
Journal of Sol-Gel Science and Technology (2020) 96:529–538
https://doi.org/10.1007/s10971-020-05269-0

ORIGINAL PAPER: SOL-GEL AND HYBRID MATERIALS FOR OPTICAL,
PHOTONIC AND OPTOELECTRONIC APPLICATIONS

Study on microstructural and electro-optical properties of sol–gel
derived pure and Al/Cu-doped ZnO thin films

Fatemeh Dabir1 ● Hamid Esfahani2 ● Fatemeh Bakhtiargonbadi2 ● Zahra Khodadadi2

Received: 29 November 2019 / Accepted: 24 February 2020 / Published online: 7 March 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
In this study, pure and doped ZnO thin films were prepared by sol–gel-based method and their electro-optical properties
were investigated. For doping process, 1 at. % Al and Cu was incorporated in ZnO solution separately, and the thin films
were prepared by dip coating method. The microstructure and morphology of calcined ZnO, Al-doped ZnO, and Cu-doped
ZnO thin films were evaluated and compared by using various techniques X-ray diffraction (XRD), energy dispersive
spectroscopy (EDS), and field emission scanning electron microscopy (FESEM). Results showed that nanostructured ZnO
thin films with cross-linked nanoparticles (NPs) were formed, and the size of ZnO NPs increased with the Al and Cu doping.
It was also found that the substitution and interstitial of Al and Cu dopants caused the instability of ZnO crystal structure and
generation of extra point defects. Photoluminescence (PL) properties indicated that the dopants incorporation causes the
decline of the PL intensity and the shift of the localized energy states of electrons and holes to lower energy levels.
Evaluation of thin films in the UV–Vis range demonstrated that the transparency increased (>94%), and the band gap
decreased to 3.08 and 3.06 eV with the incorporation of Al and Cu into ZnO thin films, respectively. The electrical
conductivity also improved by Al and Cu doping of ZnO TFs.
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Highlights
● Nanostructured sol-gel doped ZnO thin films show the promising electro-optical properties.
● Al and Cu dopant could change the parameters of ZnO lattice network.
● Optical band gap reduced by generation of point defects those act as luminescence quenchers.

1 Introduction

The progress of technology has caused the development of
the transparent conducting oxides (TCOs) thin films owing
to their wide electro-optical applications in sensors, solar
cells, transistors, electrophotochemical electrodes, and
electrophotocatalysts [1–3]. Zinc oxide (ZnO) has drawn
much attention in research and industry fields due to its
nontoxicity, simple and low cost production, transparency,
and thermal stability [4]. In addition, ZnO presents a wide
and direct band gap of about 3.37 eV and large exciton
binding energy of 60 meV, those make it a suitable sub-
stitute for currently industrial TCOs such as pure SnO2, F-
doped SnO2 (FTO), and Sn-doped In2O3 (ITO) [5, 6].

The cation doping on ZnO lattice has become a primary
concern in research because dopants can effectively modify
the electro-optical, magnetic, and chemical properties of
ZnO-based thin films [7]. By engineering the band gap and
electron affinity of ZnO through doping, the new defect
chemistry is formed in ZnO lattice, which may enhance the
functionality of electro-optical devices [7]. The cations
like Al3+, Cu2+, Cu+, Ga3+, In+, Ag+, Mg2+, Mn2+, Ni2+,
Co2+, Eu3+, and Tb3+ are widely doped into ZnO lattices to
improve the electro-optical properties [7, 8].

Not only the morphology of the ZnO thin films is
changed by doping, but also the different valences between
dopants and Zn2+ give rise to the achievement of n or p type
semiconductor [4, 9]. Among the mentioned cations above,
Al3+ and Cu2+ are widely used as dopants to achieve the n
and p type ZnO semiconductor, respectively, because their
substitution is occurred with low energy, high ionization
rate, and also higher electron–hole recombination [10]. On
the one hand, the high carrier concentration in Al-doped
ZnO (AZO), and on the other hand, the intraband transition
between Cu3d and Zn4s in the conduction band of Cu-doped
ZnO (CZO) provide the AZO and CZO thin films as the
high conductive and thermally stable TCOs for a wide range
of applications; surface acoustic wave devices, light emit-
ting diodes, gas sensors, lasers, space application, and
degradation of pollutants [11–13].

