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Synthesis of ZnO nanostructures films by a co-precipitation followed by the deposition processed onto
a glass substrate by spin-coating technique was carried out. The effect of annealing temperatures (from
250 to 325 °C for 30 min) on the structural and optical properties of the ZnO films have been investigated.

The structural studies reveal that ZnO films are polycrystalline with hexagonal wurtzite structure. The

X-ray diffraction (XRD) data show a better crystallinity at (101) crystal plane for the annealed films at

Keywords: 300 °C than the other ZnO films. The average grain size increases (from 31 to 36 nm) with an increase
Zn0 Nanoparticle in annealing temperatures. The band gap energy is approximately 3.40 eV for the as-prepared films and
Co-precipitation varies from 3.25 to 3.18 eV with an increase in annealing temperatures. The photoluminescence (PL)
Thick Film results show a weak ultraviolet and relatively broad visible emissions respect to various defect structures
Optical Property in the ZnO films, in which the interstitial and vacancy oxygen are the main factors influencing the
Defect State . Lo .
electronic properties in the whole ZnO films.
doi: 10.5829/ije.2020.33.05b.17

NOMENCLATURE

Bkl The full width at half maximum (FWHM-in radian) intensity Vot The doubly ionized oxygen vacancy

(ﬂhkl)measured The width of the half-maximum intensity Oz, Oxygen antisite

(ﬂhkl)insnrumenm The instrumental corrected broadening 0; Interstitial oxygen

D The crystallite size or grain size (nm) Vazn Zinc vacancies

\% Unit cell volume (nm°) Zn; Zinc interstitial

a Lattice parameter (A) Greek Symbols

C Lattice parameter (A) A The incident wavelength (nm)

B A constant which has different values for different transitions h Planck constant (J.s)

Eg Band gap energy (eV) v Velocity of light (m/s)

E; A constant o The Bragg diffraction angle (degree)

Etail Urbach energy (eV) o The absorption coefficient

Vo Oxygen vacancy Q A constant that characterize the materials

VO0 The neutral oxygen vacancy Subscripts

A The singly ionized oxygen vacancy hkl Miller indices

1. INTRODUCTION

Nanoscale

materials are
compared with their bulk forms because of their unique
properties as a result of the large specific surface area and

quantum effects. Many researches have indicated that the

physical and chemical responses can easily be controlled

considerably attractive
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by their shape and/or size of the materials within the
range of 1-100
nanostructured materials,

nm [1]. Among the various
ZnO nanoparticles have
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become the most promising materials due to their various
applications. ZnO crystallizes with hexagonal wurtzite-
type structure at room temperature. It has a wide band
gap (Eg) of 3.37 eV, large exciton binding energy of
about 60 meV, and high optical transparency [2]. It has
also been used in various fields of applications, for
example, light emitting diodes (LED), field emission
transistors, photovoltaic devices, room-temperature UV
lasers, piezoelectric nanogenerators, and gas sensors [3-
7]. The ZnO nanoparticles with a high specific surface
area may consist of defect states playing an essential role
on their optical and electrical properties [8]. The quantum
confinement effect of charge carriers in ZnO
nanoparticles can cause widening of the energy band gap,
which in turn, affects the ultraviolet (UV) and visible
light absorption. The photoluminescence (PL) spectra in
the visible light range is mainly due to the surface defects
of the crystal, resulting in various of emission peaks
depending on the crystal structure [9].

The thin and/or thick films of ZnO nanoparticles have
been successfully grown using a number of advanced
techniques through vapour deposition techniques such as
molecular beam epitaxy (MBE) [10], chemical vapor
deposition (CVD) [11], metal-organic chemical vapor
deposition (MOCVD) [12], and RF-sputtering [13].
However, these deposition techniques faced drawbacks
such as poor flexibility, being expensive, and having
complicated growth conditions. Meanwhile, solution
deposition techniques such as hydrothermal [14], dip-
coating and spin-coating [15—16] have been considered
as some alternatives. The spin-coating method is
relatively easy, low-cost, and utilizing simpler
equipments. Many researchers have also reported the
annealing effects on the structure and luminescence
properties of the ZnO thin films with enhanced properties
[17-18].

