
Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 146382, 8 pages
http://dx.doi.org/10.1155/2013/146382

Research Article
Influence of Annealing on Properties of Spray Deposited ZnO
Thin Films

Kalyani Nadarajah, Ching Yern Chee, and Chou Yong Tan

Department of Mechanical Engineering, Faculty of Engineering, University of Malaya, Lembah Pantai,
50603 Kuala Lumpur, Malaysia

Correspondence should be addressed to Ching Yern Chee; chingyc@um.edu.my

Received 8 August 2013; Revised 18 October 2013; Accepted 21 October 2013

Academic Editor: Mengnan Qu

Copyright © 2013 Kalyani Nadarajah et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Zinc Oxide (ZnO) thin films were deposited on glass substrates via the spray pyrolysis technique. The films were subsequently
annealed in ambient air from 300∘C to 500∘C. The morphology and structural properties of the thin films were studied by field
emission scanning electron microscope (FESEM), atomic force microscopy (AFM), and X-ray diffractometry (XRD) techniques.
Electrical resistivity of the thin films was measured using a data acquisition unit. The optical properties of the films were
characterized by UV-vis spectroscopy and photoluminescence (PL) technique. X-ray diffraction data showed that the films were
grown in the (002) direction with a hexagonal wurtzite structure. The average grain size ranged from 15 to 27 nm. Increasing
annealing temperatures resulted in larger grain sizes and higher crystallinity, with the surface roughness of annealed films being
more than twice if compared to unannealed film. The electrical resistivity of the films decreased with the increasing annealing
temperature.TheUV and visible band emissions were observed in the photoluminescence spectra, due to exciton and defect-related
emissions, respectively. The transmission values of the films were as high as 90% within the visible range (400–700 nm).

1. Introduction

Currently, ZnO nanomaterials are being applied in electron-
ics, photonics, catalysis, lighting, and chemical sensing. It
is well known that ZnO exhibits many favorable properties,
such as high chemical stability, wide bandgap of 3.37 eV,
high exciton binding energy of 60meV, and abundance
in nature, and is also regarded as nontoxic [1, 2]. High-
quality ZnO films aremainly fabricated by using physical and
chemical methods. The physical methods include sputtering
[3], molecular beam epitaxy [4], and laser ablation [5], while
the chemical method includes spray pyrolysis [6], chemical
vapor deposition (CVD) [7], sol-gel [8], spin coating [9], dip
coating [10], and electrodeposition [11]. Most of the methods
mentioned in the literature are not ideally suited for large
area coatings. However, the spray pyrolysis method is one
of the best methods to produce large area coatings based
on the previous studies [3–11]. Additionally, it is simple,
has low temperature deposition, is cost-effective, has good
adhesion between films and substrate, and demonstrates

uniform particle distribution, high purity, and excellent
optical properties [12]. Some of the main factors affecting the
properties of the film that uses spray pyrolysis technique are
chemical solution (chemical composition, concentration),
the distance between the substrate and atomizer interac-
tion during film deposition, spray temperatures, substrate
homogeneity, annealing conditions, and spray rates [13].
The spray pyrolysis method is efficient in producing thin
film, multilayer film, thick film, and porous film on an
inexpensive substrate [12]. Several oxides, such as ZnO [14],
CdO [15], TiO

2
[16], SnO

2
[17], NiO [18], and Bi

2
O
3
[19],

have been deposited using a spray pyrolysis method. This
technique involves a water/alcohol solution of metal salts
sprayed onto a heated substrate, followed by allowing it to
decompose into an oxide film. The formation of oxide due
to the decomposition reaction is thermodynamically feasible
and leaves no residue on other reactants. The substrate
temperature strongly affects film morphology. By increasing
the temperature, the film’s morphology can be changed
from a cracked to a porous structure [20]. The types and
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Figure 1: Schematic diagram of spray pyrolysis experimental setup.

concentrations of precursor and additive elements are other
vital variables that influence the properties and structure [21].
The unannealed spray deposited film has high resistivity, low
roughness, and less transparency due to its low crystallinity
and the presence of organic residues [22–24]. The properties
of the unannealed film can be enhanced due to the thermal
annealing, plasma treatment, and laser treatment [25, 26]. Of
these options, the thermal annealing is one of the simplest
and effective ways to treat the spray deposited films. The
thermal annealing temperatures, time, and various gaseous
environments influence films and structural defects in the
materials. During the thermal annealing process, dislocations
and other structural defects in the material, adsorption, or
decomposition are retained on the surface; therefore, the
structure and the stoichiometric ratio of the material are
altered [27]. Oxygen interstitials, zinc interstitials, oxygen
vacancies, zinc vacancies, and excess oxygen are common
defects found in deposited ZnO films. Zinc interstitial and
oxygen vacancies are the most common defects [28, 29].