Noteworthy, ZnO thin films can be prepared by various
techniques, such as chemical vapor deposition, magnetron
sputtering, molecular beam epitaxy, spray pyrolysis, elec-
trospinning, and sol–gel process [14–19]. Among them,
sol–gel process is a simple and low cost deposition method
in which the chemical composition, stoichiometry, and
homogeneity of morphology of ZnO thin films are

controllable [1]. The advances in preparation of ZnO thin
films by sol–gel technique led to the attempt for more ways
of control over morphology, crystallization, and surface
area of nanostructured ZnO thin films [6, 20]. The func-
tionality of the ZnO thin films can be modified with regard
to the application. Makableh et al. [21] prepared 110 nm
thick ZnO films by sol–gel method and they found that the
spectral response, power conversion efficiency, and quan-
tum efficiency for antireflection application can be
improved by incorporation of GaAs dopants. Sharma et al.
[9] could provide Y-doped ZnO thin films by sol–gel pro-
cess with more donor electrons interesting for heterojunc-
tion diodes. In the other work, a clear ferromagnetic
behavior in Fe-doped ZnO was reported by Ariyakkani
et al. [22].

Based on the literature review, the determination of
electro-optical properties of pure and doped ZnO thin films
are very important, from both viewpoints of preparation
method and microstructure. Although, there are several
reports on the electro-optical properties of sol–gel derived
ZnO films [23], the rare reports have ascribed how Al and
Cu can modify the crystal structure of ZnO and subse-
quently influence its electro-optical properties. In this study,
the AZO and CZO thin films were fabricated through
sol–gel process and the microstructure and crystallography
of pure and doped ZnO thin films were systematically
investigated. Both the electrical and optical properties, band
gap, defect chemistry, and photoluminescence (PL) were
also studied in respect of the UV–Vis and PL spectra.

2 Materials and methods

2.1 Preparation of thin films

To prepare the pure ZnO and doped ZnO thin films, the
following procedure was applied. First, zinc acetate dihy-
drate (Zn(CH3COO)2·2H2O) (Merck 108802) as Zn pre-
cursor was dissolved in a mixture of isopropanol (C3H8O)
(Merck 1009952) as solvent and monoethanolamine (Merck
100845) as stabilizer with a concentration of 0.1M. To
prepare solutions containing Al and Cu, aluminum nitrate
nonahydrate (Al(NO3)3·9H2O) (Merck 101063) as the Al
source and copper nitrate trihydrate (Cu(NO3)2·3H2O)
(Merck 102753) as the Cu source were also added to the
ZnO pre-solution separately with respect to the 1 at. %
dopant (see Table 1). In order to achieve homogenous sol,
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the prepared solutions were stirred at 60 °C for 2 h. After
aging for 24 h at room temperature, the pre-solutions were
ready to coat on glass substrates. Prior to the coating, the
glass samples (2.5 × 2.5 × 0.1 cm3) were cleaned sequen-
tially with DI water, acetone, and ethanol within an ultra-
sonic bath. Figure 1 presents the fellow diagram for
preparing the pure and undoped ZnO thin films. The
cleaned substrates were dipped into the prepared solutions
and withdrawn by a controlled speed of 1 cm·min−1. The
drying process was carried out into an oven at 80 °C for
10 min. The dipping process for all samples was repeated
three times. Finally, the obtained films were heat-treated at
400 °C for 1 h. The samples known as ZnO, AZO, and CZO
thin films were provided for further investigations.

2.2 Characterization

The structural properties of samples were evaluated by X-
ray diffraction (XRD) technique (diffractometer Philips
xpert-MPD) using Kα Cu 1.5406 Å radiation. The field
emission scanning electron microscopy (FESEM) (T-Scan)
equipped with an energy dispersive spectrometer (EDS) was
used in order to identify the morphology and composition
of thin films. The ImageJ software (1.38× NIH USA) was
assigned to analyze the particle size. The electro-optical
properties of pure and doped ZnO thin films were studied
by the PL (Perkin-Elmer system with λ= 325 nm and at
room temperature). Also UV–Vis spectrophotometer

(Photonix-Ar) was used to investigate the transparency and
optical band gap of thin films. The sheet resistance of thin
films was identified by four-point probe method. To ensure
the reproducibility, all measurements were repeated for
three times and the average value was reported.

