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Nanocrystalline zinc oxide (ZnO) thin films have been deposited on glass substrates using a sonicated
sol-gel dip-coating technique at various thermal annealing (T,) temperatures. The T, temperature was
varied to range from 300 to 600 °C in intervals of 50 °C in an open atmosphere. To obtain desirable
piezoelectric properties, the correlations between T, and the characteristics of ZnO thin films (crystalli-
sation, optical and electrical behaviour) were investigated. The as-deposited films have large compressive
stresses of 0.49 GPa, which relaxed to 0.27 GPa as the T, temperature increased to 500 °C. Optical param-

Keywords: eters, such as optical transmittance, absorption coefficient and energy band gap, have been studied and
Zn0O . R o . o . .
Thin films discussed with respect to T,. All films exhibit a transmittance above 50% in the visible region. It was found

Sol-gel processes that the compressive stresses in the films cause a decrease in the optical band gap, whereas the tensile
X-ray diffraction stress reveals an incline pattern with the optical band gap. This result corroborated with the crystallinity
Strain along the c-axis plane. The highest crystallinity value was achieved at the lowest stress value. An identical
Stress trend was observed for the resistivity values from the [-V measurement. Moreover, an increase in the
crystallite size from 10 to 39 nm as the level of T, increased was noticed. The thickness of the films also
decreased when T, increased, and denser films were obtained as a result. A qualified ZnO thin film with
good piezoelectric properties has been prepared using a sonicated sol-gel dip-coating technique with
various T,. Experimental results show that T, has the greatest influence on the final properties of the

ZnO thin films.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is a direct wide band gap (E; ~ 3.37 eV) II-VI
semiconductor with a large exciton binding energy of approxi-
mately 60 meV. This makes excitons stable even above room
temperature [1,2]. Researchers are focused on ZnO because of its
attractive properties, which include desirable piezoelectric and
optoelectronic characteristics [3]. It is therefore widely used for
excitonic optoelectronic applications, such as UV sensors [4,5],
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solar cells [6,7], light emitting diodes (LED), [8] among others.
Moreover, ZnO has been reported to be in a class of nontoxic and
bio-compatible materials, making it suitable for use in biomedical
applications, antiviral applications, textile additives and surfaces
that come into contact with humans [9-11].

To obtain a high quality ZnO thin film, some new methods,
including flame transport synthesis (FTS) [12], pulsed electron
deposition (PED) [13] and pulsed laser ablation [14], have been
developed. A variety of common techniques that include pulsed
laser deposition (PLD) [15], chemical vapour deposition (CVD)
[16], magnetron sputtering [17-19] and sol-gel techniques
[20,21] have also been adopted. With the advantages given by
simple processing characteristics, high growth rate, low crystallisa-
tion temperature and homogeneity on the molecular level because
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of the mixing of liquid precursors, the sol-gel process is one of the
most promising deposition techniques for preparing a small or
large area deposition of ZnO thin films at low costs for technolog-
ical applications. Therefore, it can easily be scaled up in industry.
However, the presence of intrinsic defects in ZnO films is inevitable
during the deposition processes. Stress and strain have significant
effects on the film properties because of defect introductions that
include oxygen vacancies and zinc interstitials. Therefore, it is cru-
cial to study and understand the role of strain and stress in ZnO
films to provide guidance on defect control.

ZnO film quality is determined by the growth process and also
by the thermal annealing (T,) temperature. T, is an important
parameter that could be defined by the process of applying energy
to a material and causing changes in its final properties as a result.
T, is a conventional and effective technique to improve crystal
quality and to reduce the intrinsic defects in materials when per-
formed in suitable conditions [22]. Additionally, T, treatment is
applied to alter and relieve the internal stresses and to refine the
structure by making it homogenous in addition to smoothing the
surface of the material. During the T, process, dislocations and
other structural defects move within the material and adsorp-
tion/decomposition may occur at the surface. Therefore, the struc-
ture and the stoichiometric ratio of the material will change [23].

Some reports on the effects of T, temperature on the properties
of ZnO thin films are available. Certain researchers have reported
on the effects of controlling T, on the tunability of localised surface
plasmon resonance (LSPR) of Au nanoparticles embedded in a ZnO
matrix [24]. There have also been studies performed on improving
ZnO film crystal quality with stronger intensities and narrower full
widths at the XRD peak half maximum (FWHM) after the T, treat-
ment [25]. Furthermore, the influence of T, temperature on the
structural and optical properties of Mg-Al co-doped ZnO (AMZO)
thin films has also been reported [26]. They found that the lattice
constants, strain and residual stress are influenced by the use of
different T, temperatures. Besides, they also concluded that the
defects of AMZO thin films can be manipulated to obtain the
desired optical property by varying the T, temperature.

Appropriate T, treatment conditions are essential to obtain
high-quality ZnO films because various defect types are induced
at high T, temperatures, which can in turn affect the crystal prop-
erties. Hence, to understand the effects of T, the properties of ZnO
thin films that were annealed at various temperatures were stud-
ied to identify the optimum T, that could be expected to give high
efficiency and performance for various electronic device
applications. In this research study, ZnO thin films were annealed
at temperatures ranging from 300 to 600 °C in ambient conditions.
This research focused on investigating the influence of T, on the
preferred c-axis orientation and on the crystal-growth properties
of the produced ZnO thin films.

2. Experimental procedures
2.1. Materials and preparation of ZnO film

The ZnO precursor solution was obtained by following a procedure reported on
in detail by the authors elsewhere [27,28]. The ZnO-sonicated sol-gel was prepared
as follows: zinc acetate dihydrate (Zn(CH3C0O),-2H,0, Merck) was first dissolved in
2-methoxyethanol (C3HgO,, Merck) at room temperature. Then, monoethanolamine
(MEA; C,H,NO, R&M) was added dropwise into the solution as a sol stabiliser. The
molar ratio of MEA to zinc acetate was maintained at 1.0, and the concentration of
zinc acetate was 0.4 M. The resulting solution was stirred at 80 °C for 1 h to yield a
clear and homogeneous solution. Afterwards, the solution was sonicated at 50 °C for
1 h using an ultrasonic water bath (Hwasin Technology Powersonic 405, 40 kHz)
that served as the coating solution after being cooled to room temperature. The
deposition was usually made 24 h after the solution was prepared to make it more
stable.

The ZnO glass substrate was dipped into the coating solution and then
withdrawn at rates of 40 mm/min at room temperature. To facilitate film thickness
measurements, a section of the substrate was covered by an adhesive tape that was

subsequently peeled off after the deposition process. After the dip-coating process,
the films were dried at 300 °C for 10 min in a furnace to evaporate the solvent and
to remove the organic residuals. The substrates were dipped and withdrawn one at
a time before the heating treatment. The procedure from deposition to the heating
process was repeated five times before undergoing T, treatment. To investigate the
effects of T, on the properties of ZnO film, the film was annealed in a furnace
operating at different temperatures ranging from 300 to 600 °C under atmospheric
conditions. When the furnace was heated to each selected temperature, the sample
was put into the furnace and held at the temperature for 1 h.

