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Zinc oxide (ZnO) microrod films deposited by spray pyrolysis on silicon sub-
strate at 350 £ 5°C have been studied and evaluated, and compared with thin
films deposited by electron beam to confirm the identity of the studied sam-
ples. The films were characterized using different techniques. The microrod
structure was studied and confirmed by scanning electron microscopy. Four-
ier-transform infrared (FTIR) spectroscopy and x-ray diffraction analysis
confirmed successful deposition of ZnO thin films with the expected wurtzite
structure. Reflectance data showed a substantial drop across the whole
studied wavelength range. The photoluminescence (PL) spectra of the studied
samples showed a peak at ~ 360 nm, representing a signature of ZnO. The
shift in the PL peak position is due to defects and other species present in the
films, as confirmed by FTIR and energy-dispersive x-ray spectroscopy results.
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INTRODUCTION

Zinc oxide (ZnO) is a metal-oxide semiconductor
with a direct, wide bandgap energy (Eg) of 3.37 eV
at room temperature.? ZnO is a technologlcally
important material for use in devices ranging from
solar cells to ultraviolet (UV) light- emlttlng/detect-
ing devices and pressure/gas sensor applications.!
Electrodes made of ZnO, among many other mate-
rials, are also attractlve for use in dye- sens1t1zed
solar cells and as anodes of lithium-ion batteries.?
ZnO crystallizes in wurtzite structure with lattlce
constants ¢ =5.21 A and a = 3.25 A® It exhibits
strong piezoelectric properties when the c-axis 1s
oriented perpendicular to the supporting substrate.*
Due to its high room- temperature exciton blndlng
energy (60 meV), ZnO shows promise for use in UV
lasing and optical detection.? The effects of quantum

confinement on the properties of this material are
also studied, as controlled nanocrystalline

(Received November 2, 2017; accepted February 23, 2018;
published online March 8, 2018)

structures of this material have been developed.
However, controlling the size, shape, and morphol-
ogy of such micro- and nanostructures is challeng-
ing, especially when using low-cost and relatively
simple deposition methods. Thin films of zinc oxide
with micro/nanostructure can be prepared usm%
various methods, 1nc1ud1ng the sol-gel method,®
the hgdrothermal method,” molecular beam epi-
taxy, chemical vapor dep0s1t10n (CVD),'! metalor-
ganic chemical vapor dep0s1t10n (MOCVD),12-14
magnetron sputterlng, and spray pyrolysis
(SP).*23 However, in terms of low-cost, large-scale
production and the ability to tune the film proper-
ties by controlling various deposition parameters,
the SP method is advantageous. This paper presents
preliminary results on the structure, morphology,
composition, and vibrational and optical properties
of ZnO microrods produced as thin films on silicon
substrate using the spray pyrolysis (SP) method.

EXPERIMENTAL PROCEDURES

Microrod-structured ZnO thin films were pro-
duced on silicon substrate by spray pyrolysis (SP)
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technique at substrate temperature of 350 + 5°C.
Boron-doped p-type, 3 Q cm to 30 Q cm, (100) ori-
entation, single-side-polished, 675 + 25 um-thick
silicon (Si) substrate with area of 5 mm x 5 mm
were cut from a 150-mm wafer (Semiconductor
Wafer, Inc.). Prior to deposition, the wafers were
cleaned in acetone, methanol, and deionized (DI)
water, and blown dry. The starting material was
zinc chloride (ZnCls) of 99% purity. By dissolving
2.5 g ZnCl, in 60 ml distilled water, 0.03 M precur-
sor solution was prepared. Using air as carrier gas,
spraying was carried out intermittently in vertical
fashion on heated Si substrate. At the end of
deposition, the heater was turned off and the
samples were kept on the heater to cool down
gradually to room temperature.

An SCT-1800 electron beam (EB) system (System
Control Technologies) was also used to deposit ~ 45-
nm ZnO thin films on Si substrate as a reference
control sample. ZnO powder (99.9%) was first
pressed into uniform disks, which were loaded into
the tungsten EB liner. The deposited films were
annealed in air in a Dentsply muffle furnace at
300°C for 1 h and left to cool down overnight.