3 Results and discussion

3.1 Microstructure and composition of thin films

The dip coating process is the beneficial method to fabricate
nanostructured thin films from the sol–gel sources. Figure 2
shows the FESEM images of dip-coated ZnO, AZO, and
CZO layers calcined at 400 °C. According to this figure, in
all samples, spherical nanoparticles (NPs) have been evenly
distributed on substrates. It is worth to mention that not only
ZnO NPs could be linked in cross point, but also AZO and
CZO NPs could obtain the similar arrangement. It was
found that the average size of particles forming the ZnO,
AZO, and CZO thin films was 6, 22, and 24 nm, respec-
tively. The similar findings were also observed by Yoon
et al. [20]. The doping of the Al and Cu elements resulted in
an increase in the particle size of the ZnO thin films. It is
because that the Al and Cu probably unstabilized the ZnO
crystal network and in subsequent it accelerated the grain
growth during calcination at 400 °C [24]. In spite of purity
of the ZnO thin films, the sol–gel dip coating procedure
caused to form nanostructured thin films in which the
electro-optical properties would be enhanced [25].

To understand the presence of Al and Cu in the structure
of thin films, EDS spectra were provided. Figure 3 displays
the EDS spectra of ZnO, AZO, and CZO thin films. In all
spectra, the peaks of Si, Mg, and Ca are related to the glass
substrates. The existence of Zn and O peaks in all spectra
can be an evidence on the formation of ZnO phase on
substrates. Also, the peaks of Al and Cu are observed in the
EDS spectra of AZO and CZO thin films, which can be

Fig. 1 Block diagram shows the preparation of pure and incorporated ZnO TFs by sol–gel method

Table 1 The precursor concentration in pure ZnO and incorporated
sol–gel

Sol–gel code Dopant
(1 at. %)

Zn(CH3COO)2·
2H2O (M)

Al(NO3)3·
9H2O (M)

Cu(NO3)2·
3H2O (M)

ZnO – 0.1 0 0

AZO Al 0.099 0.001 0

CZO Cu 0.099 0 0.001
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representing the doping of ZnO with Al and Cu,
respectively.

As mentioned above, the incorporation of Al and Cu into
the ZnO lattice may cause the unstable formation of ZnO
crystal network. Hence, the crystallography of pure and
doped ZnO thin films were investigated by XRD technique.
Figure 4a shows the XRD patterns of ZnO, AZO, and CZO
samples. According to the appeared peaks in all patterns,
the main formed phase on ZnO, AZO, and CZO is ZnO
with hexagonal wurtzite crystal structure (JCPDS; 00-036-
1451). It cannot be observed any other peaks in the XRD
patterns of ZnO doped with Al (AZO) or Cu (CZO),
representing the crystallization of almost pure ZnO without
formation of secondary phases such as aluminum and
copper oxides. Also, this observation shows that Al3+ in the
AZO film and Cu2+ in the CZO film had not segregation at
the grain boundaries of ZnO phase as Al2O3 or CuO/Cu2O.
Instead, these dopants may be incorporated into the ZnO
lattice.

To further investige the effect of aluminum and copper
doping on ZnO microstructure, the XRD patterns of ZnO,
AZO, and CZO were re-evaluated carefully in the 2θ range
of 30°–40°, which can be seen in Fig. 4b. According to this
figure, in the all samples, the sharpest peak is at around
36.3° related to (101) plane of ZnO. Therefore, it may be
concluded that the Al and Cu doping had no effect on the
preferential crystallization of ZnO phase. However, the
doping process has affected the peaks position of (100),
(002), and (101) planes, in which these planes diffracted in
the lower Bragg angle, meaning the formation of ZnO lat-
tice with longer interplanar distance. It can be also seen that
the intensity of (100), (002), and (101) peaks have
decreased with aluminum doping, while the intensity of
mentioned peaks have increased with copper doping. The
average crystallite size of the mentioned planes in ZnO,
AZO, and CZO estimated by Scherer equation (Eq. 1) [26]
as amounts given in Table 2.

D ¼ 0:9λ
β: cos θ

; ð1Þ

where β is the full width at half maximum of the respective
peaks. It is clear that the doping of ZnO with Al and Cu
decreases its crystallite size, and the crystallite size smaller
than 28.3 nm in all samples confirmed the formation of
nanostructured ZnO thin films through the sol–gel and post
dip coating process.

The lattice parameters of ZnO crystals with hexagonal
wurtzite structure (a and c) were estimated by Cohen’s
equations (Eqs. 2–4) based on the least squares method [27].