In the present work, ZnO nanoparticles were prepared
through a simple co-precipitation route using certain acid
and base pairs without calcination process. These
nanoparticles were then deposited on a glass substrate
using spin-coating technique. The films were continued
by annealing process. The formation of defects in the
films can be controlled with different annealing
temperatures. The structural and optical characterizations
of these as-prepared and annealed films are analyzed by
X-ray diffraction (XRD), scanning electron microscopy
(SEM), UV-Vis spectrophotometer, and
photoluminescence (PL). These analyzed data were used
to investigate the effect of low-annealing temperature on
the structural and optical properties as well as the defect
states of the ZnO films.

2. MATERIALS AND METHODS

2. 1. Preparation of ZnO Nanoparticles All
chemical reagents with analytical grade were used

directly without further purification. Zinc diacetate
dihydrate (Zn(CHs:COO),'2H,0) and hydrochloric acid
(HCIl) were purchased from Merck. The 2ZnO
nanoparticles were prepared by co-precipitation
technique. Firstly, 2.219 g of Zn(CH3COQ),2H,0 was
dissolved in 40 ml of diluted HCI (0.5 M) followed by
stirring the solution for 1 h to accommodate
homogeneous reaction. The reaction product was then
slowly titrated with 40 ml of 0.5 M ammonium hydroxide
(NH4OH) until the solution changed into an emulsion.
The ammonia solution was continuously added into the
emulsion up to pH value of about 9.5 to obtain a
transparent colloidal substance. Next, the mixed solution
was heated at 85 °C and stirred for 6 h. After cooling
down to room temperature, it was filtered and washed by
distilled water for several times. Then, white precipitates
were obtained. Finally, the precipitate was dried in an
oven at 100 °C for 3 h, then it was collected and ground
on the agate mortar.

2. 2. Fabrication of ZnO Nanoparticles Films
Ultrasonically cleaned glass slides were used as the
substrate. First, the prepared ZnO powders were
dissolved in alpha terpineol (C1oH1sO) and then stirred
for 1 h to obtain a paste. To enhance the mechanical
adhesion of the paste on the glass substrate, a small
amount of ethyl cellulose (C2H3s011) as an organic
binder was added to the mixed powder. Spin coating
technique was used to coat the glass substrate with the
paste using a rotating speed of 2000 rpm for 30 s. After
coating, the film was dried on the hot plate at 225 °C for
15 min to remove the organic binder and to keep strong
adhesion between the coated paste and the glass
substrate. Finally, as-prepared films were annealed at
different temperatures of 250, 275, 300, and 325 °C for
30 min in a furnace.

2. 3. Characterization of ZnO Films The crystal
structure of the prepared ZnO films was characterized by
X-ray diffractometer (XRD, Rigaku Rint 2000 HV series
X-ray automatic diffractometer). The XRD patterns were
collected using Cu K, radiation (4 = 0.154056 nm)
operated at 40 kV and 200 mA with diffraction angle (20)
from 10° to 80° and the scan step of 0.01°. The XRD
measurements were performed at room temperature and
recorded using the grazing incidence. The surface
morphology of the annealed films was analyzed using
scanning electron microscope (SEM, JSM-7600F,
JEOL). The absorbance spectra were obtained using a
ultraviolet-visible spectrophotometer (UV-Vis, Genesys
10S) measured at room temperature in the wavelength
range of 200-800 nm with a scan step of 600 nm/min.
Photoluminescence spectra (USB-2000, Ocean Optics)
were recorded using a He-Cd laser with an excitation
wavelength of 325 nm (3.82 eV) at room temperature.
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3. RESULTS AND DISCUSSION