Nunes et al. [30, 31] reported the deposition of ZnO thin
films using zinc acetate as a precursor. Their work reported
the structural, optical, and electrical properties of undoped
and doped ZnO thin films under different conditions. Yoon
and Cho [32] demonstrated the synthesis of ZnO thin films
using a zinc acetate dihydrate as a precursor. Their work
reported on the effects of different substrate temperatures
and heat treatments on the luminescence properties of ZnO
film. Ayouchi et al. [33] also synthesized ZnO thin films
using zinc acetate precursor and described the effects of
substrate temperature and the physical properties of ZnO
thin films. Despite our knowledge of various influences
on film structure, the effects of annealing temperature on
the ZnO films prepared by spray pyrolysis are unknown.
In this study, the effects of annealing on the structural,
morphological, electrical, optical, and photoluminescence
behavior of ZnO films are investigated.

2. Experimental

2.1. Sample Preparation. The ZnO thin films were deposited
on glass and Si substrates using spray pyrolysis techniques.
The substrates were ultrasonically cleaned in methanol and
acetone for 20 minutes and then immersed into 0.1M HCl
for 12 hours to remove the ionic contamination and metal
residues. These substrates were rinsed with deionized water
and dried in ambient air prior to the deposition. 0.1M zinc
acetate (Zn (C

2
H
3
O
2
)
2
99.9%purity SigmaAldrich) was used

as a precursor. A 2mL acetic acid was added to the ethanol
to assist in the complete dissolution of the zinc acetate. A
schematic diagram of the spray pyrolysis system is illustrated
in Figure 1. The precursor solution was atomized into fine
uniform droplets on the heated substrate using the spray
gun which is connected with nitrogen gas. The substrate was
heated to 250∘C during the deposition process.The outlet gas
pressure was kept constant at 30 psi. The distance between
the substrate and target was kept at 100mm, and spray rate
was 30 sec. After spraying, the deposited films were annealed
in ambient air from 300∘C to 500∘C for 120 minutes. The
annealing temperature was conducted until 500∘C in this
study since further increase of the temperature would cause
the bending of the soda-lime glass substrate.

2.2. Characterization of Film. The morphologies of the
film and grain size were studied with a Zeiss Ultra-60
field emission scanning electron microscopy (FESEM). The
roughness and surface morphology were evaluated using an
Ambios 4500 model atomic force microscope (AFM). Film
crystallinity was characterized by Bruker X-ray diffraction
(XRD) with CuK𝛼 radiation. The electrical resistivity of the
film was measured using data acquisition unit. The film
thickness was measured using KLA Tencor surface profile.
The crystalline quality of the filmwas studied using Renishaw
inVia Raman spectroscope with a He-Cd laser at 325 nm.
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Figure 2: FESEM images of ZnO thin film deposited on Si substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at 400∘C, and (d)
annealed at 500∘C.

Optical transmission spectra were characterized using a
double beam UV-vis spectrophotometer (Cary 50) in the
wavelength range of 300–800 nm.

3. Results and Discussion

3.1. Surface Morphology Study of Films by FESEM. Figure 2
illustrates the surface morphologies of the films before and
after annealing (300∘C and 500∘C) process. It appears that
the grain size andmorphology of the films improved with the
increasing annealing temperatures. The FESEM micrograph
shows that the unannealed films are not compact and have
very small crystallites on Si substrate, which occur due to
incomplete intermediate products from the spray pyrolysis
technique. The well-defined round shapes of the grains are
observed in the film at an annealing temperature of 300∘C.
A 30 nm average grain size of ZnO films is achieved when
the annealing temperature reaches 500∘C. The grain size
increases with the increase in the annealing temperatures,
due to reduction of grain boundaries in ZnO thin film [34].

3.2. AFM Morphology Study of Films. Figures 3(a) to 3(c)
show the AFM images with the corresponding rms value
of unannealed and annealed ZnO thin films grown on Si
substrates. For the unannealed films (Figure 3(a)), the result
exhibits less elongated grains over the surface. Figures 3(b)

and 3(c) display fine grains that exhibit greatly improved
vertical alignment (nanotips-like morphology) than the
unannealed films,which is consistentwith the FESEMresults.
The surface roughness of the ZnO film is determined using
AFM software. The rms roughness value can be estimated
using the following formula [35]:

𝑅 (rms) = (
∑
𝑁

𝐼=1

(𝑍
𝑖
− 𝑍avg)

2

𝑁
)

1/2

, (1)

where 𝑁 is the number of points, 𝑍
𝑖
is the 𝑖th point of

Z, and 𝑍avg is the average value of the 𝑍. The unannealed
film roughness is 2.1 nm. After being annealed at 300∘C,
400∘C, and 500∘C, the film’s roughness increased to 4.3 nm,
5.4 nm, and 5.6 nm, respectively. The measurements of sam-
ples revealed that the average roughness of annealed films
increased compared to that of the unannealed film. As a
result of this, the annealing temperature enhances elongated
grains over the surface of the film, which leads to the slight
increase of surface roughness. Tong et al. [36] have reported
that an increase of roughness is suitable for the growth of ZnO
nanowires on ZnO thin films.