Σα sin2 θ ¼ CΣα2 þ BΣαγ þ AΣαδ: ð2Þ

Σγ sin2 θ ¼ CΣαγ þ BΣγ2 þ AΣγδ: ð3Þ

Σδ sin2 θ ¼ CΣαδþ BΣδγ þ AΣδ2: ð4Þ

By assuming α= (h2+ hk+ k2), γ= l2, and δ= 10sin22θ,
the constants A=D/10, B= λ2/4c2, and C= λ2/3a2 can be

Fig. 2 FESEM images of ZnO, AZO, and CZO thin films calcined at 400 °C

Fig. 3 EDS spectra of ZnO, AZO, and CZO thin films calcined at
400 °C
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calculated. The values of a, c, and c/a have been given in
Table 2. The unit cell parameters of a and c for ZnO sample
obtained 3.249 and 5.195Å, respectively, which agree with
the crystalline specifications given in standard JCPDS 00-
036-1451 (a= 3.2488Å, c= 5.2061 Å). According to the
results, both lattice parameters of a and c for the doped ZnO
samples (AZO and CZO) have increased compared with the
one of the undoped ZnO sample. Although, the difference in
ionic radii between Zn2+ (0.074 nm) and dopants of Al3+

(0.054 nm) and Cu2+ (0.072 nm) may reduce the ZnO lattice
parameters due to the substitution of dopants in Zn site
[28, 29], it has been demonstrated that the dopants can occupy
an interstitial space particularly in low amounts of dopants.
Hence, the lattice expansion as well as structure instability are
observed [30, 31]. The Kröger–Vink notation for incorpora-
tion of 1 at. % Al and Cu in ZnO structure can be presented
by the following equations:

0:01Al3þ 0:99Zn2þ
�������������! xV00

Zn þ xAl���i þ yAl0Zn xþ y ¼ 0:01ð Þ : ð5Þ

0:01Cu2þ 0:99Zn2þ
�������������! xV00

Zn þ xCu��i þ yCuZn xþ y ¼ 0:01ð Þ : ð6Þ

In accordance with these equations, by doping 1 at. % Al
and Cu into the ZnO structure, extrinsic point defects such
as Aluminum and copper interstitials (Ali and Cui), zinc
vacancies (VZn), as well as Aluminum and copper

substitution (AlZn and CuZn) are generated. It should be
stated that at higher doping level, dopants segregation may
happen at the host grain boundaries and affect the grain
growth [32]. The results indicated that the Al and Cu doping
of ZnO caused an increase in the preferential growth of c-
axis according to the obtained c/a value. The lowest surface
energy density of (002) plane is the main reason for the
preferential orientation along the c-axis [28] Moreover, a
decrease in the crystallite size of (002) plane suggesting the
better optical contribution and epitaxial growth [33].

3.2 PL properties of thin films

With doping process, several point defects form into the
ZnO host lattice [12, 30]. The defects have a remarkable
influence on the electro-optical properties of ZnO thin films.
In order to study the effect of Al and Cu dopants on the
defects chemistry into the ZnO lattice, the PL spectra for
ZnO, AZO, and CZO thin films were provided as shown in
Fig. 5 in the range of wavelength of 350–600 nm. The PL
phenomenon is influenced by various parameters of exci-
tation energy, size and shape of grains, and impurities [34].
As the grain size of ZnO thin films increased by incor-
poration of Al and Cu, the intensity of PL peak decreased
proportionally, which is due to the decrease in surface area
[35]. The emissions in ZnO PL spectrum have two regions,
one in the UV region corresponding with excitonic
recombination and near band edge (NBE) emissions, and
other in the visible region relevant to the structural defects
including oxygen vacancies (VO) and deep level emissions
such as zinc vacancies (VZn), oxygen interstitials (Oi), and
zinc interstitials (Zni) [36]. The point defects issued by Al
and Cu dopants substituting Zn sites (AlZn, CuZn) or arised
from Al and Cu interstitial sites (Ali, Cui) also attributed to
the visible region. Although the results showed that with the
incorporation of Al and Cu, the NBE sharp emission

Fig. 4 XRD patterns of ZnO, AZO, and CZO thin films calcined at 400 °C in the range of 10–80° (a), and higher magnification in the range of
2θ= 30–40° was carried out to demonstrate the (100), (002), and (101) planes shift with comparison the shift peak the role of Al and Cu dopants
on the microstructural ZnO thin film is recognized

Table 2 Lattice parameters of ZnO, AZO, and CZO thin films

Sample
code

Crystallite size (nm) Cell parameters

(100) (002) (101) a (Å) c (Å) c/a Unit cell
volume (Å3)

