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The aim of the present investigation is to fabricate pure and aluminum (Al) + fluorine (F) simultane-
ously doped zinc oxide films using a cost-effective simplified spray pyrolysis technique with a perfume
atomizer for the first time. The results report the effects of [Al + F] doping on the structural, optical,
electrical, and surface morphological properties of ZnO thin films. The crystalline structure studies
reveal the hexagonal wurtzite structure of the ZnO thin films. X-ray diffraction patterns show that the
crystallite size decreases from 71.20 to 41.36 nm. Optical studies reveal an average transmittance of
90 at.% in the visible region. The blue shift is observed in the absorption edge, and the band gap value
significantly varies from E, = 3.25 eV to E, = 3.38 eV. Electrical studies indicate that the minimum
sheet resistance of 58.75 Q™! is achieved for 3 + 10 at.% of [Al + F] doping. The highest figure of
merit is estimated to be approximately 8.441 x 1072 Q~!. Scanning electron microscope results show
a spherical-shaped, pinhole morphology. These findings suggest that the described conditions are very
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suitable for optoelectronic applications.
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1. Introduction

In the past few decades, the dimensionality of ma-
terials (1D, 2D, and 3D) has played a vital role
in device fabrication. Among these, 2D materials
have gained prominence in the fabrication of vari-
ous technologies, including solar cells, sensors, tran-
sistors, computer devices, and LEDs. In particu-
lar, transparent conducting metal oxides (TCMOs)
such as CdO, TiOg, InyO3, Sn0O2, and ZnO have
been widely proposed as window layers in numer-
ous studies [1-5]. Among TCMOs, zinc oxide (ZnO)
stands out as a versatile material due to its wide
band gap (E, = 3.37 €V), high exciton binding en-
ergy (60 meV), natural abundance, and chemical
stability [6]. Moreover, ZnO is a cost-effective and
environmentally friendly material. Its wide band
gap makes it suitable for a variety of applications,
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including optoelectronic devices, photocatalysis,
and biological systems. However, the stoichiometric
nature of ZnO results in high electrical resistivity,
which limits its performance in some applications.
To address this, doping with various elements —
such as Al, In, Sn, N, and F — has been extensively
explored [7-11]. A promising solution to enhance
ZnO’s electrical conductivity involves introducing
cationic and anionic dopants into its crystal ma-
trix. Recent studies have shown that Al-doped ZnO
significantly improves electrical conductivity with-
out compromising optical transmittance, making it
a viable alternative to expensive indium tin oxide
(ITO) films. Additionally, fluorine doping not only
enhances electrical conductivity but also serves as a
cost-effective anion substitute for indium. Simulta-
neous doping with A13* and F~ is particularly inter-
esting because it leverages the dual doping effects:
cationic Al?T substitutes for Zn2?*, while anionic
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Fig. 1. SEM images of different [Al + F]-doped ZnO films: (a) 0+ 0 at.%, (b) 3+ 5 at.%, (c) 3 + 10 at.%, (d)
3415 at.%, (e) 3+ 20 at.%, (f) EDAX spectrum (3 + 20 at.%).

F~ replaces O~ in the ZnO crystal lattice. ZnO between spraying and a 5 s pause to maintain the

thin films have been deposited using various meth- desired substrate temperature throughout the de-
ods, including sputtering [12], chemical vapor depo- position process. During the spraying process, the
sition [13], chemical bath deposition [14], successive ~ aqueous solution of pure zinc acetate and [Al + F]-
ionic layer adsorption and reaction (SILAR) [15],  doped zinc acetate underwent pyrolytic decomposi-
sol-gel [16], and spray pyrolysis [17]. Among these,  tion upon contact with the hot substrates, leading
simplified spray pyrolysis stands out due to its sim- to the formation of thin films.

plicity, cost-effectiveness, ease of doping, and ability
to coat large areas efficiently.

In the present study, ZnO thin films simultane- 2.2. Structural, morphological and optical studies
ously doped with Al and F were fabricated using
a simplified spray pyrolysis technique for the first
time. The obtained thin films were systematically
characterized for their structural, optical, electrical,
and surface properties, and the results are reported
in detail.