2.2. Measurements

The ZnO thin film crystal structure properties and phases were investigated
using a Bruker AXS D8 Advance X-ray diffractometer (XRD) in a standard 6-26
Bragg-Brentano geometry configuration with a monochromatic Cu Ko
(4 =0.154 nm) radiation. A 40-kV beam voltage and 40-mA beam current were
used. Scan pattern data were collected between 25° and 60° with step lengths of
0.02°. The surface morphology and topography of the films were observed using a
ZEISS Supra 40VP field emission scanning electron microscope (FESEM) with an
electron beam energy operating voltage of 5.0 kV. The film thickness was measured
using a KLA Tencor P-6 profilometer. The sample transmission spectra were mea-
sured using a Varian Cary 5000 UV-Vis-NIR spectrophotometer ranging between
300 nm and 1500 nm at room temperature in air with a data interval of 1 nm.
The photoluminescence (PL) properties of the synthesised film were measured
using a Horiba Jobin Yvon-79 DU420A-0OE-325 PL spectrophotometer. A helium-
cadmium (He-Cd) excitation laser source with a filter and a wavelength of
325nm was used. For the electrical characterisation, quadrilateral gold (Au)
electrodes were sputtered on the top of ZnO film using hard mask. The sheet resis-
tance through current-voltage (I-V) measurements were performed under illumi-
nation from a 100 mW/cm? Bukoh Keiki CEP-2000 solar simulator that was set up
with a xenon lamp as a light source and a Keithley 2400 computer-controlled
current-voltage source meter. The I-V curve of the film is determined to verify
the appropriateness for use of the deposited films in electronic devices.

3. Results and discussion
3.1. Structural and morphological characteristics

3.1.1. X-ray diffraction

Fig. 1 depicts the typical crystal structure XRD patterns and the
nanocrystalline orientation of the ZnO thin films annealed at
various T, temperatures. A prominent (002) ZnO diffraction peak
with a hexagonal wurtzite crystal structure is observed for all of
the films. Other diffraction peaks at the (100), (101), (102) and
(110) planes are weak, indicating the preferential orientation of
the c-axis perpendicular to the substrate surface. All of the diffrac-
tion peaks were indexed to the ZnO hexagonal structure according
to JCPDS card no. 00-036-1451. The preferentially oriented thin
films along the (002) plane could be the minimisation of the inter-
nal stresses of the crystal plane. Usually, films grow to minimise
the surface energies of the films while also promoting dense
atomic packing. This observation suggests that heterogeneous
nucleation readily occurs at the interface between the film and

(100)
(002)
(101)
(102)
(110)

600 °C

w werittnd] 550 °C

| 500 °C

wtiinnt 450 °C

Intensity (arb. units)

| SRR W 400 °C
st \ . 350 °C
300 °C
[ " " - - . . As Deposited
25 30 35 40 45 50 55 60
26 (Degree)

Fig. 1. XRD patterns of ZnO thin films prepared at various T, temperatures.
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the substrate because of surface energy minimisation [29]. The
adhesion of the ZnO thin film to the glass substrate was examined
by an ordinary tape peel test using 3 M Scotch Tape™. None of the
films deposited on glass substrates appeared to be removed, indi-
cating strong adherence of the films to the glass substrates. It is
observed that the as-deposited sample exhibits a weak intensity
and broad peaks, which indicates poor crystallinity and reveals
an amorphous structure of the thin film. Furthermore, as the T,
temperature is increased further to 500 °C, the diffraction intensity
of the (002) peak increases by a factor of 3.52 (Table 1), suggesting
that T, at higher temperatures improves the crystallinity quality of
ZnO thin films. However, as T, temperatures increase from 550 °C
to 600 °C, the intensity of the c-axis orientation decreases. From
XRD patterns, we may conclude that for ZnO thin films preheated
at identical temperatures, the preferred c-axis orientation
increases as the T, temperature increases, and after reaching a peak
at certain T, temperatures, the c-axis orientation intensity gradu-
ally decreases.

To compare the intensity of the preferred c-axis orientation, the
relative XRD peak intensity of the film was calculated using the fol-
lowing formula (1) [30]. The relative peak intensity orientation
P(niay of a particular plane (hkl) can be expressed as follows

L ihiay
Py = —20_ 1
o) =S (1)

where I is the (hkl) peak intensity, and Xl is the sum of the
intensities of all the diffraction peaks for the ZnO thin film depos-
ited on a glass substrate. The relative peak intensity of the preferred
c-axis orientation is shown in Table 1. From the calculated values, a
relative XRD peak intensity at the (0 0 2) plane increases in the
following sample order: 1" <8 <2 <3"<4 <7 <5 <6". This sug-
gests that the highest degree of preferred c-axis oriented ZnO piezo-
electric thin film can be formed by the conditions in the 6" sample.
Higher values of relative peak intensity reveal that the ZnO film
crystallinity improves after exceeding certain T, temperature val-
ues. Other research has reported that the ZnO wurtzite hexagonal
phase has a natural tendency to grow along the (002) plane, which
has a minimum surface energy [31,32]. Therefore, the minimisation
of surface energy favours a (002) textured ZnO thin film [33,34].

The average crystallite sizes, D, of the films deposited at differ-
ent T, temperatures have been calculated using Scherrer’s formula
(2), which is as follows [35-37]:

094/
"~ pcosd

(2)

where 2, 0 and § are the X-ray wavelength (1.54 A), the Bragg’s dif-
fraction angle in degrees and the full width at half maxima (FWHM)

Table 1
The variation of structural parameters of ZnO thin films at various T, temperatures.
Sample Thermal Relative X-ray FWHM  Crystallite
annealing peak intensity of ®) size (nm)
temperature, intensity  diffraction
T, (°C) (002) peaks (002)
relative to of
as-deposited
films
1 As deposited  0.265 1.00 0.869 10
2 300 0.392 1.48 0764 11
3 350 0.493 1.86 0513 16
4 400 0.532 2.01 0.381 22
5 450 0.874 3.30 0.352 24
6 500 0.932 3.52 0.298 29
7 550 0.763 2.88 0.252 34
8’ 600 0.385 1.45 0.218 39

of the peak corresponding with the “0” value in radians, respec-
tively. The average crystallite sizes of the films grown at different
T, temperatures are listed in Table 1. It can be observed that the
ZnO thin film crystallite size increased from 10 to 39 nm as the T,
temperature was increased from 300 °C to 600 °C. The merging
process of the ZnO nanoparticles induced from T, temperature
can explain this observation. The zinc or oxygen defects at the grain
boundaries favour the merging process by stimulating the coales-
cence of more grains during the T, process at higher T, tempera-
tures [38]. Higher T, temperatures can stimulate the migration of
grain boundaries and cause the coalescence of more crystallites
during the T, processes. Small crystallites coalesce together to make
larger crystallites and cause larger grain growth. This growth occurs
because more energy will be supplied to the atoms so that they may
diffuse and occupy the correct sites on the crystal lattice. Grains
with lower surface energies will grow larger at higher values of T,
[39].