X-ray diffraction (XRD) patterns were measured
using a Shimadzu diffractometer (model 7000)
with Cu K, radiation (1= 1.54 A) at step size of
0.02° and scan speed of 2°min, in continuous 20
mode in the range from 25° to 60° at current of
30 mA and voltage of 40 kV. Film morphology was
examined by scanning electron microscopy (SEM,
Inspect F50, FEI) equipped with an energy-dis-
persive x-ray spectroscopy (EDS) attachment
(Bruker). To avoid any charging problems in the
SEM, each film was coated with a thin platinum
layer. The composition was explored by x-ray
fluorescence (XRF) using a Shimadzu XRF-1800.
Chemical bonding was examined by Fourier-trans-
form infrared (FTIR) measurements, using a
Thermo Nicolet Nexus 670 FT-IR spectrometer
(Thermo Electron Corp.). The optical reflectance
was measured at room temperature using a
FilmTek 3000, which is capable of measuring both
percent reflectance (R%) and percent transmit-
tance (T%) at normal incidence in the wavelength
range from 240 nm to 840 nm. The measured data
were then fit using different material models,
yielding the film thickness. Sample 1 had thick-
ness of ~ 200 nm, while sample 2 had thickness of
~ 120 nm. The photoluminescence (PL) spectra for
the two samples were recorded at room tempera-
ture using a Cary Eclipse (Varian) spectrofluo-
rometer with a xenon lamp (wavelength of
300 nm) as excitation source. The slits of the
spectral excitation and emission monochromators
were both kept open at 5 nm during all PL
measurements. PL data were recorded in the
range from 330 nm to 570 nm. Imaged software
was used to estimate the size distribution of the
microrods.?*?>
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RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the microrod-
structured ZnO films prepared at substrate temper-
ature T' = 350 £ 5°C on Si substrate. The films were
polycrystalline in nature with well-defined diffrac-
tion peaks corresponding to reflections from (100),
(002), (101), and (102) planes of the hexagonal
wurtzite-type crystal structure of ZnO in Joint
Committee on Powder Diffraction Standards
(JCPDS) card no. 36-1451. The films exhibited a
high-intensity (002) diffraction peak, indicating c-
oriented ZnO films. Increase of the (002) orientation
of the hexagonal wurtzite crystal structure influ-
ences both the electrical conductivity and optical
properties of ZnO thin films,?*3° and strengthens
the piezoelectric properties.* The relative intensity
ratio 1(002)/I(101) was 3.76 for sample 1
(t =200 nm) and 8.82 for sample 2 (¢ = 120 nm),
i.e., larger for the thinner sample.

Figure 2 shows the XRD diffractogram of the EB-
deposited thin films, showing three easily identifi-
able major peaks corresponding to reflections from
(001), (002), and (101) planes. This makes the EB-
deposited sample a good control reference to confirm
other measurements done on the SP-deposited
samples.
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Fig. 1. XRD diffractogram of two as-deposited ZnO thin films on
silicon substrate in addition to diffractogram of powder ZnO file in
JCPDS card no. 00-036-1451.
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Fig. 2. XRD diffractogram of ZnO thin films deposited on silicon
substrate using EB method.

These diffractograms were used to deduce the
lattice constants a and ¢ of the ZnO crystal lattice
based on the distance between lattice planes (dyz;)
using Bragg’s law,’

Zdhkl sin 0 = /1, (1)

where 0 is Bragg’s angle, 20 is the scattering angle,
and / is the x-ray wavelength (1.54 A for the Cu K,
line). The relation between d;;; and the lattice
constants a and ¢ for the hexagonal structure is’

1 4h®+hk+EkY) 2
T:—( +3 — )+—2, (2)
diu a c

where A, k, and [ are the Miller indices. Based on
Eq. 2, a plot of 1/d? against [? is shown in Fig. 3,
with a linear fit performed to calculate the lattice
parameters. The fit yielded average values for the

lattice parameters of a + Aa = 3.266 + 0.007 A,
c+Ac=5.214 + 0.001A for the first sample with
thickness of 200 nm and a 4+ Aa = 3.266 + 0.009A,

