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To study their structural, electrical, and optical properties, samples of Zinc oxide (ZnO)
thin films were deposited from zinc acetate dehydrate (ZAD) sol of different sol
concentrations prepared by using sol-gel technology and spin coating process. After
deposition, the deposited thin layers were cured at different sintering temperatures. The
impact of changes in sol molarity and sintering temperature on the microstructure
properties of the ZnO films was studied by X-ray diffractometry (XRD). The
microstructure results of grain orientation, crystallite size, lattice strain, and residual stress
were measured for different sol concentrations and different sintering temperatures. From
the optical measurements along wavelengths from 200 to 2200 nm, all ZnO thin films
exhibited a very high transmittance (~90%) in the infrared and visible light range. At
wavelengths of ultraviolet range (A <400 nm) the value of transmittance decreased sharply
owing to the high value of optical gap energy of ZnO thin layers. The estimated value of
optical gap energy augmented from 3.24 eV to 3.55 eV when the solution molarity raised
from 0.2 to 0.8 M, respectively. For ZnO thin films of 0.4 M concentration, the band-gap
energy increased with an excess in the sintering temperature. The electrical resistivity of
the ZnO film decreased with an augment in sol concentration from 0.2 to 0.4 M and its
value increased by increasing the sol concentration. The lowest electrical resistivity was
22.0 Q.cm, which was achieved after sintering 0.4 M ZnO film at 550°C for 1 h followed
by annealing at 500°C in forming gas for 30 min. The variation of microstructural
parameters was correlated strongly with the electrical and optical properties of the ZnO
thin films. The relationship between the structural, optical and electrical parameters is
discussed.
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1. Introduction

Much attention has been driven by scientific research of ZnO thin films that is taken into
consideration as a favorable substitute transparent conductive oxide. The high value of both optical
band gap energy (= 3 eV) and exciton energy (~ 60 meV) [1.2] at room temperature is the most
important property encourages researchers for studying ZnO thin films to be used as transparent
conductive oxide (TCO) layers in several electro-optical applications. In addition to that, ZnO is a
suitable candidate for such applications because of its nonexpensive manufacturing, non-toxicity,
and highly durable against hydrogen plasma compared to ITO. Therefore, ZnO is a future
attractive TCO in several optoelectronic appliances, such as laser diodes, blue/ultraviolet light-
emitting diodes, UV photodetectors, and transparent thin-films transistor [3,4]. Acoustic wave and
piezoelectric devices [5,6] are other promising areas of application for ZnO. Nanostructured ZnO
films can be used as transparent electrodes and window layer for solar cells [7], biosensors [8], and
gas sensors [9,10]. Nonetheless, many difficulties accompanying the replacing of ZnO based TCO
films for ITO remain occur.
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Many researchers have used different physical and chemical techniques to fabricate ZnO
thin films. The preparation methods include thermal evaporation [11], sputtering [12], pulsed laser
deposition [7], chemical vapor deposition [13], spray pyrolysis [14], metal-oxide chemical vapor
deposition [15], molecular beam epitaxy [16], and the sol-gel process [17]. Despite the wide use
of the physical deposition methods, the sol-gel technique has several advantages over the other
techniques because of its simplicity, high compositional control, excellent molecular-level
homogeneity, and inferior crystallization temperature.