ZnO 28.0 24.1 28.3 3.249 5.195 1.599 47.501

AZO 24.0 21.1 21.2 3.276 5.250 1.603 48.785

CZO 18.6 16.9 21.2 3.264 5.234 1.604 48.287
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intensity at around 400 nm was reduced, and the more peaks
regard to the point defects were turned up in the visible
region. The reduction in the intensity of NBE sharp emis-
sion is because of the less recombination of free excitons
between valence and conduction bands in AZO and CZO
thin films [37]. The PL emissions of semiconductor mate-
rials occur because of the recombination of the charge
carriers stimulated by incident photons. The lower intensity
of PL emissions is in accordance with the lower rate of
exciton recombination and higher photocatalytic activity of
semiconductor photocatalysts [38, 39]. Therefore, it can be
elucidated that the incorporation of Al3+ and Cu2+ into the
ZnO lattice reduced the rate of electron–hole recombination
and might increase the photocatalytic activity. It should be
mentioned that the higher intensity of NBE emission peak
compared with the one of green emission peak in the PL
spectra of all samples is indicative of high crystallinity and
low structural defects of prepared ZnO thin films, which is
in good consistency with the XRD findings. Furthermore,
regarding the empirical discoveries, the relative intensity of
purple to green emissions can be also used as a criterion to
evaluate the content of structural defects into the ZnO lat-
tice; higher relative intensity means the lower structural
defects density into the ZnO lattice [40]. Hence it can be
deduced that the structural defects formed in the doped thin
films (AZO and CZO) have higher density comparing the
pure ZnO thin films.

In addition to the emission intensity, the wavelength in
which a defect emitted has significant role in defects
chemistry. For this matter, all PL spectra were deconvoluted
to understand the influence of Al and Cu incorruption on
optical properties of ZnO thin films. According to the
deconvoluted spectra of ZnO, AZO, and CZO thin films
presented in Fig. 6a, b, the number of curves fitted on the
PL spectrum increased. The results showed that the green

emission issued by a hole recombination with an ionized
oxygen vacancy shifted to lower energy levels in the AZO
and CZO thin films [41]. The schematic energy band dia-
grams illustrating the point defect layout in pure and doped
ZnO thin films were presented in Fig. 6d–f. It is worth to
mention that another green emission was found around
491–502 nm in the AZO and CZO spectra that cannot be
observed in the pure ZnO spectrum, it is because of the
electrons adjusted to the conduction band and holes trapped
at VO [42]. A violet emission located at around 425 nm that
is caused by transitions from the conduction band to VZn

was reduced to the lower energy level in the AZO and CZO
spectra, based on the role of aluminum interstitials (Ali) and
complex defect [CuZn–Zni] in the AZO and CZO thin films,
respectively [43]. In addition, Al3+ and Cu2+ incorporation
into the ZnO structure accelerated the electrons transition
from the Zni to the valence band [44]. It was also found that
transition between VZn acceptor and Zni donor in blue to
bluish-green region was facilitated at 2.67 and 2.66 eV by
presence of Al3+ and Cu2+ in the ZnO structure, respec-
tively [45, 46].

Since the emission at NBE is created by free exciton
recombination, its energy level can be considered as a cri-
terion to evaluate the optical band gap [47]. According to
our findings and with respect to the Burstein–Moss effect
[48], the band gap of doped ZnO thin films diminished to
3.09 and 3.08 eV for AZO and CZO thin films, respectively.
The efficiency of a semiconductor depends on its band gap
value, hence further investigation was performed on the
electro-optical properties of doped and pure ZnO thin films
in the range of UV irradiation.

3.3 Optical and electrical properties of thin films

The transparency of semiconductor thin films is one of the
most important properties for many applications [49]. The
absorbance spectrum of all doped and pure ZnO thin films
were provided in the UV to visible light range, and then the
transmittance percentage was plotted versus the wave-
length. Figure 7a shows the transmittance spectra for
undoped and doped ZnO thin films in 350–900 nm wave-
length range. According to these plots, the average trans-
mittance of ZnO, AZO, and CZO thin films was calculated
as values given in Table 3. The transparency of 92.8%
represents the high transparent ZnO thin films. The doping
process of ZnO structure with Al and Cu not only increased
its average transparency, but also its adsorption was drasti-
cally eliminated under 400 nm wavelength. It is worth to
mention that Verma et al. [7] found that the transparency of
sol–gel derived ZnO thin films decreased to 80% with doping
of 20 at. % Mg.