3.3. Structural Studies of Films. The phase composition of
ZnO thin films is determined using XRD at room temper-
ature, with monochromatic CuK𝛼 (𝜆 = 0.15406 nm). The
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Figure 3: AFM images of ZnO thin film deposited on Si substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at 400∘C, and (d)
annealed at 500∘C.
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Figure 4: XRD pattern of ZnO thin film on Si substrate (a)
unannealed, (b) annealed at 300∘C, (c) annealed at 400∘C, and (d)
annealed at 500∘C.

intensity data is collected over a range of 2𝜃, from 30∘ to 70∘,
with a scan rate of 0.03 deg/s. The XRD spectra of the spray
pyrolysis deposited unannealed and annealedZnOfilms on Si
substrate are illustrated in Figure 4. ZnOdiffraction peaks are
indexed as (100), (101), (002), (102), (110), (103), and (112)
for corresponding peak positions of 31.766∘, 34.419∘, 36.251∘,
47.536∘, 56.591∘, 62.852∘, and 67.942∘. These diffraction peaks’
position and intensities quantities are well matched with the
Joint Committee on Powder Diffraction Standards (JCPDS)
card no. 067454. The patterns observed from the XRD
measurements show that the films possess the hexagonal
wurtzite structure and a space group P6

3
mc.The unannealed

film shows lower diffraction peak intensities compared to
that of the annealed film. The diffraction peaks intensities
increase with the increasing annealing temperatures. Thus,
the 500∘C annealed film shows a strong preferential growth
orientation along the (002) plane.The diffraction peaks of the
film become more intense when the annealing temperature
increases, which in turn leads to increase in the grain size, as
well as the enhancement of crystallinity. The full width half
maxima (FWHM) values decrease with increasing annealing
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Figure 5: Electrical resistivity variation of ZnO thin film on glass
substrate as a function of annealing temperatures.

temperatures. The grain size (D) can be computed using the
following Scherrer’s formula [37]:

𝐷 =
0.94𝜆

𝛽 cos 𝜃
, (2)

where 𝛽 is FWHM, 𝜆 is wavelength of X-ray, and 𝜃 is
Bragg’s diffraction angle. Furthermore, the average grain
sizes are estimated to be around 15, 20, 22, and 27 nm for
unannealed and 300∘C, 400∘C, and 500∘C annealed films,
respectively. The decrease of FWHM with the increase of
annealing temperature can be attributed to the increase of
grain sizes. This correlates with the findings reported by
previous researchers [24, 38].

3.4. Electrical Resistivity Study of Films. Figure 5 illustrates
the electrical resistivity of ZnO thin films as a function of
annealing temperatures. The electrical resistivity is greatly
influenced by the annealing temperatures. It is observed that
the resistivity of the film decreases dramatically up to 400∘C
and again decreases slowly afterward. This might be due
to either an increase in the mobility and/or increase of the
carriers. The increase of annealing temperature is attributed
to larger grain sizes, thus leading to the increase of mobility
change that has been reported in the literature [39]. At room
temperature, there are very small numbers of charge carriers
that are available in ZnO. The electronically active carriers
increase when the temperature increases, thereby leading to
an excess carrier in the conduction band. This increase in
carriers occurs due to thermal excitation giving rise to the
conductivity of the films. Similar results have been reported
in the literature [40]. The resistivity of the 500∘C annealed
film is measured to be 0.81Ω cm.

3.5. Photoluminescence Studies of Films. The room temper-
ature photoluminescence (PL) spectra of unannealed and
annealed ZnO thin films on glass substrate are illustrated in
Figure 6. There are three peaks positions that are observed
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Figure 6:The photoluminescence spectra of ZnO thin film on glass
substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at
400∘C, and (d) annealed at 500∘C.The inset shows the intensity vari-
ation of near band edge emission at different annealed temperatures.