3. 1. Structural Analysis of ZnO Films Figure 1
shows the XRD patterns of the ZnO films at various
annealing temperatures of 250, 275, 300 and 325 °C in
air for 30 min. The sharp diffraction peaks demonstrate
that the ZnO films are well crystalline. The positions of
diffraction peaks are shown at crystal planes of (100),
(002), (101), (102), (110), (103), (200), (112), and (201).
All diffraction peaks of the ZnO films are well indexed
to be the hexagonal wurtzite structure with space group
of P63mc (JCPDS#36-1451) [19—20]. Based on XRD
data, there are no other peaks coming from impurity
phases of other organics and oxides. This shows that all
the films have been grown as ZnQO crystals. The presence
of several peaks in all samples reflects the random
orientation of the crystallites. The XRD data show a well-
defined diffraction peaks, which represent that thermally
annealed films have good crystallization. It is clear from
Figure 1 that the peak intensity of (101) plane increases
with an increase in annealing temperatures. The
enhancement of peak intensity for the (101) plane from
the as-prepared sample and the one annealed at 300 °C
indicates that there is a preferred orientation effect during
annealing process. The existence of this prominent peak
is expected to be related to oxygen vacancies in ZnO
crystals [21].

The crystal size of the ZnO film was calculated using
the highest peak in the XRD results. The broadening of
the diffraction peaks depends on both sample and
instruments effects. The instrument correction was
estimated using a standard material, namely standard
silicon. The corrected instrumental broadening (Bni)
corresponding to the diffraction peak of ZnO films was
calculated using the relation in Equation (1) [22].
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Figure 1. XRD patterns of ZnO films annealed at different
temperatures as specified

The average crystallite size of ZnO films can be
estimated by Debye-Scherrer formula in Equation (2)
[21].
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where D is the crystallite size of the nanoparticles, A is
the wavelength (1 = 0.154056 nm), 6 is diffraction angle,
and S is the full-width at half-maximum (FWHM) of
the diffraction peak. The estimated 20 values, calculated
FWHM, and average crystallite size (D) of the samples
annealed at different temperatures are listed in Table 1.
The numbers in parentheses in Table 1 indicate the
calculation error. These results show that the crystallite
size increases from 31 nm to 36 nm with increasing the
annealing temperatures. This clearly indicates the
presence of nano-sized particles in the samples.

The values of lattice parameters (a and c) were
obtained from the plane spacing equations for a
hexagonal crystal structure [23].

1 4]h?+hk+k?| 12
EE) I ©

For the first order approximation n = 1, Bragg’s Law:
nA = 2dsingcan be rearranged as follows:
2
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Combining Equations (3) and (4):
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Since lattice parameters and the ratio of the lattice
parameters are constant for a given diffraction pattern, is
constant for a hexagonal crystal structure. The
relationship between the wavelength of X-ray diffraction,
the Bragg’s angle, the Miller indices (hkl), and the lattice

TABLE 1. Estimated 26 values, calculated FWHM, and
average crystallite size of the ZnO films annealed at different
temperatures

Samples 20 (°) P (°) D (nm)
As-prepared 36.358(4) 0.550(17) 31
250 °C 36.237(5) 0.537(24) 32
275 °C 36.237(4) 0.530(14) 33
300 °C 36.228(3) 0.496(10) 35
325°C 36.289(3) 0.487(11) 36
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parameters in hexagonal structures is given in Equation
(6). Using Equation (6), we obtain the following equation
for the calculation of the values of a and c for those hkl
indices.

A 2 2
a= h* +hk + k 7
\/Esine Y
A
= 8
2sin@ ®

The volume of unit cell for the hexagonal structure has
been calculated by using Equation (9) [23].
J3a%c

V=S 0.866a2c )

The calculated lattice parameters and unit cell volume
are given in Table 2. The lattice parameters for ZnO films
prepared and annealed at different temperatures indicate
hexagonal unit cells that are very close to the standard
lattice parameter values for ZnO with a = 0.3249 nm and
¢ =0.5206 nm [20]. From Table 2, it is seen that the heat-
treated ZnO films have higher a and ¢ values than those
of the as-prepared one. The changes in the lattice
parameters with increasing annealing temperatures
indicate the presence of strain in the lattice of ZnO films.
Consequently, it may produce defects related to the
optical properties. This will later be discussed further.