In the characterization of aluminum and fluo-
rine ([Al+ F]) co-doped ZnO thin films, various
analytical techniques are employed to assess their
structural, optical, and electrical properties. These
techniques include X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), electrical

2. Materials and method measurements, optical transmission studies, pho-
toluminescence (PL) spectroscopy, and scanning

2.1. Preparation of pure ZnO and Zn,Al,F,O thin electron microscopy (SEM) with energy disper-
films sive X-ray spectroscopy (EDX). The instruments

used for these analyses are X-ray diffractome-

ter (PANalytical PW 340/60 X’Pert PRO),

Zinc oxide (ZnO) thin films were fabricated us-  FTIR spectrometer (Nicolet 1S20), four-point
ing an aqueous solution (40 ml in volume) of 0.1 M linear probe (SES Instruments DFP-RM-200),

zinc acetate, with and without aluminum (Al) + flu-  ultraviolet—visible-near-infrared (UV-Vis-NIR)
orine (F) doping. The films were deposited on glass double beam spectrophotometer (PerkinElmer
substrates with dimensions of 70 x 20 x 1.5 mm?, LAMBDA 35), photoluminescence spectrometer
which were thoroughly cleaned using organic sol- (FLS1000), scanning electron microscope with EDX
vents. The deposition process was carried out at (JEOL JSM-6701F). These instruments facilitate a
a substrate temperature of 325°C. The precur- comprehensive analysis of the thin films, providing
sor solution was sprayed intermittently onto pre- insights into their crystallographic structure,

heated substrates using a fragrance vaporizer. This chemical composition, surface morphology, and
intermittent spray procedure involved alternating functional properties.
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TABLE I

Structural parameters of AFZnO films: lattice constants, crystallite size (D), dislocation density (), strain (g),
volume of the unit cell (V), and specific surface area (5).

[Al + F] doping level Lattice parameter
in the precursor solution a ‘ c D § (x10%9) | e (x1073) | V (x1073%) | S (x10?)

[at. %] [mm] [nm] | [em™] [mm] [m?/g]
0+0 3.2555 5.2092 71.20 0.1972 1.58 47.810 14.823
3+5 3.2544 5.2047 63.09 0.2512 1.79 47.737 16.964
3410 3.2410 5.1856 54.17 0.3408 2.09 47.170 19.759
3415 3.2361 5.1787 52.64 0.3609 2.15 46.965 20.333
3420 3.2342 5.1727 41.36 0.5846 2.72 46.856 25.879

For instance, XRD analysis can confirm the crys-
talline structure of the ZnO thin films, ensuring
the incorporation of dopants without altering the
wurtzite structure. FTIR spectroscopy can iden-
tify functional groups and bonding structures, pro-
viding insights into the chemical composition and
confirming the presence of specific dopants. Elec-
trical measurements assess the conductivity of the
films, which is crucial for applications in electronic
devices. Optical transmission studies evaluate the
transparency of the films in the visible range, which
is advantageous for applications requiring transpar-
ent electrodes. PL spectroscopy provides informa-
tion on the electronic and defect states within the
films, which is essential for understanding their op-
tical properties and potential applications in opto-
electronic devices. SEM images reveal the surface
morphology and grain structure of the films, while
EDX analysis confirms the elemental composition,
verifying the successful incorporation of aluminum
and fluorine dopants.

These characterization techniques collectively
provide a comprehensive understanding of the
structural, optical, and electrical properties of
[Al + F]:ZnO thin films, facilitating their optimiza-
tion for various technological applications.

3. Results and discussion

3.1. Surface morphology and elemental analysis

The scanning electron microscope (SEM) images
of pristine and AIFZnO films deposited with vary-
ing [Al 4 F]/Zn ratios are presented in Fig. la-e.
These images reveal very smooth surfaces, free
of pinholes, with uniformly distributed and well-
defined spherical grains. As the [Al 4 F]/Zn ratio
increases, as observed in Fig. 1c—e, the surface be-
comes more compact, and the grain size decreases.
The SEM image of the ZnO film shows crystal-
lite sizes that are in good agreement with those
obtained from X-ray diffraction (XRD) results.
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The energy dispersive spectroscopy (EDS) spec-
trum (see Fig. 1f) confirms the presence of the
expected elements — Zn, Al, F, and O — in
the deposited film. The accompanying table pro-
vides the atomic and weight proportions of these
elements.

These morphological changes can significantly in-
fluence the optical and electrical properties of the
films, making them suitable for various applications
in optoelectronic devices.