During most of the synthesis and deposition process, ZnO tends
to crystallise in the wurzite phase structure. In this structure, the
atomic arrangement of alternating planes is composed of 4-fold
tetrahedral coordinated 0>~ and Zn?' ions stacked alternately
along the c-axis. The lattice constants a and c for the ZnO wurtzite
structure were calculated according to Braggs law [40]:

2dpasind = ni 3)

where dy, is the spacing between lattice planes of Miller indices (h,
k and ), n is the order of diffraction (usually n=1), / is the X-ray
wavelength of Cu Ko radiation (1.54 A), and 0 is the Bragg’s angle
(half of the peak position angle). In the ZnO hexagonal structure,
the following expression relates the lattice plane spacing to the
Miller indices and the lattice constants a and c [41,42]:

1 4(R+hkt+k*\ P
_<$>+

2 2 2
dhkl a ¢

(4)

Thus, for a first order approximation where n=1, the
relationship between Egs. (3) and (4) can be expressed as below:

)
22, A 4 5 2 a2,
sin H_TE(h +hk+k)+<z)l}, (5)

For the (100) plane orientation, the lattice constant ‘ag;,’ is
calculated using the following relation [43]:

_ ), 4 2 b) a 22

aﬁlmfm\/g(h +hk+k)+<E) , (6)
Afin = —=——— 7
T 3sing )

where 0 is the diffracting angle corresponding to the (100) peak.
For the (002) plane orientation, the lattice constant cgy, is
determined according the following equation:

- i 4 /c\2 2 2 2

im ‘2sin9\/§ (q) 0+ he 1)+ . ®)
A

Cim = 50g 9

The lattice constants ap,; and ¢y for strain-free bulk ZnO are
3.2498 and 5.2066 A, respectively, as taken from the JCPDS no.
00-036-1451 data card. The lattice parameter values for the ZnO
thin films were calculated using Eqgs. (7) and (9) and are presented
in Table 2. From values obtained in Table 2, it can be observed that
the values of ¢z, decrease as the T, temperature increases. It is
believed that lattice contraction contributes to this result [43]. This
phenomenon might be a result of the presence of dangling bonds
involving Zn?>* and 02" ions on the ZnO film surfaces. These
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dangling bonds are incompletely coordinated and possess unpaired
electrons that form electric dipoles. The boundary layer of each
nanoparticle that lies in this surface will contribute to the forma-
tion of a parallel array of dipoles and will experience a repulsive
force. ZnO has a tendency to absorb 0>~ and O~ ions on the film
surfaces. Therefore, the electrostatic attractive interaction between
the Zn?* and 0 ions will increase and result in lattice contraction.
In thermally annealed ZnO thin films, it has been observed that
the position of the (002) diffraction peak shifted towards the bulk
ZnO peak as the T, temperature increased to 500 °C. This is shown
by the XRD stack diagram in Fig. 1. It could be a result of the release
of intrinsic strain during the T, process, indicating the relaxation of
the crystal lattice structure and a minimisation of the film surface
energy. As T, temperatures increase from 500 °C to 600 °C, the
position of this peak is shifted to an even higher bulk ZnO 20 value.
The shift in the XRD peak (002) towards higher angles as T,
temperature increases has been reported previously by other
researchers [44,45]. Furthermore, relative (002) ZnO thin film peak
intensity is shown as a function of T, temperature in Fig. 2. From
the XRD analysis, the lattice constant can be further utilised to
evaluate the strain, ¢, in the lattice along the c-axis plane. The
strain in the ZnO films along the c-axis perpendicular to the
substrate are calculated using the following formula [46,47]:

£y = M — Chulk 1009, (10)
bulk

where cgm is the lattice parameter of the strained films calculated
from the X-ray diffraction data, and cp,y is the lattice parameter
of ZnO in the bulk (or powder), also called the unstrained lattice
parameter. The value of strain is positive (tensile strain) if the mate-
rial is being stretched and negative (compressive strain) if it is being
compressed. It is noted that strain and FWHM gradually decreased
with the T, temperature, as can be observed in Fig. 2. It has also
been observed that the strain and FWHM values decrease quasi-lin-
early as the T, temperature increases. According to Dhara and Giri,
annealing treated samples indicates reduced tensile strain on the
annealed ZnO nanostructures [48]. These findings support the
reduced pattern of tensile strain with T, temperature. It can be
clearly observed that the decreasing trend in tensile strain values
from 0.211% to 0.117% have shown an effective relaxation in the
crystal structure as the films are annealed up to a 500 °C T, temper-
ature. However, increasing the T, temperature further causes the
tensile strain to change to the opposite strain direction (compres-
sive). This indicates the existence of more tense films. These results
prove that the previous XRD pattern and the relative peak intensity
(002) with the highest c-axis orientation were achieved in films
that had used a 500 °C T, temperature. Beyond 500 °C, the (002)
orientation intensity peak decreases when the films begin to change
the strain direction from a relaxed position to a compressive state of
strain. This decrease leads to the formation of more tensed films
and of defects in the film crystal structures. This hampered electron
movement within the films.

Table 2
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Fig. 2. Variation in the FWHM, strain and relative peak intensity (002) of the ZnO
thin films with various T, temperatures.