ZnO thin films can be deposited in wurtzite (hcp), rock salt (fcc), cesium chloride (sc), or
zinc blend (fcc) structure phases [18]. At ambient conditions, ZnO can be crystallized in polygonal
structure with a wurtzite hexagonal lattice and several different preferred orientations depending
on fabrication factors, such as the deposition technique, sol concentration, and heat treatment. The
C-axis orientation of high-intensity (002) peak indicates the high atomic density with a free
internal stress and minimum value of free surface energy. The quality of the ZnO transparent
conductive layer can be controlled by its crystallinity and grain orientation, surface homogeneity,
optical transmission, and electrical conductivity. The pre- and post- deposition heat treatment has
significant outcome on the structural and physical characteristics of the thin coatings. The physical
properties of numerous metal-oxide films, such as TiO, [19], In,O3 [20], and SnO, [21] films, are
influenced by heat treatment. Many researchers [22] have described the impact of annealing
conditions on the crystallite size, surface smoothness and roughness, photoluminescence, and
thermo-luminescence of ZnO films. However, the crystalline phase structure, lattice dimensions
and grain orientation of pure and doped ZnO films were found to be directly dependent on the heat
treatment [23]. Moreover, for different kinds of thin films derived by sol-gel technique, several
parameters affect the features and properties of the films, such as the molar concentration of
precursor, preparation techniques (spin and dip coating), aging time, doping concentration,
withdrawal speed, drying condition, number of layers, sintering temperature, and annealing
conditions. The effect of most parameters has been studied and the parameters have been found to
influence the quality of the ZnO thin films directly or indirectly [24-27]. The effect of heat
treatment and process parameters requires an increased understanding to obtain ZnO thin films
with a high quality by applying the sol-gel method. Despite the progress made, several important
issues require additional understanding and resolution. Even though many studies exist on the
preparation and description of sol-gel ZnO thin films, the correlation between their structural,
electrical, and optical properties has not been scrutinized thoroughly. Therefore, our work helps to
provide information on the correlation between the microstructure and physical properties of ZnO
thin films. We fabricated ZnO coatings by sol-gel technology through spin coating process and
aimed to establish the relationship between the structural, electrical, and optical properties of the
ZnO thin films. The effect of sol concentration, sintering in air, and annealing in forming gas FG
(N2/H2:92/08) on the microstructural properties, surface morphology, optical transparency, and
electrical conductivity was studied.

2. Experimental

Borosilicate glass sheets with a high transparency over a wide range of wavelengths were
used as substrates for ZnO thin films. The glass substrates were cut into 3 cm x 3 cm pieces. The
substrates were cleaned by washing using distilled water, rinsed in ethanol, ultrasonicated for 30
min in ethanol, rinsed in distilled water, and dried using a nitrogen gas gun.

An appropriate amount of zinc-acetate dehydrate (ZAD, Sigma-Aldrich Company), was
dissolved in ethanol at room temperature with magnetic stirring. By using a hot-plate with
magnetic stirring and a temperature controller, the temperature of the ZAD solution was increased
to 80°C with continuous stirring until a clear and homogeneous solution was obtained. An amount
of di-ethanolamine was added to the solution dropwise in a 1:1 molar ratio to Zn. Solution stirring
was continued at 80°C for 120 min. The solution was cooled to room temperature and aged for 24
h. Several precursors were prepared with different sol molarities (0.2, 0.4, 0.6, 0.8, and 1 M). We
used the spin-coating technique (Specialty Coating Systems G3P-8 Spin Coater) under N, gas flow
for deposition. All ZnO sols were filtered by using a 0.45-um filter and then spun on glass
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substrates at 1000 rpm for 10 s, followed by 3000 rpm spinning for 20 s. The deposited layer was
dried at 200°C in air for 10 min. Spinning and drying steps were repeated several times to obtain
an appropriate film thickness (~120 nm). After depositing the last layer, the final film was
thermally treated at different sintering temperatures (400, 450, 500, 550, and 600°C) for 1 h in air.
ZnO thin films were annealed in FG at 500°C for 30 min. The ZnO film structure was examined
by using a Shimadzu (XRD-6000) X-ray diffractometer with CuKa. radiation (I = 1.5418 A). The
X-ray tube current and voltage were 30 mA and 40 kV, respectively. The experimental peak
positions were compared with the standard JCPDS files and the Miller indices were indexed to the
peaks. The surface morphology of the films was studied by atomic force microscopy (AFM Veeco
CP-11) in contact mode with Si tips at a scan rate of 1 Hz. A double-beam spectrophotometer
(Shimadzu 3150 UV-VIS-NIR) with 0.1 nm resolution was used to measure the transmittance
spectra T(L) at a normal incidence with a wavelength from 200 to 2500 nm.