from the spectra. For unannealed films, the PL spectrum
consists of three emission bands: a strong UV emission band
at ∼382 nm (3.25 eV), yellow band at ∼603 nm (2.06 eV),
and orange-red band at ∼672 nm (1.85 eV), respectively. The
band emission occurring in the UV range is due to excitonic
recombination, while the band emission existing at the visible
emission band is due to the recombination of deep-level
holes and electrons [41]. All of the deep-level emissions
are correlated to the defects arising during the growth of
crystallites and are related to the change of crystallinity due to
zinc interstitials, zinc vacancies, oxygen interstitials, oxygen
vacancies, and dislocations [42]. Previous works [43, 44]
reported that the yellow-orange emission originated from
oxygen interstitials in ZnO, while the orange-red emission
could be related to excess oxygen on the ZnO surface. From
the spectra, it is observed that the PL peak intensity increases
with the increasing annealing temperature. The increase of
the visible emissions of the ZnO film is due to the increase
of the oxygen interstitials and excess oxygen concentrations
[45] by the increase of annealing temperature. The UV peak
position is red shifted from 3.25 eV (for unannealed film)
to 3.22 eV (for 500∘C annealed film). The red shift can be
explained by the quantum confinement theory, which states
that the energy bandgap of a semiconductor decreases with
increasing grain sizes [46]. However, after annealing, the
yellow emission is improved with a blue shift towards a
wavelength of 594 nm. Fujihara et al. [47] and Chen et al.
[48] have also reported a blue shift in their studies.

The inset of Figure 6 shows the UV portion of the PL
emission centered at 385 nm as a function of annealing
temperatures. The intensity of UV-PL peak increases with
the increasing annealing temperature, as shown in the inset
of Figure 6. The increase in the UV portion of the PL
emission is due to the removal of microstructural defects and
homogenization of the films.
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Figure 7: The transmission spectra of ZnO thin film on glass
substrate (a) unannealed, (b) annealed at 300∘C, (c) annealed at
400∘C, and (d) annealed at 500∘C. The inset shows the films
thickness variation of different annealed temperatures.

3.6. Transmission Studies of ZnO Thin Films. The optical
transmission of ZnO films is carried out using a double
beam spectrophotometer in the wavelength range from 300
to 800 nm. Figure 7 shows optical transmission spectra of
both unannealed and annealed ZnO thin films. The average
transmittance values are directly related to the thickness of
films. The inset in Figure 7 illustrates the average thickness
variation of the films with the increase of annealing temper-
atures. The thickness of unannealed film is 282.2 nm. After
annealing at 300∘C, 400∘C, and 500∘C, the film thickness
decreases to 268.6 nm, 250.6 nm, and 228.4 nm, respectively.
The relationship between the optical transmission and thick-
ness is given by the Beer-Lambert equation as follows [49]:

𝑇 =
𝐼

𝐼
𝑜

= 𝑒
(−𝛼𝑡)

, (3)

where 𝐼 is the transmitted intensity at a particularwavelength,
𝐼
𝑜
is the incident light intensity,𝛼 is the absorption coefficient,

and 𝑡 is the film thickness. The equation shows that the
optical transmission of the ZnO films will decrease inversely
proportional to the film thickness. The optical transmission
is inversely proportional to the thickness of the films. The
transmission in the visible region of the unannealed film
is approximately 80%. The visible transmission of the ZnO
films increases from 90% to 92% when annealing tempera-
ture increased from 300∘C to 400∘C. The transmission film
approaches to 96% when the annealing temperature reached
500∘C. A very steep absorption edge near 370 nm is observed
for both unannealed and annealed films indicating high
crystal quality, which could enhance luminescent efficiency.
The transmission of films increases in tandemwith annealing
temperatures due to the increase in grain sizes, structural
homogeneity, and crystallinity. The same observation has
been reported by previous researchers [50, 51]. Jayatissa
et al. [52] have demonstrated that the transmission of ZnO

films can be improved by annealing, which could lead to
the reaction of oxygen with ZnO. It suggests that ambient
conditions annealing would greatly influence the optical
transmission of ZnO films. This is especially valuable for the
applications as a front electrode and window materials in
solar cell.

4. Conclusions

ZnO thin films were prepared by spray pyrolysis method,
and it was thermally annealed at different temperatures. The
structural, electrical, and optical properties of the ZnO thin
films were characterized using XRD, AFM, data acquisition
unit, and UV-vis spectrophotometer. The grain size of the
films increases with the increase of annealing temperatures.
The XRD diffractogram revealed that the thermal annealed
film at 500∘C possesses good crystalline hexagonal wurtzite
structure, with a preferred plane orientation along (002).
The grain size estimated from FESEM analysis is in good
agreement with XRD data. The PL emission of the samples
shows a narrow emission centered at 385 nmand a broad peak
emission located at 594 nm and 672 nm.The ZnO films show
an increase of transmission with the increase of annealing
temperature. In particular, ZnO film annealed at 500∘C
achieves high light transmission of 96% in the visible range
with low electrical resistivity of 0.82Ω cm. These properties
render that the ZnO film is attractive to optoelectronic device
applications.
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