The band gap of ZnO, AZO, and CZO thin films was
estimated by using Tauc’s equation [50]. For this matter, the

Fig. 5 PL spectra of ZnO, AZO, and CZO thin films
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(αhν)2 versus (hν) curve was extrapolated to find the linear
portion intercept based on the following equation:

αhν ¼ A hν � Eg

� �n
; ð7Þ

where α is the coefficient of optical absorption and hν is
the energy of photon. A is a constant, and n is set as 0.5

for direct band gap semiconductors. The optical
absorption coefficient depends on the thickness of film
(d), and it can be calculated by using the following
equation:

α ¼ 2:303
logð1TÞ
d

: ð8Þ

Fig. 6 Deconvolution of PL spectrum for a ZnO, b AZO, and c CZO thin films, and schematic energy band diagram for d ZnO, e AZO, and f CZO
thin films
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As the results given in Table 3, the band gap of ZnO thin
films decreased 1.75% and 2.23% with incorporation of 1
at. % Al and Cu in the ZnO structure, respectively. The
reduction of rate of electron–hole recombination along with
the creation of more point defects caused the decrease in the
band gaps of doped ZnO thin films and those ultimately
improved the optical properties. Further investigations on
electrical properties of prepared thin films were performed by
means of sheet resistance measurement. The values given in
Table 3 present the reduction of electrical resistance of ZnO
thin films with the incorporation of Al and Cu dopants. The
high crystalline ZnO structures formed in AZO and CZO thin
films mean that there are no secondary phases to destruct the
electrical conductivity. In accordance to the results, the Al and
Cu dopants could almost decrease the electrical resistance of
ZnO thin films due to contributing more free electrons at top
surface [51]. In addition, the fewer defects also might be
formed at CZO top surface through sol–gel coating and post
calcination because defects trap the free charge carriers. The
comparison of our findings with others reveals that we could
obtain relatively high conductive sol–gel derived ZnO thin
films. Hun et al. [52] found sheet resistance of 19.3 kΩ·sq−1

for ZnO sol–gel thin films doped with 0.5 mol% Al. Even-
tually, it can be stated that the higher electrical conductivity
and optical transparency of AZO and CZO thin films repre-
sent that the Al and Cu elements can be assumed as good
candidates for electro-optical modification of ZnO thin films
prepared by sol–gel-based method.

4 Conclusion

The effect of Al and Cu dopants on the electro-optical
properties of ZnO thin films prepared by sol–gel-based
method was investigated. It was observed that the grains size
of nanostructured ZnO thin films (6 nm) increased up to 22
and 24 nm with incorporation of Al and Cu, respectively.
Also, the lattice structure of ZnO thin films was expanded
and the defects such as VZn, Ali, Cui, AlZn, and CuZn are
generated. Meanwhile, the high crystalline and pure hex-
agonal wurtzite was formed and the size of crystallites
decreased in both doping systems. The results clearly
depicted that the intensity of PL peaks of Al and CZO thin
films has decreased comparing the one of undoped ZnO thin
films and this decrease is more in the case of CZO film,
which was consistent with the results of grain size. More-
over, the extra point defects were also found in the PL
spectra of AZO and CZO thin films such as interstitial alu-
minum (Ali) in the AZO and complex defect [CuZ–Zni] in
the CZO thin films. The comparison between NBE bands
showed that the dopants could reduce the band gap drasti-
cally that it was also confirmed by UV–Vis measurements;
3.137, 3.082, and 3.067 eV in respect of ZnO, AZO, and
CZO thin films. The high transparency (>92%) was
observed for the pure and doped ZnO thin films in the visible
light range. The sheet resistance measurements indicated that
Al and Cu could improve the electrical conductivity of ZnO
thin films. Overall, it can be deduced that the sol–gel process
is a promising method to prepare transparent semiconductor
thin films, and particularly the incorporation of Al and Cu
dopants can improve the electro-optical properties of ZnO
thin films. Based on our findings, there is no significant
difference between the two Al and Cu dopants and both
enhance electro-optical properties of the ZnO thin films.
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Fig. 7 a UV transmittance
spectra, and b absorption spectra
(ahν)2 versus photon energy (hν)
of ZnO, AZO, and CZO thin
films, the higher magnification
of intercepts of the linear portion
is presented inset of this figure

Table 3 Transmittance percentage, band gap value, and sheet
resistance of ZnO, AZO, and CZO thin films

Sample code Transmittance (%) Band
gap (eV)

Sheet resistance
(kΩ·sq−1)

ZnO 92.8 3.137 8.363 ± 0.28

AZO 94.6 3.082 8.301 ± 0.43

CZO 94.7 3.067 8.239 ± 0.25
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