¢+ Ac =5.210 + 0.017 A for the second sample with
thickness of 120 nm. These values are slightly
larger than those for ZnO powder published in
JCPDS card mno. 36-1451 (ao = 3.2498 A,
co = 5.2066 A). Lattice constants are usually influ-
enced by the substrate and impurities in the
sample. The slightly larger values obtained in this
work are mainly due to incorporation of Cl into the
ZnO crystal lattice, since the samples contain
chlorine, as confirmed by the XRF measurements
presented below. Because chlorine has ionic radius
of 1.81 A while oxygen has ionic radius of 1.35 A,
Cl replaces O in the ZnO crystal lattice, which will
cause expansion of the lattice parameters. For
undoped ZnO nanorods and branched microrods on
Si substrate, Lupan et al.>*> found a« = 0.3249 nm
and ¢ = 0.5206 nm, being smaller than the values
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Fig. 3. Plot of 1/¢P against P with linear fits for sample 1 (upper) and
sample 2 (lower).

reported herein, in support of the aforementioned
explanation.

The stress in the deposited films was determined
using the relation®!33

¢(002) = (¢ — co) x 100%/co, (3)

where ¢ is the calculated lattice constant of the
hexagonal structure of the ZnO microrods and cq is
the standard value (from JCPDS card no. 36-1451)
of the unstrained lattice constant of ZnO material.
This percentage was found to be 0.154% for the first
sample (¢ = 200 nm) and 0.077% for the second
sample (¢ = 120 nm).

Figure 4 shows the morphological features of the
as-prepared ZnO samples. The surface of the sub-
strate was covered with ZnO microrods. The micro-
rods in both images are hexagonal and appear
perpendicular to the surface of the substrate, a
result that is consistent with the XRD diffrac-
tograms shown in Fig. 1 with preferential (002)
orientation. Figure 4b shows nanowires with length
of 200 nm to 400 nm and diameter of 20 nm to
50 nm extending out from the edges of several
microrods. It is expected that these nanowires form
in the vicinity of Zn*? and O 2 due to the large
ionicity of the bonds between the zinc and oxygen
atoms.?
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Fig. 4. SEM images of the two as-deposited ZnO films on Si sub-
strate: (a) sample 1 and (b) sample 2.

Imaged software was used to estimate the length
and diameter of the rods, yielding an average length
of 170 &+ 31 nm from Fig. 4a and 210 + 62 nm from
Fig. 4b. The average diameter of the microrods was
170 + 43 nm and 220 + 40 nm for Fig. 4a and b,
respectively. Figure 5 shows histograms of the
length distribution for the two samples, while
Fig. 6 displays histograms of the diameter distribu-
tion for both samples.

The composition of the samples was explored
using x-ray fluorescence (XRF). Table I presents the
XRF results for samples 1 and 2. The large SiO,
percentage in both samples is due to the use of Si
substrate, as the native SiO, surface layer on the Si
substrate is clearly seen in the XRF measurements.
The results in this table show that the ZnO content
of sample 1 was larger than that of sample 2, which
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Fig. 5. Histograms of length distribution from SEM images: (a)
Fig. 4a and (b) Fig. 4b.

can be related to the difference in film thickness,
while the ratio of Cl to ZnO content was as high as
0.90 in sample 1, compared with 0.26 in sample 2.
Also, the CaO content of sample 2 was much smaller
than that of sample 1, while sample 1 contained
K50 and sample 2 contained Fe;O3. The presence of
Clis due to use of ZnCl; starting material, while the
other foreign contents of the films are due to
impurities in the ZnCl,, which had purity of 99%.
These differences in the composition of the films
prepared from the same solution are partially due to
the difference in film thickness, but mainly due to
the dynamic nature of the spray pyrolysis method;
That is, films prepared under the same conditions
from the same solution will not necessarily have
exactly the same composition. The composition of
the films drastically affects their properties.

Figure 7 shows the EDS spectra of the films,
where both parts of the figure show the presence of
Zn, O, and Si. The EDS results indicate O:Si:Zn
concentration ratios of 46.46:41.83:11.72 (at.%) for
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Fig. 6. Histograms of diameter distribution from SEM images: (a)
Fig. 4a and (b) Fig. 4b.