To understand the effects of the T, temperature on the preferred
c-axis orientation and on the crystal-growth properties, the charac-
teristics of the stress in ZnO films were studied. For hexagonal
crystals, the stress, fm, in the plane of the ZnO films can be deter-
mined using the following biaxial stress model expression [49,50]:

2C%, — C35(Ciy +C
O = =12 ;3C(13“ 2) g, (11)

where ¢,, is the average uniform lattice strain along the c-axis and
G;j are the bulk ZnO elastic stiffness constants; i.e., C;; = 208.8 GPa,
C12=119.7GPa, Ci3=1042GPa and C33=213.8GPa [51]. This
equation yields the following numerical stress relationship: ofm = -
—233¢,, (GPa). The estimated values of o, in films grown at differ-
ent T, temperatures are listed in Table 2. The sign of the stress
indicates whether the films are in a state of compressive or tensile
stress. Generally, the total stress in the film consists of two compo-
nents. First is the extrinsic stress introduced by lattice mismatch
and thermal expansion coefficient mismatch between the film and
the substrate. The thermal strain is because of the differences in
the linear thermal expansion coefficient, o, between hexagonal
Zn0 (017 =6.05 x 107%°C1, 033 =3.53 x 107%°C') and the Corning
7740 glass substrate (o33=3.30 x 107%°C~") [52]. The substrate
exerts a resultant tensile stress effect on the ZnO film as it cools
down from higher temperatures to room temperature. This occurs
because the thermal expansion coefficient for ZnO is higher than
that of the quartz substrate [53,22]. Additionally, the thermal strain
introduced by the different linear thermal expansion coefficients, «,
of the film and substrate is significantly smaller than the measured
strain [54,55]. Secondly is the intrinsic stress, which is associated
with defects, impurities and lattice distortions in the crystal struc-
ture during the growth process. Most researchers have stated that

Lattice parameters, interplane distance, bond length, strain and stress of ZnO thin films at various T, temperatures.

Thermal annealing temperature, T, (°C) Lattice parameters

Interplane distance, d (A)

Bond length, L (A) Strain of c-axis (%) Stress (GPa)

aim () cum (A)  cla
As deposited 32429 52176  1.6089  2.6088 1.9763 0211 ~0.49
300 32434 52169  1.6085  2.6084 1.9764 0.198 —046
350 32441 52157 16077  2.6078 1.9765 0.175 ~041
400 32445 52151 16074  2.6075 1.9766 0.163 ~0.38
450 32451 52142 16068  2.6071 1.9768 0.146 —034
500 32460 52127 16059  2.6063 1.9769 0.117 ~027
550 32459 52003  1.6021  2.6001 1.9754 —0.121 0.28
600 32454 51995  1.6021  2.5997 1.9751 ~0.136 032
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the extrinsic stress in thin films normally relaxes as film thickness
increases [54,56]. In the present case, thickness varies from 0.82
to 0.16 pm with T, temperature. Therefore, the extrinsic stress will
not be present, and the total estimated stress values seem to be
dominantly intrinsic. There are several growth parameters that
could contribute to the intrinsic stress, including thermal heating
temperature, thermal annealing temperature, deposition time, etc.
It shows that the measured film stress is mainly caused by the
growth process itself (intrinsic stress) and is not of thermal origin.
The residual stress and bond length in the ZnO thin films as a func-
tion of T, temperature is presented in Fig. 3. The observed change in
the residual stress of the ZnO thin films was mainly from the T, and
from changes in the defects of the ZnO thin films that result from
the change in the bond length (L) of Zn-0 in the ZnO films. The fol-
lowing relation gives the bond length of the ZnO films:

L= (%2“' (%—u>2c2> (12)

where the u parameter is given by (in wurtzite structures)

a?

U=-—
3¢?

+0.25 (13)
which is related to the a/c ratio. The bond length shows an inverse
relation with stress as the T, increased. From the calculated strain in
previous calculations, the values of the lattice constant, c, for the as-
deposited and annealed films (300-500 °C) are found to be larger
compared with the bulk ZnO; the films exhibit tensile strain. The
unit cell is elongated along the c-axis, which has been confirmed
with the c-lattice and strain values in Table 2. As a result of unit cell
elongation, the compressive force acts in the plane of the film. It can
be clearly observed that for films deposited at a lower T, tempera-
ture, a strong compressive stress is generated because of structural
defects freezing. The adsorbing atoms have too little energy to
arrange themselves in their lowest energy states, and intrinsic
stresses are therefore built up. During the deposition and growth
processes, the crystalline order and structural defects will form at
grain boundaries. These defects include dislocations, broken bonds
and substoichiometric compositions [57]. All of these defects might
induce intrinsic stresses in thin films. At this stage, the magnitude
of the compressive stress component is larger than that of the ther-
mal (tensile) stress component [58]. In T, treatment, some of these
defects could be repaired to some degree, and the stress value could
decrease accordingly. For a ZnO thin film grown at high T, temper-
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Fig. 3. Variation of the stress, bond length and band gap energy of the ZnO thin
films with various T, temperatures.

ature, there will be an increment in the atomic mobility that
reduces the structural defects because of the high kinetic energy
required to grow ZnO. Therefore, a relaxation of stress in ZnO films
is observed [59]. Some of the film atoms will also migrate and
restructure into thin films when they obtain enough energy in the
T, process. The grains then grow larger correspondingly. A mini-
mum stress of 0.27 GPa is achieved for the highest crystallinity
ZnO films annealed at 500 °C, which is nearly free of stress and
approaches the value of unstressed bulk ZnO. As discussed before,
high c-axis-oriented ZnO thin films are possible because of the free
surface energy minimisation on each crystal plane. The existence of
the free surfaces will cause missing atom surface bonds. The num-
ber of missing bonds will increase with the increment in T, temper-
ature and contribute to the surface rearrangement to increase
atomic bonding. During increases in T, temperature, the biaxial
stress formation will lead to a particular orientation: the (002) ori-
entation [60]. It can be concluded that the compressive stress
reduction is consistently accompanied by an enhancement in crys-
tallinity as the T, temperature is increased up to 500 °C. This will
contribute to a lower occurrence of defects and lattice distortions
in the crystal lattice structure [61]. The plot in Fig. 3 also reveals
that the ZnO thin films exhibit an increase in tensile intrinsic stress
when the T, temperature is too high (550-600 °C). The stress value
increases again but in the opposite direction. Similar trends in
results have been proposed in situations in which the as-deposited
thin films intrinsic stress is compressive stress [62]. They also stated
that a T, process to produce more relaxed films could reduce the
compressive stress. However, when T, temperatures are too high,
the tensile stress becomes stronger and eventually exceeds the
built-in compressive stress. This leads to a change in the stress
direction. This may also be attributed to film thickness variation
or to film morphology [55,63].