Based on Table 1, it can be observed that the Bragg
angle of the (101) crystal plane of the annealed ZnO films
is slightly shifted towards the lower values compared
with that of as-prepared one. This is due to the formation
of internal micro-stress. In addition, peak broadening is
also observed in the XRD data. It is commonly
recognized that the XRD line broadening may be the
result of crystallite size, micro-strain, or both of them.
Micro strains decrease with increasing annealing
temperature because the atoms trapped in the non-
equilibrium position tend to shift to more equilibrium
position after the annealing process. Therefore, the
decrease of micro-strain causes an increase in lattice
parameter and crystallite size [22].

3. 2. Surface Morfologi  Figures 2(a)-2(e) show the
surface morphology of the as-prepared and annealed ZnO

TABLE 2. Lattice parameters and unit cell volume of the ZnO
films at various annealing temperatures

Samples a (nm) ¢ (nm) D (nm)
As-prepared 0.3243(6) 0.5193(13) 31
250 °C 0.3253(4) 0.5212(6) 32
275 °C 0.3253(4) 0.5210(4) 33
300 °C 0.3254(5) 0.5212(6) 35
325°C 0.3249(1) 0.5202(4) 36

films. The SEM images clearly observe that the average
particle size is in the order of nanometer. Some
agglomerations along with individual particles are also
seen in Figure 2.

Figure 2(a) shows that the as-prepared ZnO particles
are relatively homogeneous and distributed almost
uniform on the substrate surface. The particles contain
irregular and spherical-like shape with grain size of
around 20-32 nm, which is in agreement with the XRD
data. The grain size increases with an increase in
annealing temperatures.

Figure 2(b) shows that the surface morphology of the
sample after annealing at 250 °C has slightly larger grain
size than that of the as-prepared ZnO films. The shape of
the particles is formed as an irregular spherical-like
structure with grain size of around 30-40 nm. The surface
morphology with a larger grain size of around 35-45 nm
occurs by increasing the annealing temperature as shown
in Figure 2(d). In addition, the annealing temperature
provides a reduction of grain boundaries and
consequently particles size increases. The annealing
process induces a dominant effect on the morphology and
the microstructure of the films. As the temperature rises,
the ZnO films show similar morphologies.

In general, the high annealing temperature will induce
low degree of crystallinity due to the existence of
possible disorder/defects in the films. The high
temperature may provide the crystal growth of ZnO with
a high driving force to overcome the anisotropic crystal
growth. This driving force affects the surface energy
controlling the size and morphology of the grains. During
the annealing process, the nucleation phase will influence
the obtained morphologies of both shape and size of the
grains.

3. 3. Optical Properties Figure 3 displays the
absorption spectra of the films as a function of
wavelength. For the as-prepared film and the films
annealed at 250-275 °C show absorption peaks located at
370 nm. Meanwhile, the absorption peak of the films
annealed at 300-325 °C shifts slightly to a longer
wavelength at 375 nm (red-shift). These shifts
correspond to the change in the optical band gap of the
annealed films. All films show relatively strong
absorption peaks. The intensity of the absorption peak in
the absorbance spectra is associated with the crystalline
quality of the ZnO films. The crystallinity of the films,
the type, and the density of defects will affect the
crystalline quality. Therefore, the appropriate absorption
peak intensity is different.

The band gap energy with direct allowed transition
can be determined using the Tauc relationship. It is given
by the following expression in Equation (10) [24].

(ahv)2 = B(hv—Eg) (10)
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Figure 2. SEM images of (a) as-deposited ZnO films and
annealed at different temperatures of (b) 250 °C, (c) 275 °C,
(d) 300 °C, and (e) 325 °C

where Av is photon energy, B is a constant, Eg is the
optical band gap, and « is the absorption coefficient. The
Eg values were determined by the extrapolation of the
straight line of (a#v)? versus hv curve intersecting the
horizontal axis. The band gap values of the ZnO films
annealed at various temperatures are shown in Table 3.
Based on the results given in Table 3, the band gap
values vary with the annealing temperature. It can be seen
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Figure 3. UV-Visible absorbance spectra of the ZnO films
annealed at different temperatures

TABLE 3. The optical parameters of the ZnO films annealed at
various temperatures