3. Results and discussion

3.1. Structural properties

Under the identical conditions, all ZnO thin-film samples were prepared by using the same
procedures starting from spinning from ZAD sols of various concentrations (0.2, 0.4, 0.6, 0.8, and
1.0 M), and drying every layer at 200°C in air for ten minutes. Once the last layer, the deposited
films were sintered at totally different temperatures (400, 450, 500, 550, and 600°C) for one h in
air. The ZnO thin-film thickness that was measured by employing a mechanical stylus
profilometer was ~120 nm. The structural properties of the sol-gel-derived ZnO thin films were
studied by XRD. The XRD patterns of the ZnO thin films as operate of the sol concentration and
heat treatment are shown in  Figureone. XRD  spectra showthat each one films
were crystalline with a random orientation. The random orientation, however, contradicts the c-
axis-oriented  sol-gel  ZnO  filmsaccordingby  Ohyama et al. [28]. This
contradiction presumably results from the distinction within the precursor chemistry and heat-
treatment temperature [34]. The most visual phenomenon peaks (100), (002), and (101)
correspond to the polygonal shape of hexagonal wurtzite structure of ZnO and matched the space
group P63mc (186) well, in line with JCPDS Card No. 89-7102. ZnO films of 0.2, 0.4, and 0.6 M
demonstrated a decent crystallinity, whereas the intensity of the three main diffraction peaks
was virtually equal and affirms the irregular direction and random orientation, as shown in
Figure one (a, b, and c respectively). .
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Fig. 1. XRD patterns of ZnO films of different concentrations, a) 0.2 M, b) 0.4 M, ¢) 0.6 M sintered
at 450°C and 0.4 M ZnO film sintered at d) 500°C and e) 550°C.

The upper concentrations of ZnO films (0.8 and 1.0 M, not shown here) represent a
deficient and poor crystallinity. For the 0.2 and 0.6 M ZnO films, the intensity of the (0 0 2) peak
abatements with an increase in Zn concentration, whereas the (1 00), (101), (10 2),and (1 10)
peaks increase gradually. The increase in those peaks intensity indicates an increase in the grain-
boundary density for the thin films [29]. The highest degree of orientation along the c-axis (0 0 2),
perpendicular to the substrate plane, was observed for the 0.4 M ZnO film

The change in the preferred film orientation was determined quantitatively by calculating
the texture coefficient parameter TC). TCqiy in different directions can be estimated by using
the following relationship:

Ly

Tc(hkl) = % (1)
N
where Iy is the measured intensity of the (hkl) reflection, Iony represents the standard intensity
of the (hkl) reflection from the standard powder pattern diffraction data JCPDS, and N is the
number of reflections. As recorded in Table 1, the biggest TC o) (~2.83) was accomplished from
the 0.4 M ZnO film, which confirms the best c-axis growth of the (002) preferred orientation. The
degree of c-axis orientation for ZnO thin films is strongly dependent on the initial zinc
concentration in solution [30, 31]. The average grain size (3) along each orientation can be
calculated by using the values of the full width at half maximum (FWHM) and the diffraction

angle (0) of each peak from Scherer's formula:

§=0.9 % /FWHM Cos (6) )

The lattice strain in the ZnO thin films along the c-pivot upright to the substrate surface
can be calculated from:

Co

x 100 3)

Co
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where c denotes the lattice parameter of the hexagonal cell of the deposited ZnO thin films and c,
to the unstrained lattice parameter for bulk ZnO (c, = 5.2066 A). The residual stress (o) in the thin
film can be determined from:

o = (-2328 C;—f") (4)

The microstructural parameters (crystallite size, lattice strain, and residual stress) and the
cross section lattice parameters of the unit cell (a and ¢) along the (002) overwhelming orientation
for various molar proportions are recorded in Table 1.

Table 1. Microstructural parameters (crystallite size, lattice strain, and residual stress) and lattice
parameters of unit cell (a and c) along (002) predominant orientation for AZO films of different
concentrations.