3.1.2. Field emission scanning electron microscope (FESEM)

The FESEM morphologies of the ZnO thin films treated at vari-
ous T, temperatures are shown in Fig. 4 (50 k magnification; 5 kV
applied voltage). T, plays an important role in the structural and
morphological development of the thin film during the deposition
process. The influence of the T, temperature on the crystalline
growth can be observed. The grain morphology and formation
depends on the interfacial energy acting on the films. Numerous
grain boundaries exist, but their size distributions appear to be less
homogeneous at lower T, temperatures. The size difference might
also be caused by nonhomogeneous energy distributions that
affect the coarsening process. It has also been noted that there
are fewer grain boundaries as the grain sizes of the films become
larger and that the films feature improved crystallinity with
increasing T, temperatures. High T, temperature can stimulate
grain boundary migration and cause the coalescence of more
grains during the T, process [39]. At higher T, temperatures, more
energy should be available to the atoms so that they may diffuse
and occupy the correct sites within the crystal lattice. Therefore,
the grains with lower surface energies will grow larger at higher
T, temperatures [64]|. The high-magnification images in Fig. 5
(100 k magnification; 5 kV applied voltage) provide supplementary
information regarding the thin film structures. The clear evolution
from a spherical grain structure (for an as-deposited and annealed
film between 300 °C and 400 °C) to a highly faceted granular grain
structure (450°C) can be observed. This granular structure
becomes more pronounced at T, temperatures above 450 °C. Chop-
pali and Gorman proved the existence of this structural transfor-
mation at higher T, temperatures [65]. The increment of
intensity values for the (002) plane in the XRD results indicates
that the films grew at lower surface energies as the T, temperature
increased [33,66]. However, when the T, temperature is too high,
larger grains grow and result in larger microcracks and a rougher
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Fig. 4. FESEM morphology of ZnO thin films prepared at various T, temperatures (50 k magnification; 5 kV applied voltage): (a) as deposited, (b) 300 °C, (c) 350 °C, (d) 400 °C,

(e) 450 °C, (f) 500 °C, (g) 550 °C and (h) 600 °C.

surface [49,67]. Figs. 4 and 5(g-h) show the cracks on films
annealed at 550 °C and 600 °C. Consequently, this may lead to
XRD lower peak intensities and an increase in the film resistivity
[49,64]. Additionally, the changes in stress direction beyond
500 °C can be related to the thin film grain size. During the process
of raising the T, temperature from 500 °C to 600 °C, the grain size
increases and the small pores within the films combine to form
large punctures. The thermal stresses can be released by expanding
these punctures. The residual stress is mainly because of the form
of the tensile stress at this moment [20]. Furthermore, a decreasing
film thickness with increasing T, temperature was noticed. The

film thickness was measured using surface profilometry (KLA
Tencor P-6 profilometer) and was found to be in the range of
0.82-0.16 um. The variation in thickness obtained by the surface
profiler is presented in Table 3. This observation is consistent with
those from other reports and is a result of increased film density in
the case of the higher T, temperatures [68]. When the as-deposited
gel film was subjected to a 300 °C preheating process, ZnO nucle-
ation occurred at the film/substrate interface. The random atomic
arrangement in the glass substrate may have disturbed oriented
crystal growth in the films. However, the presence of slightly ori-
ented grains can allow oriented grain growth in the second layer
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[69]. Therefore, the (002) plane peak intensity increases abruptly.
This situation is schematically illustrated in Fig. 6. The structural
evolution observed for the cases of various T, temperatures at fixed
preheating temperatures clearly reveals the transition from a
granular structure to a columnar one after a certain T, tempera-
ture. During the thin film deposition process, the crystallisation
of one layer in a multilayer process is generally affected in an epi-
taxial-like manner by its preceding layer. Once the first layer was
deposited and preheated, homogeneous and heterogeneous nucle-
ation occurred simultaneously. This step was followed by nuclei
formation and gradually grew into a crystallite structure. After

the first crystallised layer was grown, the grains grew continuously
into a newly deposited layer. The nuclei had to be randomly ori-
ented because of the amorphous properties of the glass substrate.
Therefore, the crystals were also randomly oriented. Most of the
crystallite structure grew preferentially along the (002) direction
because of the minimum surface free energy of the material. Only
a small part of the crystallite grew along other directions. When
the next film layer was deposited, the new crystallites were formed
using the preceding layer as a growth template, or seed layer.
Therefore, there was some new crystallite still growing in direc-
tions other than the (002) direction. This can explain why sample

Fig. 5. FESEM morphology of ZnO thin films prepared at various T, temperatures (100 k magnification; 5 kV applied voltage): (a) as deposited, (b) 300 °C, (c) 350 °C, (d)

400 °C, (e) 450 °C, (f) 500 °C, (g) 550 °C and (h) 600 °C.
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Table 3
Thicknesses, average transmittance, optical band gap energy, Urbach energy and
porosity of ZnO thin films deposited at various T, temperatures.

Thermal Thickness Average Optical Urbach Porosity
annealing (surface transmittance band gap energy (%)
temperature, T, profiler) (%) energy (eV) (meV)

(°C) (um)

As deposited  0.82 54.95 3.215 - -
300 0.69 58.20 3.235 156 -
350 0.51 58.72 3.240 147 -
400 0.38 58.84 3.245 139 -
450 0.27 68.91 3.250 132 -
500 0.21 90.15 3.255 100 32.89
550 0.18 80.38 3.260 108 6.87
600 0.16 77.56 3.275 125 0.97

A has the (100), (101), (102) and (110) peaks in addition to the
(002) peak. After completing the deposition and preheating pro-
cess, the films were undergoing the T, process. This is the stage
in which the atoms diffuse and migrate between neighbouring lay-
ers. When the grains directly contact the neighbouring layer, the
coarsening process will occur. Most literature supports the view
that the grain structure has no interface between neighbouring
layers that evolve into equiaxial ones and that entire single layers
can be formed when suitable T, treatments are used. A suitable
treatment includes an appropriately chosen T, temperature and
time [70]. A columnar structure formation through the entire film
thickness was formed. This implies that the columnar structure
does not necessarily initially develop at the substrate interface
but grows through the entire film. To understand the evolution
of highly (002) oriented ZnO thin films, a systematic investigation
on the growth mechanisms is important and necessary for getting
high quality films that will enhance electron transport in the ver-
tical direction, which is important for light harvesting applications
for various optoelectronic devices [71].

3.2. Optical properties

3.2.1. UV-Vis-NIR
The optical properties of ZnO thin films are determined using
UV-Vis-NIR spectrophotometer measurements between 300 and

1500 nm at room temperature. Fig. 7 shows the transmittance
spectra of the films annealed at various T, temperatures. In all
cases, the films are found to be transparent, which is defined as
above 50% in the visible-NIR range. It is also observed that the
absorption edges are below 400 nm. This is attributed to the intrin-
sic ZnO band gap because of electron transitions from the valence
band to the conduction band. The variation in film thicknesses,
which depends slightly on the T, temperature, improves the trans-
mittance when the T, temperature increases. The highest transmit-
tance was recorded for a sample annealed at 500 °C with an
average transmittance of 90.15% between 400 nm and 800 nm in
the visible region, whereas the lowest transmittance was obtained
for the as-deposited sample with an average transmittance of
54.95% over the same wavelength. This is shown in Table 3. Gener-
ally, the grain boundary produced a larger effect on the properties
of the ZnO thin films. From previous FESEM results, the number of
grain boundaries decrease when the grains grow larger as the T,
temperature increases. As the T, process continues, the transmit-
tance spectra increase as film grain boundaries decrease because
of better crystallisation and lattice orientation. The improvement
in growth along the c-axis at higher T, temperatures enhances
optical scattering reduction in the ZnO thin films. This is believed
to be a factor that contributes to the increment in transmittance
spectra [72]. However, the thin films annealed at 550 °C and
600 °C show a decrease in transmittance. This may be a result of
crystal lattice orientation degradation. Fig. 8 shows the absorption
coefficient and o spectra of the ZnO samples annealed at various T,
temperatures. The absorption coefficient was calculated using the
previously measured transmittance data. The absorption coeffi-
cient, o, was obtained using Lambert’s Law, as shown in the follow-
ing equation:

” :%m(%) (14)

where t is the thickness of the thin film, and T is the transmittance
of the thin film. The spectra depict an increase in the absorption
coefficient in the UV region (<400 nm), which shows the presence
of an excitonic nature that is prominent as the T, temperature
increases to 500 °C. This is because of the pattern of strain and
stress with an increase in T, temperature [73]. The increment of
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Fig. 6. Schematic of ZnO crystal growth.
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Fig. 7. Transmittance spectra of ZnO thin films prepared at various T, temperatures
as a function of wavelength.

light absorption might be caused by an enhanced optical scattering
effect within the ZnO grain boundaries that improves the light
absorption in that region [74]. This result corroborates with the
improvement in film crystallinity along the preferred c-axis plane
[27]. However, as the T, temperature continues beyond 500 °C, a
decrement in UV light absorption was observed because of the for-
mation of higher order defects in the ZnO thin films, which occurred
as the preferred growth orientations along the c-axis plane
decreased [29]. The absorption coefficient in the visible-NIR region
(400-1500 nm) did not exhibit any significant changes with the T,
temperature. The optical band gap estimation, Eg, of the ZnO thin
films deposited at various T, temperatures using Tauc’'s plot is
shown in Fig. 9. The optical band gap energy, Eg, values in the high
absorption region were estimated using the relations given below
[75,76]:

ahv = B(hv — E)" (15)

ohv = By/hv — E; (16)

where « is the absorption coefficient, hv is the photon energy, Eg is
the optical band gap, and B is an energy-independent constant with
values between 1 x 10° and 1 x 10 cm~! eV, which depends on
electron-hole mobility [76,77]. Values of 1/2, 2, 3/2, and 3 are used
for n for allowed direct, allowed indirect, forbidden direct, and
forbidden indirect transitions, respectively. For n =1/2, the transi-
tion data provides the best linear curve in the band edge region,
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Fig. 8. Absorption coefficient, o, of ZnO thin films prepared at various T,
temperatures as a function of wavelength.
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Fig. 9. Estimation of the optical band gap energy, Eg, of ZnO thin films using Tauc’s
plot as a function of T, temperatures.

implying that the transition is direct in nature. The absorption
coefficient, o, must be assumed to satisfy the equation for a band
gap direct material, as shown in Eq. (15), to calculate the band
gap energy of the films. The E; of the ZnO films is obtained by
extrapolating the linear part of the curves (ochv)? as a function of
the incident photon energy hv to intercept the energy x-axis. The
optical band gap is found to be T, dependent. The band gap was also
found to increase with increases in T, temperature. From the Tauc’s
plot, the calculated E; values ranged between 3.215 and 3.275 eV
for all of the films, which is consistent with the published values
for the ZnO electronic transition band gap data [78]. The optical
band gap energy revealed a blue shift with increasing T, tempera-
tures. The amount of shift is demonstrated to be dependent on
the T, temperature and may be attributed to the T, of intrinsic
and extrinsic defects. This phenomenon indicates an increment of
electron concentrations leading to electron filling at low levels in
the conduction band, as explained by the Burstein-Moss effect
[79]. The band gap difference between the thin films and the crystal
occur because of the existence of grain boundaries and imperfec-
tions in polycrystalline thin films. Atomic structures at the grain
boundary are different from those within the grain, which leads
to larger free carrier concentrations and to the existence of potential
barriers at the boundaries. An electric field is therefore formed. This
leads to an increase in the band gap [78,80]. The E; is consistent
with the trend in the previously calculated stress. The variations
of these parameters are shown in Fig. 3. The strain and stress
change the interatomic spacing of semiconductors. This affects the
energy gap [81]. The E, increases as compressive strain/tensile
stress along the c-axis increases but decreases as tensile strain/com-
pressive stress increases [47,82]. This explains the increase in E; and
the compressive stress decrease when the T, temperature increases
up to 500 °C. On the contrary, when the temperature is greater than
500 °C, the Eg increases because of the increase in tensile stress.
Moreover, band gap increase could also be attributed to the evapo-
ration of impurity ions (OH-ions), which lowers the band gap [83].
The compressed lattice is expected to provide a narrower band gap
because of the reduced repulsion between the zinc 4s and oxygen
2p bands [47]. This explains why E, increases and the compressive
stress decreases when T, temperatures increase.

The Urbach energy, corresponding with the tail width of the
localised states within the optical band gap, is linked to the absorp-
tion coefficient at the lower fundamental edge energy region. The
Urbach energy can be determined from the absorption coefficient
and depends on structural defects [84]. An estimation of Urbach
energy can be used to indicate the presence of various types of
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defects in ZnO films. These defects originate during the film growth
process, causing lattice disorders and generating stress within the
film. The absorption coefficient near the fundamental absorption
edge has an exponential dependence on the incident photon
energy and obeys the empirical Urbach relation. The equation
below represents the exponential shape of the absorption edge in
the spectral range of direct optical transitions [85]:

o= awxp(?) (17)

where o, is the pre-exponential factor, and E, is known as the
Urbach energy, which is the width of the localised state. Taking
the natural logarithm of Eq. (17) yields Eq. (18):

Ino=1Ino,+ (g) (18)

Therefore, a plot of In(«) against photon energy, hv, should be
linear with the Urbach energy as its slope. The Urbach plots of
the films are shown in Fig. 10. Urbach energy was calculated from
the reciprocal gradient of the linear portion of these curves. The
value was included in Fig. 11. It is observed that the Urbach energy
reveals a similar pattern of decline with the tensile strain values
but that they change inversely with the optical band gap, E, energy
up to 500 °C. As the T, temperature rises to 500 °C, the atoms gain
energy to adjust their positions in the crystal lattice and growth
occurs at a lower surface energy, which improves the crystallinity
of the films. This result is consistent with the previous XRD analy-
sis. It is also noted that the Urbach energy increases when the T,
temperature is greater than 500 °C. This might be because of the
irregular atomic arrangement at higher T, temperatures during
the deposition process, whereby the atoms receive higher energies.
This can interrupt the crystal orientation and cause lattice distor-
tion in the films. During the formation of the films, some defects
are formed. These defects produce localised states within the films.
However, these defects, such as lattice strain and contamination,
could be reduced by T, processes. The Urbach energy initially
decreases until the T, temperature rises to 500 °C. This decrease
is caused by the formation of a minimum internal stress within
the films that contributes to better atomic arrangement within
the crystal structure along the c-axis plane. The Urbach energy
increases gradually with T, temperature beyond 500 °C, indicating
the formation of defects. This is supported by the stress and
strain increment in the ZnO films, which contribute to
disturbances in the lattice orientation along the (002) plane [86].
This explains the breakdown of ZnO crystalline structure at high
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Fig. 10. Plot of In(o) versus photon energy for ZnO thin films prepared at various T,
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Fig. 11. Urbach energy, E,, of ZnO thin films as a function of T, temperatures.