Table I. XRF results for samples 1 and 2

Sample 1 Sample 2
Analyte Result (%) Analyte Result (%)
SiOq 99.6290 SiOg 99.8531
ZnO 0.1769 ZnO 0.1091
Cl 0.1595 Cl 0.0283
K50 0.0201 CaO 0.0066
CaO 0.0145 Fe,03 0.0029

sample 1 and 39.85:53.43:6.72 (at.%) for sample 2.
As seen in Table I, SiO, has the largest content due
to the Si substrate, so the high oxygen content in the
EDS results is partitioned between all oxides in
Table I, with the largest part corresponding to SiOs.
This clearly indicates that Si is only partially
bonded to oxygen. Hence, what is found in the
samples is SiO,, with x < 2. This observation leads

to the conclusion that the samples are oxygen
deficient.

The chemical bonding, compositional quality, and
functionalities of the ZnO thin films were studied
using FTIR spectroscopy. The FTIR spectra of the
deposited samples are shown in Fig. 8, comparing
those deposited by SP with the control sample
deposited by EB. The ZnO identity of the thin EB
film was first confirmed by XRD measurements, as
mentioned above. The figure shows a clear corre-
spondence between the FTIR spectra for the sam-
ples deposited using the two techniques, viz. SP and
EB, further confirming that the SP films were
mainly composed of ZnO. The stretching vibration
of Zn—O bond was reflected by the presence of peaks
at 420 cm !, 454 cm !, 485 cm ', and 546 cm ',
while the substrate’s Si—O stretching vibration is
observed at around 1072 cm'. These values can be
compared with the positions of corresponding vibra-
tions found by Foo et al.>* for nanostructured ZnO
thin films produced on silver electrodes grown on
Si0y/Si substrates by the sol-gel method. Foo et al.
found the stretching vibration of Zn-O bond at
~ 458 cm ™! and the stretching frequency of Si—O
bond at ~ 1092 cm !. Similar band positions have
also been reported by many other researchers.***2
The vibrational peaks between 1400 cm™ ' and
1700 cm ! are usually attributed to carboxyl groups
coordinated to metal ions, such as Zn in this case;
specifically, the peak at around 1621 cm™! is usu-
ally assigned to Zn carboxylate.?**>™** The small
variations in peak positions are attributed to
changes in the chemical environment of the differ-
ent bonds due to the different precursors and
different deposition techniques used to prepare the
ZnO thin films. The small differences can also be
traced to impurities that may exist in the different
precursors. These shifts can easily be seen in Fig. 8,
where the SP samples are compared with those
deposited by EB evaporation.

Figure 9 shows the percent reflectance spectra of
the two ZnO films as a function of photon wave-
length 1. The percent reflectance (R%) of the ZnO
thin films decreased as the wavelength of the
incident radiation was increased, with the maxi-
mum reflectance observed in the ultraviolet (UV)
region, reaching 42.75% for sample 1 and 18.92%
for sample 2. R% decreased with / until becoming
approximately constant at about 22.50% and
11.34% for sample 1 and 2 respectively. Two max-
ima are observed in the reflectance spectra of both
samples at A=277.3 (4.47eV) and 367.3 nm
(3.37 eV). These peaks are expected to reg)resent
the absorption edges of SiO, where x ~ 1.5.%®

Figure 10 shows the room-temperature photolu-
minescence spectra of the microrod ZnO films,
showing four evident emission bands. One band lies
in the UV region in the range of 340 nm to 384 nm,
being related to near-band emission (NBE) result-
ing from recombination of free excitons,>® while the
three bands in the visible region are due to various
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ig. 7. EDS spectra of ZnO films on Si substrate: (a) sample 1 and (b) sample 2.