Sol concentration | TCgp) a(A) c(A) 5 (m) | &(%) o (GPa)
(M)

0.2 1.93 3.23 5.201 15.2 -0.11 0.25
0.4 2.83 3.21 5.203 224 -0.069 0.16
0.6 2.32 3.24 5.226 19.1 0.37 -0.87
0.8 2.01 3.25 5.228 134 0.41 -.96
1.0 0.98 3.24 5.230 12.2 0.45 -1.05

The determined grain sizes went somewhere in the range of 12.2 and 22.4 nm. The grain
size expanded from 15.2 nm to 22.4 nm when the convergence of the sol expanded from 0.2 to 0.4
M and afterward diminished again to 12.2 nm for 1.0 M. The comparable conduct of crystallite
size variety with sol molarity was seen by Benramache et al [32]. They found that the normal grain
size expanded to 64 nm when the sol fixation expanded from 0.05 to 0.1 M and subsequently
lessened to 36 nm at 0.125 M. They ascribed the enormous crystallite size to the improvement in
crystallinity of the ZnO thin films. Zhang [33] found that an expansion in (002) top powers and
their grain size demonstrates an improvement in the film crystallinity and an upgrade in the c-pivot
direction of the films.

The lattice strain declined in the beginning and afterward increased with an expansion in
sol concentration, which shows the presence of a high film tension for sol molarity above 0.4 M.
ZnO films of 0.4 M have the biggest crystallite size and the lowest lattice strain as introduced in
Figure 2. The negative or positive sign designates a compressive or tensile stress, respectively.
Routinely, extrinsic and intrinsic stresses are present together in high-thickness (> 300 nm) thin
films. Notwithstanding an increase in sol concentricity bringing about an excess in film thickness,
all our deposited film thicknesses (~120 nm) were underneath 300 nm. In this way, an extrinsic
stress will not be available and the total estimated stress appears to be a prevailing intrinsic stress.
All ZnO films, aside from the 0.2 and 0.4 M films, display a compressive stress with a high strain.
The calculated values of stress was found to be decreased firstly from 0.25 GPa for 0.2 M to 0.16
GPa for 0.4 M and then increased again with increasing the sol molarity of ZnO films. When the
sol molarity exceeds 0.4 M, the value of compressive stress increased again. Snowballing the
value of stress may be attributed to weakness of crystallinity that leads to forming the lattice
defects and occurring the lattice distortions in the crystal structure [34]. Such behavior was
supported by the XRD results that are shown in Figure 1. For the 0.4 M ZnO film, the minimum
value of tensile stress (0.16 GPa) follows up on the film and prolongs the lattice constant ¢ (5.203
A). Nagayasamy et al. [35] reported that the grain size increased and strain decreased by
increasing the sol concentration to 0.5 M and then these trends reversed. The variation of (0 0 2)
peak power, increases in the beginning and then declines, recording the highest value for 0.4M
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ZnO film which proposes that the higher direction of the c-axis plane outcomes from the
development of the extra dangled and nearly stress-free film at 0.4 M concentration.
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Fig. 2. Variation of grain size and lattice strain with sol molarity of ZnO thin films.

Post-heat treatment may be a regular and active way to change inherent deformities and
develop crystallinity. To establish the effect of sintering temperature (400-600°C) on the film
structure, Figure 1 (d, e) shows XRD examples of the 0.4 M ZnO slim films that were sintered at
various temperatures (for example at 500 and 550°C). Compared with the XRD data of the 0.4 M
ZnO film that was sintered at 450°C (Figure 1 (b)), the diffraction top power increments with an
rise in the temperature of sintering process, which suggests that sintering at a high temperature
(500-600°C) improves the crystallization process that resulting in high quality ZnO films. The
power of the (002) diffraction peak increases with an increase in the sintering temperature,
whereas the other diffraction peaks remain weak, which indicates that at a high temperature, the
crystallinity improves with a favored alignment along the c-axis vertical to the glass substrate. As
a rule, ZnO commonly develops along the c-axis owing to the smallest value of surface energy of
the (001) basal plane and its minimum internal stress [36, 37]. ZnO thin films with C-axis
preferred orientation have been acquired by utilizing other synthesis procedures, such as rf
sputtering [38], chemical deposition [39], and laser ablation [40]. All structural parameters,
including the crystallite size, lattice strain, and residual stress and the unit cell parameters (a and c)
for the 0.4 M ZnO film that was sintered at diverse temperatures are summarized in Table 2.