T, temperatures in the previous XRD spectra. The porosity of the
ZnO thin films was estimated using the Lorentz-Lorentz equation

below [87,88]:
, [(nf —1)/(n} +2)]
Porosity =1 - |——~——>——= 19
{[(n& 1)/ +2)] (19)

where nyis the refractive index of the porous ZnO films, and n; is the
refractive index of the ZnO skeleton, the value of which is widely
accepted as 2 [89]. The index of refraction, ny at different wave-
lengths was calculated using the envelope curve for transmittance
maxima and transmittance minima in the transmission spectra
[90]. The expression for refractive index is given by the following
expressions:

ny = [N+ (W —sz)”]”2 (20)
N:%7<(52;1)) 1)

T is the envelope function of the transmittance maxima and
transmittance minima, and s is the refractive index of the sub-
strate, which is typically 1.52 for the completely transparent glass
substrate used in this research [91]. The T,, value is obtained by
taking the average of the transmittance data from the transparent
region or the region in which the o value is close to 0. This
region is between the wavelengths of 400 and 800 nm [92]. The
calculated values of porosities for all films are summarised in
Table 3. From the table, it is observed that the porosity values
have a tendency to decrease when the T, temperature is in excess
of 500 °C. This decrease might be a result of the formation of
non-uniform micropores and nanopores within the ZnO crystallite
structure. This is common for ZnO prepared by the sol-gel
method [92].

3.2.2. Photoluminescence

Fig. 12 shows the room temperature PL spectra of the ZnO films
annealed at various T, temperatures within the wavelength range
of 350-700 nm and at an excitation wavelength of 325 nm. It is
well known that the luminescence property of ZnO thin films is
closely related to the film crystallinity. Normally, the crystallinity
is improved when the defect density within the film decreases.
The PL spectra in all samples exhibit two main emission peaks.
The first is a result of UV emissions, which are near a band edge
centred at 380 nm because of free-exciton recombination [93,94].
Second is the deep-level emission, which is beneath the visible
region. As the T, temperature increases to 500 °C, the peak
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positions are basically unchanged, but the UV emissions peak
intensity increases with the T, temperature. This result may be
attributed to increases in grain size and crystallinity [80]. The
strongest UV emissions peak is observed at the highest c-axis ori-
ented ZnO film, which is annealed at 500 °C. However, as the T,
temperature increases to 550 °C and 600 °C, the UV emissions peak
decreases because of the reduction in crystallinity. It can be sug-
gested that controlling the T, temperature can enhance the crystal-
linity of ZnO thin films. This has been confirmed by results from
XRD. Green-yellow radiation at the 520-620 nm region was
observed for deep-level emissions in the ZnO thin films. It was
attributed to structural defects, such as oxygen vacancies (V)
and interstitial oxygen (O; ) [95-97]. Additionally, the green-yel-
low luminescence of ZnO thin films is related to the amount of
non-stoichiometric intrinsic defects [98-100]. It originates from
the zinc vacancy (V,,) and anti-site defects (O,,) in ZnO films
[101]. It is also noted that the biaxial strain and stress in ZnO films
only affect the UV emission and do not change the deep level emis-
sion intensity.

3.3. Electrical properties

3.3.1. Dark current-voltage (I-V) measurement

The I-V characteristics of ZnO thin films deposited at various T,
temperatures are represented in Fig. 13. The sample was attached
to a sample holder and placed inside of a dark box. Based on the [-V
results, all films show ohmic behaviour that obeys Ohm’s law: The
current through a conductor between two points is directly
proportional to the potential difference, or voltage, across the
two points. Current will flow and increase in accordance with the
magnitude of the voltage applied to the circuit [102,103].

As the applied voltage was increased from —10 to 10V, the
results indicated an increment in current density as the T, temper-
ature rose to 500 °C. This result may have occurred because ZnO is
an n-type semiconductor. It is well known that the electrical con-
ductivity of ZnO thin films is generated by defects, such as zinc
excess at interstitial positions and by oxygen vacancies. When
the T, temperature is increased to 500 °C, there are interstitial zinc
ions in the ZnO crystal structure that decrease the resistivity of the
films. However, higher T, temperatures beyond 500°C will
increase the oxygenation of the interstitial zinc atoms; therefore,
reducing the number of interstitial zinc ions will contribute
to increasing the resistivity of the films. The roles of the T, temper-
ature on the sheet resistivity and on the ZnO film conductivity
were further investigated. The resistivity and conductivity were
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Fig. 12. Photoluminescence spectra of the ZnO thin films as a function of T,
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Fig. 13. Dark I-V characteristic curves of the ZnO thin films prepared at various T,
temperatures. The inset shows the variation in resistivity as a function of T,
temperatures.

calculated from the slopes of the linear I-V plot using the following
formulas:

o= ()
a:% (23)

where V is the supplied voltage, I is the measured current, w is the
electrode width, t is the film thickness, [ is the length between the
electrodes and ¢ is the film conductivity. The inset in Fig. 13 shows
the variation in resistivity in the dark with respect to the T, temper-
ature. The variation was measured at room temperature. The results
show that the electrical resistivity of the thin films decreases when
the T, temperature increases to 500 °C. This result suggests an
increase in electron concentrations and electron mobility at higher
T, temperature, which decreases the resistivity of the ZnO thin
films. The crystallinity will also affect the resistivity of the film.
The crystallinity improvement and orientation of the thin films
may decrease the effect of grain boundaries and therefore decrease
resistivity. During the T, process, the energy supplied assists in the
diffusion of atoms absorbed on the substrate and accelerates the
migration of atoms to favourable energy positions [104]. Higher
T, temperature will induce higher energy supply for atoms during
the rearrangement process. However, the atomic arrangement will
become disordered if the supplied energy is too high, possibly
interrupting the crystal orientation of the thin films. Additionally,
the precursors are more completely decomposed and oxidised
at higher T, temperatures and therefore form better ZnO film
stoichiometry. The defects that can produce donor Ilevels is
decreased, thereby affecting the decrease of carrier concentration
[105]. This phenomenon will contribute to the reduction in
conductivity in thin films.