LA L S B L LA ELA B T T T T T
0.06 - ; —— EB__ Annealed 300°C -
1 {* ‘ —— EB_As deposited 1
0.04 ,‘& /_/_/ 4 —— SP_deposited .
oY \ 4
5 0024 M A .
) 1 ‘.!yx\‘ |
< L y
2 0.00 - \ k‘v" .
S .0.02 \ \\ﬂ .
2 b e A
o y A ]
&8 -0.04- e, .
< n f
kY
-0.06 - \'\/"‘\Nm Wy 7
W .'\"-’w
-0.08 | ™~
T T T - T T T

T
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Wavenumber (cm™)

Fig. 8. FTIR absorption spectra of ZnO thin films deposited by SP
and EB on silicon substrate.

types of defects and impurities.?” The visible emis-
sions are in the violet region in the range of 384 nm
to 420 nm, blue region from 450 nm to 510 nm, and
green region from 510 nm to 565 nm. The UV band
of sample 1 consists of four peaks at 344.0 nm,
362.0 nm, 373.9 nm, and 378.0 nm, while for sam-
ple 2 it consists of five peaks at 346.0 nm, 356.0 nm,
363.0 nm, 378.0 nm, and 384.0 nm. The violet band
of sample 1 consists of five peaks at 389.1 nm,
392.0 nm, 396.0 nm, 400.0 nm, and 408.9 nm, while
for sample 2 it consists of three peaks at 393.1 nm,
396.0 nm, and 408.0 nm. The blue band of sample 1
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Fig. 9. Percent reflectance spectra of ZnO thin films compared with
bare Si substrate.

consists of two peaks at 475.0 nm and 485.0, nm,
while that of sample 2 consists of three peaks at
471.1 nm, 475.0 nm, and 483.9 nm. The green band
for both samples consists of eight peaks each. For
sample 1 these peaks are at 496.0 nm, 508.0 nm,
521.9 nm, 534.0 nm, 538.0 nm, 547.0 nm, 550.0 nm,
and 558.0 nm, while for sample 2 these peaks are at
495.1 nm, 506.0 nm, 521.9 nm, 531.0 nm, 538.0 nm,
545.0 nm, 551.9 nm, and 565.0 nm. Note that some
peaks have exactly the same positions for the two
samples. Other peaks of sample 1 (blue and green)
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Fig. 10. Room-temperature photoluminescence spectra of ZnO
films on Si substrate.

are shifted towards longer wavelength relative to
corresponding peaks of sample 2. The opposite is
true for the ultraviolet peaks, but the shift is
slightly more apparent for the violet band. Some
peaks appeared in the spectrum of sample 2 but not
in that of sample 1, and vice versa. These differ-
ences are expected to be due to the differences in
thickness, microrod size, and impurity types and
concentration.

Room-temperature photoluminescence (PL) spec-
tra are usually considered to represent a quality
indicator for a material under investigation,
because of the valuable information they can
provide in connection to optically active defects
and/or relaxation pathways. Hence, the character-
istic PL signal might represent defect emissions or
may be considered a direct consequence of band-
edge luminescence. The PL spectra of the as-pre-
pared ZnO films suggest that the UV luminescence
is associated with near-band-edge transitions. The
presence of different nanosize particles within the
films is evident from the several peaks in the UV
region. Moreover, the visible part of the emission
spectrum can be attributed to various defects in the
zinc oxide crystal structure, including ionic vacan-
cies and interstitials as well as other extrinsic
impurities. Also, the blue emission is wusually
related to zinc interstitials and/or vacancies.
Finally, the green emission, which is commonly
connected to singly ionized oxygen vacancies, is
easily influenced by surface modification.

CONCLUSIONS

Microrod-structured hexagonal (wurtzite-type)
ZnO films were prepared on silicon substrate using
SP and EB methods. XRD analysis revealed prefer-
ential (002) orientation for the SP-deposited films,
indicating crystal growth perpendicular to the sub-
strate. SEM images confirmed the XRD results,

showing hexagonal microrods perpendicular to the
substrate. XRF analysis showed that the SP films
were basically ZnO thin films with traces of other
compounds coming from impurities in the precursor
in addition to SiOy from the silicon substrate. EDS
analysis confirmed presence of Zn and O in addition
to Si. The high concentration of oxygen is due to
presence of other oxides such as SiO,. FTIR absorp-
tion spectra exhibited peaks corresponding to ZnO
stretching and that of Si—O. The percent reflectance
of the samples showed a decreasing trend with
wavelength with two maxima related to the absorp-
tion edges of SiO, with x < 2. The PL spectra
showed four bands, one in the UV and three in the
visible part of the spectrum, corresponding to blue,
violet, and green. The band in the UV is related to
near-band-edge emissions, whereas those in the
visible range are related to impurities and defects.
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