Table 2. Structural parameters (crystallite size, lattice strain, and residual stress) and the lattice
parameters of the unit cell (a and c) along a (002) predominant orientation for ZnO films sintered
at various temperatures.

Sintering TCo a(A) |c(A) & (nm) € (%) o(GPa)
temp. (°C)

400 1.48 3.21 5.2141 15.6 0.14 -0.33
450 1.68 3.22 5.2112 19.5 0.085 -0.197
500 2.11 3.24 5.2021 23.2 -0.078 0.18
550 151 3.23 5.2040 28.5 -0.05 0.12
600 1.25 3.25 5.2125 24.2 0.11 -0.26
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The calculated crystallite size increased from 15.6 to 28.9 nm by increasing the sintering
temperature from 400 to 600°C. The stress changed from compressive (for samples sintered at
400, 450 and 600°C) and tensile (for samples sintered at 500 and 550°C). The compressive stress
varied between —0.33 to —0.42 GPa by increasing the sintering temperature from 400 to 600°C.
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Fig. 3. Variation of grain size and lattice strain as a function of sintering temperature.

The tensile stress was 0.18 GPa for film sintered at 500°C and reached a minimum (0.12
GPa) for films sintered at 550°C, which is nearly free of stress. Figure 3 shows the variation of
particle size and lattice strain as a function of sintering temperature. As the sintering temperature
increases, the crystallite size increases, whereas the lattice strain decreases. Jian-Ping et al.
reported that the lattice strain of ZnO thin films decreased with an increase in annealing
temperature up to 700°C and then increased. They attributed this behavior to various types of film
defects [41]. A similar behavior for ZnO thin-film strain was observed by Lu et al. [42].

The surface morphology of ZnO films of different sol concentrations was investigated by
AFM as shown in Figure 4 (a, b and c¢). The solution concentration was increased and an abrupt
change in the surface morphology of the films was visible from the micrographs. The surface
consisted of irregular and disordered granular particles with a highly porous structure as seen from
the image of the 0.2 M ZnO films (Figure 4(a)). This disorder explains the weak crystalline
orientation along the (002) direction shown in the XRD spectrum. ZnO thin films at 0.4 M have a
more compact, uniform, and dense film with a smooth surface coverage of planar grains with
irregular shapes on a predominantly porous structure (Figure 4(b)). However, films that were
deposited at a higher concentration of 0.8 M had a compact surface but a high roughness and
larger peak to valley (Figure 4(c)).
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Fig. 4. AFM images of ZnO films of different concentrations, a) 0.2 M, b) 0.4 M, c) 0.6 M sintered
at 450°C.
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Fig. 5. AFM images of 0.4 M ZnO films sintered at a) 500, b) 550, and c) 600°C.
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Figure 5 (a, b and c) represent the surface morphology of 0.4 M ZnO films that were
sintered in air for 1 h at different temperatures (450, 550, and 600°C), respectively. The ZnO film
that was sintered at 450°C exhibited a smooth surface that had a small grain size, as shown in
Figure 5 (a). An increase in sintering temperature to 550°C increased the grain size of the film,
whereas a temperature up to 600°C resulted in a larger grain size and high roughness, as shown by
Figure 5 (b and c), respectively.

3.2. Optical properties

The optical transmission spectra of ZnO thin films were measured from 200 to 2200 nm.
The transmittance spectra of ZnO films of different sol concentrations (0.2, 0.4, 0.6, 0.8, and 1.0
M), sintered at 450°C for 1 h in air followed by annealing at 500°C for 30 min in FG ambient are
recorded in Figure 6. All ZnO films of different concentrations exhibit a high transparency (near
90%) in the infrared and visible-light range, whereas in the ultraviolet region, the transmittance
decreased sharply because of the forbidden energy gap of the ZnO films [43]. Such behavior
indicates the stoichiometric and homogeneous structure of the studied samples [44].
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Fig. 6. Transmittance spectra of ZnO films of different sol concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 M),
sintered at 450 < for 1 h in air followed by further annealing at 500 < for 30 min in FG ambient.

