-2966

Hongsingthong A, Yunaz IA, Miyajima S, Konagai M (2010) ZnO films prepared by two-step
MOCVD process for use as front TCO in silicon-based thin film solar cells. In Proceedings of
the 35th IEEE photovoltaic specialists conference, pp 1508-1511

Kluth O, Schépe G, Hiipkes J, Agashe C, Miiller J, Rech B (2003) Modified Thornton model
for magnetron sputtered zinc oxide: film structure and etching behavior. Thin Solid Films
442:80-85

Chen Y, Ko H-J, Hong S-K, Segawa Y, Yao T (2002) Morphology evolution of ZnO (0001)
surface during plasma-assisted molecular-beam epitaxy. Appl Phys Lett 80:1358-1360
Ohyama M, Kozuka H, Yoko T (1998) Sol-gel preparation of transparent and conductive
aluminum-doped zinc oxide films with highly preferential crystal orientation. J Am Ceram
Soc 81:1622-1632

Ikhmayies Shadia (2016) Synthesis of ZnO microrods by the spray pyrolysis technique.
J Electron Mater 45(8):3964-3969

Kao Ming-Cheng, Chen Hone-Zern, Young San-Lin, Lin Chen-Cheng, Kung Chung-Yuan
(2012) Structure and photovoltaic properties of ZnO nanowire for dye-sensitized solar cells.
Nanoscale Res Lett 7(1):260

Hamada Takahiro, Fujii Eiji, Chu Dewei, Kato Kazumi, Masuda Yoshitake (2011) Aqueous
synthesis of single-crystalline ZnO prisms on graphite substrates. J Cryst Growth 314:
180-184

Liu YL, Liu YC, Feng W, Zhang JY, Lu YM, Shen DZ, Fan XW, Wang DJ, Zhao QD (2005)
The optical properties of ZnO hexagonal prisms grown from polyvinylpyrrolidone-assisted
electrochemical assembly onto Si (111) substrate. J] Chem Phys 122:174703



	15 Synthesis of ZnO Micro Prisms on Glass Substrates by the Spray Pyrolysis Method
	Abstract
	Introduction
	Experimental Procedure
	Results and Discussion
	Conclusions
	References