Sample Eq (eV) Etail (€V)
As-prepared 3.40 0.211
250 °C 3.25 0.183
275°C 3.23 0.138
300 °C 3.20 0.262
325°C 3.18 0.281

that the band gap energy of the as-prepared film (3.40 eV)
shifts as compared to the reported value of bulk ZnO
(3.37 eV). This can be related to the quantum
confinement effect of the nanoparticles. The estimated
band gap values show a slight decrease from 3.40 eV to
3.18 eV after annealing at 325 °C. The band gap can be
affected by the change in charge carrier concentration
and described by Burstein-Moss shift or band gap
narrowing effect [25]. The widening of the optical band
gap is due to the blocking of lower states of the
conduction band for higher charge carrier content in the
band filling. The narrowing of band gap is related with
various interactions between the charge carriers in the
conduction band and valence band. This condition is
known as band gap renormalization [26]. These effects
can exist simultaneously results in the reduction of the
optical band gap. In addition, the annealing temperature
may induce the decrease in the optical band gap of ZnO
films. This is due to the removal of defects and affecting
induced strain in the films. The annealing process also
can eliminate the stacking faults resulting in higher
crystallite orientation and the reduced-defect in the
crystal structure [27].

In amorphous and polycrystalline semiconductors, a
band tail can occur in the forbidden energy band gap.
This tail appears due to the presence of defects in the
semiconductors. The width of band tails of the
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electron states can be estimated using the Urbach
equation as shown in Equation (11) [28—29].

hy - Ei
a = apexp ———- (11)

tail

where o, and E; are constants, Egi is the Urbach energy
corresponding to the width of the band tails of electron
states. Figure 4 shows photon energy dependence on the
absorption coefficient. The Etail can be determined from
the reciprocal gradient of the linier portion of these
curves in the lower photon energy region. The estimated
values of Eg; are given in Table 3.

3. 4. Photoluminescence Studies To clarify the
different defects and study their evolution with the
annealing temperatures, a Gaussian curve fitting was
performed for each spectrum, and the estimated values of
the peak parameters were obtained. Figures 5(a)-5(f)
represent both the defect-related luminescence and
Gaussian deconvolutions of the PL spectra for the as-
prepared and annealed ZnO films at different
temperatures.

There are five UV emission bands (peak 1)
correspond to the NBE transition observed at 380 nm,
381 nm, 384 nm, 383 nm, and 380 nm for as-prepared
and annealed ZnO films at 250, 275, 300, and 325 °C,
respectively. This result shows that the PL intensity of
the UV peaks gradually decreases with the increase of
annealing temperatures. The decrease in the PL
intensities from the samples is probably related to better
crystallinity and the reduction of defects in the ZnO films
after annealing, which is in accord with the XRD results.
The UV peaks of ZnO films in the PL spectra at room
temperature are usually located at 380 nm (~3.26 eV)
based to literature [30]. Peak 2 shows low-intensity
violet emission located on the wavelength of 416 nm for
the as-prepared ZnO film. This emission comes from the
transition of electrons from the lowest conduction band
to the energy level of the zinc vacancies (Vzn). The blue
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Figure 4. Urbach’s plots of the ZnO films annealed at
different temperatures

emission (peak 3) has been observed between the
wavelengths of 441 nm and 442 nm which is probably
attributed to the recombination of excitons between the
electrons localized at the zinc interstitial (Zn;) and the
holes in the valence band [31-32]. An increase in
annealing temperature up to 325 °C, the blue emission
shifts to the higher wavelength (red-shift) centered at the
wavelength of 445 nm. It can be seen from Figure 5(b),
the emission peak at 466 nm (2.7 eV) can be related to
the electronic transition from the donor level of Zni to the
acceptor level of Vz, (about 2.6 eV) [33].