The optical absorption edge was analyzed from:
ahv=Ahv-Ey"' (5)

where hv is the photon energy, Eg is the optical band gap, and A is a constant. The exponent (1) is
used to determine the type of electronic transition. By plotting Ln (a) versus hv (not shown here)
the slope was found to be r = %, which indicates a direct band-gap transition. By substituting r =
1/2 and squaring the above equation:

(ahv)? = A(hv-Eg) (6)
By plotting (a h v)? versus hv, Eg could be determined from the slope and the intercept

of the straight line. In Figure 7, (ahv)® vs hv was plotted for ZnO films of different sol
concentrations.
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Fig. 7. (ahv)® vs hv for ZnO films of different sol concentrations.

The variation in sol concentration changes the optical Eg. The obtained Eg increased from
3.24 eV to 3.55 eV when the solution molarity increased from 0.2 to 0.8 M, respectively. Eg
decreased to 3.50 eV for the 1.0 M ZnO film. Efafi et al. [45] found that an increase in sol
concentration of the AZO films lead to a decrease in the optical transmission in the visible region
and a red shift in the transmission spectrum by reducing the energy band gap to 3.28 eV.
Benramache et al. [32] found that an increase in the precursor molarity from 0.05 to 0.1 M
increased the Eg from 3.08 to 3.37 eV.

The effect of sintering temperature on the optical transmittance and Eg values of ZnO thin
films was studied. The transmittance spectra of ZnO films sintered at different temperatures were
measured and are presented in Figure 8. The high value of transmission (~90%) was observed in
the infrared and visible wavelength range for all samples. However, ZnO films sintered at 550 and
600°C exhibit a low value of transmission (~80%). In the ultra-violate region, the transmittance of
all ZnO films decreases sharply because of the band-gap absorption.
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Fig. 8. Transmittance spectra of ZnO films sintered at different sintering temperatures.

The absorption edge of ZnO films sintered at 550 and 600°C shifted to a longer
wavelength. The linear relationship between (ahv)? and the photon energy hv, as shown in Figure
9, was used to estimate Eg.
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Fig. 9. (ahv)® vs photon energy hv for 0.4 M ZnO films sintered at different temperatures.

Eg was 3.17 eV for ZnO film sintered at 400°C and increased with sintering temperature
to 3.50 eV for film sintered at 600°C. The difference in atomic structure between the inside grain
and at the grain boundaries caused an excess of free carrier density and potential barrier at the
boundaries, which formed an electric field that increased the band gap [46, 47]. Eg could be
related to the film stress. According to Pankove, the Eg value is dependent on the interatomic
spacing of semiconductors, which is caused by changes in the film stress [48]. Ghosh and Srikant
reported that the Eg increases with an increase in compressive strain/ tensile stress along the c-axis
but decreases with an increase in tensile strain/compressive stress [49]. The increase in Eg could
be attributed to the evaporation of impurity ions (OH-ions), which reduces Eg [50]. The increase
in Eg may occur because of the band bending effect (Urbach energy) within the ZnO films. Such a
variation of Eg with heat treatment was observed for Al-doped ZnO films by Malek et al. [51].
They discussed their results based on the intrinsic and extrinsic defects of the film and the
Burstein—Moss effect.

3.3. Electrical properties

The electrical sheet resistance (R;) of ZnO thin films that were deposited from a ZAD sol
of different concentrations (0.2—-1.0 M) and sintered at 450°C in air for 1 h was measured by using
the four-probe technique. By using the values of R and the film thicknesses (d), the electrical
resistivity (p) was calculated. The electrical resistivity of the ZnO film decreases with an increase
in the sol concentration from 0.2 to 0.4 M and then increased with an increase in sol concentration,
as shown in Figure 10. The lowest electrical resistivity, 12.5 x 10° Q.cm was obtained with 0.4 M
ZnO films. To establish the effect of heat treatment, 0.4 M ZnO thin films were prepared and
sintered at different sintering temperatures (400-600°C). As expected, the electrical resistivity of
the ZnO films decreased with an increase in sintering temperature. The electrical resistivity
decreased to 250 Q.cm when the sintering temperature increased to 550°C in air. The electrical
resistivity of ZnO films decreased after annealing at 500°C in FG for 30 min, by one to two orders
of magnitude. Figure 11 shows the variation in electrical resistivity with sintering temperature
before and after annealing in FG.
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Fig. 10. Dependence of electrical resistivity of ZnO film on the sol concentration.
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Fig. 11. Dependence of electrical resistivity of 0.4 M ZnO film on the sintering temperature.