3.3.2. Bias current-voltage (I-V) measurement

For the photoconductivity measurement, a 100 mW/cm? white
bias Xenon lamp was used as a photoexcitation light source. A bias
voltage from —10 to 10V was supplied using a Keithley 2400
source measurement unit, and the resistivity was then measured.
The ZnO photoresponse consists of two parts [106]. The first part
involved the rapid process of photogeneration and the recombina-
tion of electron hole pairs. The second part consisted of a slow pro-
cess attributed to the oxygen adsorption and desorption on the
film surface and the grain boundaries. Generally, ZnO thin films
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Fig. 15. Dark and photo-illuminated -V characteristics for ZnO thin films at a T,
temperature of 500 °C.

show n-type conduction because of oxygen deficiencies and inter-
stitial zinc ions. These act as donors in the ZnO lattice. It is well
known that the adsorption and desorption of oxygen on the surface
and on the grain boundaries is crucial to the decrease and increase
in conductivity for ZnO polycrystalline thin films [107]. In the dark,
oxygen in air was adsorbed onto a ZnO surface by capturing free
electrons from the film, leaving a depletion region near the surface
and the grain boundaries. The mechanism of oxygen adsorption is
explained with the reaction below [108,109]:

Table 4
Electrical properties of ZnO thin films deposited at various T, temperatures.

0,(g) +e~ — O;(ad) (24)

where O, is an oxygen molecule, e~ is a free electron, and O, is an
adsorbed oxygen ion on the ZnO surface. The negative oxygen ions
adhere to the surface and the crystallite interfaces of the film, form-
ing a chemically adsorbed surface state. The negative oxygen ions
were not free carriers and could not contribute to the film conduc-
tivity. The oxygen adsorption also introduced a potential barrier,
which was unfavourable for the carrier mobility. This resulted in
lower ZnO conductivity. When under bias light illumination, elec-
tron and hole pairs were produced according to following equation:

hv —e +h* (25)

where hv is the photon energy, and e~ and h* are a photogenerated
electron and hole, respectively. Photogenerated holes were cap-
tured by the negatively charged oxygen ions to produce oxygen
molecules. These molecules desorbed from the ZnO surface and left
excess conduction band electrons. The reaction of the oxygen
desorption process is described using the equation below:

h* + 05 (ad) — O, (26)

The neutralisation prevented holes from recombining with elec-
trons and increased the life of photogenerated electrons, causing
an accumulation of conduction electrons. Therefore, the carrier
density increases. The oxygen photodesorption also lowered the
barrier height of the grain-boundaries and increased the carrier
mobility. Because of the supplied bias voltage, the free carriers
moved towards the electrodes to produce a photocurrent. Conse-
quently, conductivity increased. Fig. 14 represents the [-V mea-
surement under white bias light, which revealed an identical
pattern to that found under dark I-V. The highest increment of cur-
rent was achieved at a 500 °C T, temperature. The inset in Fig. 14
shows the variation in resistivity under bias light illumination with
respect to the T, temperature. The results show an identical pat-
tern to that found in dark conditions, namely that a film displayed
the best resistivity when annealed at 500 °C. It is also clearly
observed that there is a decrement of electrical resistivity in films
annealed beyond 500 °C. The lowest resistivity under bias light
illumination is 0.11 x 102 Q cm. Ohmic behaviour in the I-V curves
was observed in the ZnO thin films in the dark and under illumina-
tion. It is noted that the current in a given film during voltage
application is higher when illuminated than when under dark con-
ditions. This is an indication of the production of electron-hole
pairs. The measured dark and photo-illuminated I-V characteristics
for ZnO thin film annealed at 500 °C are taken as an example and
are shown in Fig. 15. Under 10V bias, the measured dark current
was 16.2 pA. Under white light illumination, photogenerated cur-
rent was 9.6 pA at a bias of 10 V. The details for other films are
summarised in Table 4, in which the average photogenerated cur-
rent is approximately 9.1 pA. The effects of the light on the films
show that the obtained ZnO thin films can be used as photovoltaic
materials.

Thermal annealing Dark current Photo current

temperature, Tq (°C) (HA) (nA) current (HA)

Photo-generated

Resistivity, p (1 x 10 Q cm) Conductivity, o (1 x 1072Scm™1)

Dark Bias Dark Bias
As deposited 14 9.9 8.5 2.00 0.29 0.49 3.38
300 4.2 14.0 9.8 0.69 0.21 1.44 4.76
350 5.8 15.1 9.3 0.51 0.19 1.96 5.15
400 9.4 183 8.9 0.31 0.16 3.18 6.24
450 11.7 213 9.6 0.25 0.13 3.99 7.26
500 16.2 258 9.6 0.18 0.11 5.49 8.79
550 10.8 19.3 8.5 0.27 0.15 3.68 6.56
600 7.8 17.7 9.9 0.37 0.17 2.65 6.03
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4. Conclusions

ZnO nanoparticles with preferred c-axis (002) orientation were
synthesised using a sonicated sol-gel dip-coating technique. Based
on this research, the T, temperature is identified to be one of the
tremendous factors that control the crystalline quality, crystal lat-
tice orientation, strain, stress, morphology, crystallite and grain
size, defects and therefore the physical as well as optical properties
of ZnO thin films. As the T, temperature is increased within the
range of 300-500 °C, it favours the formation of highly (002) ori-
entated wurtzite phase ZnO films. The ZnO thin film annealed at
500 °C was the highest (002) oriented along the c-axis plane. The
film surface was homogeneous when formed, with dense micro-
structures that included nano-sized particles. Moreover, increasing
the T, temperature minimised the internal stress/strain and defects
within the film. This enhanced electron transport and contributed
to a reduction in the resistivity because of the shorter carrier path-
way. The as-deposited film, which was initially highly stressed
(0.49 GPa), relaxed as T, was implemented at higher temperatures.
Nearly stress- and strain-free ZnO thin films were obtained when
annealing at 500 °C before beginning to rise again at higher T, tem-
peratures. The decrement in the thickness of the film is observed
because of the formation of denser crystal structures at higher T,
temperatures. Additionally, the direct band gap variation, Eg, corre-
lated with the stress and strain of ZnO thin films. It is also noted
that the film resistivity decreased with T,, whereas the carrier con-
centration increased with T, temperature. This is shown by the PL
emission. These results exhibit the interesting properties of ZnO
films that result from T, temperature control. Therefore, good
crystalline and strain/stress-free films indicate that ZnO nanoparti-
cles have excellent properties and show promise for use in the
fabrication of efficient nano-optoelectronic devices in the near
future because of their cooperative behaviour.
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