The green emission is generally observed in ZnO with
the wavelength in the range of 495-570 nm. This can be
associated to the recombination of holes and electrons
occupying the oxygen vacancies (Vo) related to the
defects [34]. Oxygen vacancies (Vo) in ZnO play
important key for the occurrence of the green emission.
Oxygen vacancies can occur in three different charge
states in ZnO. Those are the neutral oxygen vacancy
(VoY), the singly ionized oxygen vacancy (V,'), and the
doubly ionized oxygen vacancy (V,**) originated from
the captured two electrons, the captured one electron, and
non-captured any electrons with respect to the lattice,
respectively [34—35]. Moreover, it has been reported the
mechanism responsible for the green emission is due to
the recombination of V,* electrons with holes in the
valence band. In the present result, the green emission
with a slightly longer wavelength is observed when the
defects have lower energies in the band gap than those of
the V,* state. In this case, the presence of V," and V™
states corresponds to the broad green emission having
peaks around 544 nm and 570 nm, respectively. In
general, the green emission can be attributed to the
transition related to V,[34—35].

The higher PL intensity of the green emission results
in the more singly ionized oxygen vacancies of the
defects. Some authors have reported that oxygen antisite
defects (Oz,) are responsible for the green emission
[33—34]. However, the present results show that oxygen
vacancies have dominant effect on the green emission.
This is probably because the heat treatment in air at
different annealing temperatures increases the oxygen in-
take into the ZnO films removing both oxygen and zinc
vacancies. Consequently, the green emission decreases
more rapidly than the blue one. It is also shown that at a
low annealing temperature, the PL intensity of the green
emission decreases in the ZnO films.

Further, the yellow emission bands (570-590 nm) is
affected by the trapped oxygen vacancies. In this case,
the holes in the valence band can be trapped at the oxygen
vacancy sites and the electron can be trapped at the Zni
from the conduction band. Then, the recombination of the
holes and the electrons can exhibit yellow emission [35].
The orange emission bands from 590 nm to 620 nm were
observed and it is expected to be related to the atomic
defects due to interstitial oxygen (O;) [36].
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Figure 5. Room temperature PL spectra of (a) as-prepared
ZnO films and annealed at different temperatures. In (b), (c),
(d), (e), and (f) curves (red color) show the Gaussian
deconvolution of experimentally obtained curves and peak
positions marked as 1 to 12 show the individual Gaussian
curves. The relative content of defects can be obtained from
the Gaussian peak separation displayed in the inserted table
in the Figures

Meanwhile, the red emission (620-750 nm) may
possibly be associated to interstitial oxygen (O;). From
the viewpoint of solid state physics, it is known that Zni
and V, contribute to the formation of free electrons (i.e.
donor) in ZnO crystals, whereas Vz,, Oi, and Oz, may
consume the free electrons (i.e. acceptor) due
recombination process [37, 38]. The relative content of
donors and acceptor can be obtained by the peak
separation as shown in Figures 5(b)-5(f). It determines
the electronic states of ZnO films.

Figure 6 shows the annealing temperature
dependence of the relative defect content in the ZnO
films. An increase in annealing temperatures from 225 °C
to 300 °C enhances the ultraviolet (NBE) emission peak.
Meanwhile, the increase of temperatures up to 250 °C,
the yellow emission becomes dominant, and the intensity
of the blue-green and the orange-red emission decreases.
Moreover, it appears that the orange-red emission
dominates in the visible spectra indicating that the
interstitial oxygen are the dominant defects for these
films.
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4. CONCLUSIONS

ZnO nanostructured films were successfully prepared
onto glass substrate using spin coating method and the
effect of annealing on structural and optical properties
was studied. The XRD analyses show the polycrystalline
structure for as-prepared and annealed ZnO films with
preferred crystal orientation along (101) plane. Further,
an increase in the structural properties such as lattice
parameters and unit cell volume are observed with
increasing annealing temperatures. The crystallinity of
ZnO films is improved after annealing at 300 °C. The
grain size of the as-prepared and annealed ZnO films
observed by SEM images are found to be in the range of
31-36 nm. The optical studies show that the red-shift in
the band gap energy was observed from the shift in the
absorption band edge towards the longer wavelength
region. The PL spectra of the films show near band edge
(NBE) emission and defects correspond to the visible
emissions including Vzn, Zni, Vo, trapped-V,, and O;, in
which the Oi and Vo have dominant effect on ZnO films.
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