The lowest electrical resistivity was 22.0 Q.cm after sintering of the 0.4 M ZnO film at
550°C for 1 h followed by annealing at 500°C in FG for 30 min. The decrease in electrical
resistivity by annealing in FG could be attributed to the reaction of H atoms of FG with O atoms of
the ZnO film that leaves O vacancies and free electrons, which increases the electrical
conductivity. However, the resistivity of all annealed ZnO films remains higher than the published
values for ZnO films prepared by other techniques. In literature, the electrical resistivity for the
ZnO thin films ranged from 0.1 to 100 Q.cm and such low values were related to an increase in
(002) orientation degree of its hexagonal wurtzite crystal structure [52]. Nevarez et al. found that
the lowest electrical resistivity of 7.1 Q.cm for a ZnO film was prepared with isopropanol after
annealing at 400°C and they attributed this result to the high humber of oxygen vacancies [53].

3.4. Correlation between microstructure, optical and electrical properties

Figure 12 shows the influence of sol concentration on the microstructural (grain size),
optical (Eg), and electrical (resistivity) parameters. By varying the sol concentration, the grain size
increases to 0.4 M and then decreases with an increase in sol molarity. The opposite behavior was
observed for the electrical resistivity, which decreased initially and then increased beyond 0.4 M.
The largest grain size (22.4 nm) that was associated with the lowest electrical resistivity (1200 €.
Cm) was achieved at a 0.4 M sol concentration. The Eg increased to 3.55 eV with an increase in
the sol molarity to 0.8 M and suddenly decreased to 3.5 eV at 1.0 M. For 0.4 M ZnO thin films,
the sintering temperatures affected the structural, optical, and electrical parameters as shown in
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Figure 13. The sample sintered at 550°C had the largest grain size of ~28 nm and was associated
with the lowest electrical resistivity. An inverse relationship existed between grain size and
electrical resistivity. An increase in particle size may decrease grain-boundary scattering and thus,
the electrical resistivity decreased.
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Fig. 12. Variation of grain size, band-gap energy (Eg), and electrical resistivity with sol concentration.
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Fig. 13. Variation of grain size, band-gap energy (Eg), and electrical resistivity of 0.4 M ZnO films with
sintering temperature.

5. Conclusions

Transparent conductive ZnO thin films were deposited on glass substrates by using sol—gel
spin coating. The effect of sol concentration and sintering temperature on the structural, optical,
and electrical properties was investigated. The relationship between the crystallite size, stress and
strain, optical gap energy, and electrical resistivity through the variation of precursor molarity and
heat treatment was discussed. From our results, we conclude the following:

(1) XRD patterns showed a polycrystallinity of hexagonal wurtzite phase with
random orientation for all ZnO thin films. The film obtained with 0.4 M ZnO had a higher (002)
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diffraction peak intensity indicating the nanocrystallinity of the films with a desired direction to
the c-axis upright to the surface of substrate.

(2 The grain size increased with molarity up to 0.4 M and beyond that point, it
decreased. For the 0.4 M film, the crystallite size enlarged with an increase in sintering
temperature. Its value grows from 1506 to 28.9 nm by raising the curing temperature from 400 to
600°C.

3 The value of Eg expanded from 3.24 to 3.55 eV with growth in precursor molarity
from 0.2 to 0.8 M. An increase in curing temperature from 400 to 600°C amplified the Eg from
3.17t0 3.5 eV for the 0.4 M ZnO films.

4) The lowest electrical resistivity was of 22.0 Q.cm, which was achieved after
sintering the 0.4 M ZnO film at 550°C for 1 h supervened by annealing at 500°C in FG for 30 min.

(5) Based on the variation of sol concentration and sintering temperature the
structural, electrical, and optical properties were correlated. It was established that the grain size of
the ZnO films is affected mainly by the lattice stress and strain, whereas it has a strong effect on
the Eg and the electrical resistivity.
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