3.2. Crystalline structure and crystallite size

Figure 2 shows the X-ray diffractogram (XRD)
of [Al + F] co-doped ZnO thin films synthesized us-
ing the simplified spray technique. Figure 2 shows
the peak (002), which indicates the preferential
crystallographic orientation of the films. It consis-
tently shows the highest intensity across all dop-
ing levels. However, an increase in fluorine doping
leads to a noticeable reduction in the peak intensity,
as reported by Ilican et al. [18]. The ZnO crystal’s
polycrystalline, hexagonal wurtzite structure is con-
firmed by the spectra and the peak position corre-
sponding to the data card of the Joint Committee
on Powder Diffraction Standards (JCPDS 36-1451).
From the XRD patterns, the other characteristic
peaks, such as Zn(OH)y, Zn, Al, Al;O3, and zinc
fluorine compounds, appeared even at the highest
simultaneous doping. It has been discovered that
the (002) plane’s crystallographic preference orien-
tation evolves on the substrate’s surface perpendic-
ular to the c-axis. Preferential orientation of this
kind is typically observed in ZnO films co-doped
with fluorine and aluminum. Subsequently, ZnO
films doped with [Al 4+ F] are referred to as AIFZnO
films. The presence and characteristics of the (101)
peak provide valuable insights into the films’ struc-
tural properties. The (101) peak, along with the
(002) peak, is indicative of the hexagonal wurtzite
structure of ZnO. The relative intensities and po-
sitions of these peaks can reveal information about
the crystallographic orientation, crystallite size, and
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the effects of doping on the crystal lattice. The
lattice parameters “a” and “c¢’ of the hexagonal
wurtzite structure have been calculated by us-
ing [19]

2 2
%:é(h +hk+k)+ (1)
d 3

From Table I, the lattice constant ¢ is found to
decrease from 5.2092 for ZnO film to 5.1727 for
AIFZnO film with 3420 at.% of [Al + F| doping.
The decrease in the ¢ value probably occurs due to
the substitutional incorporation of Al*3 ions into
Zn?* sites and also because the ionic radius of AI3*
(0.53 A) ions is observed to be substantially less
than that of Zn?* (0.72 A) ions. Furthermore, the
oxygen atom is replaced by a fluorine atom, and
the ionic radii of F~ (1.33 A) are nearly equal
to the ionic radius of 02~ (1.32 A) [20]. This de-
creases the ¢ value, which must be the consequence
of the change in the interplanar distance (d) values
as d = ¢/2 for the hexagonal wurtzite structure.
The crystallographic (002) peak shifts towards the
higher angle (6) with increasing [Al + F] concentra-
tion in AIFZnO films, resulting in a decrease in lat-
tice parameter in the direction of the ¢ axis. Salim
et al. [21] observed the same trend in the Al-alone
ZnO film. In [Al + F] co-doped ZnO thin films with
a hexagonal wurtzite structure, the volume of the
hexagonal unit cell (V) is estimated with the for-

mula
V3,

5 oC (2)
Accurate determination of these lattice parame-
ters is essential for understanding the effects of co-
doping on the crystal structure and properties of
ZnO thin films.
The crystalline size of the deposited films is cal-
culated using Debey—Scherrer’s formula [22]

K\
b= Bcos(0)’ 3)

where D is the crystallite size of the ZnO film [nm],
A is the wavelength of the X-ray used,  is the
full width at half maximum, and € is the angle
of diffraction. The following equation is used to
calculate the dislocation density of the deposited
films [23]
1
It is also important to mention the amount of
dislocations, such as lattice imperfections, present
in the thin films. The micro-stain of the films is
calculated using the formula given by [24]

e Beostd) C‘jls(‘)). (5)

The crystallite size for the pristine ZnO thin
film is calculated as 73 nm. In the [Al + F]-doped
zinc oxide films, the grain size reduces gradu-
ally (37 nm) with an increase in [Al + F] doping
level in the precursor solution. Hence, the doping
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Fig. 2. XRD patterns of [Al+ F]-doped ZnO
films.
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Fig. 3. Grain size, strain, and dislocation density
evolutions of ZnO and AIFZnO samples.

with [Al+4 F] ions simultaneously diminishes the
crystalline quality of the pristine ZnO crystal. Con-
sequently, the dislocation density of the film in-
creases, indicating a decrease in the degree of crys-
tallinity of the film. Furthermore, as seen in Fig. 3,
the predicted dislocation density increases as the
fluorine concentrations increase, most likely due
to fluorine occupying interstitial sites and grain
boundaries. It is observed that the lattice param-
eters (a and ¢) and unit cell volume decrease as the
amount of fluorine content increases. The specific
surface area (SSA) is a material characteristic that
is used to calculate the total surface area of the crys-
tals per unit of mass. The specific surface area helps
evaluating the optimized adsorption and reactions
of foreign atoms, such as catalysts, on the surface
of the deposited films. The SSA value is estimated
by the Sauter equation [25]
3
g 6 x 10 7 (6)
Dp

where p is the density of the bulk form of zinc ox-
ide crystal (5.606 g/cm?), and D is the crystal size.
The SSA of films was enhanced with the increase
in [Al + F] simultaneous doping level in the ZnO
matrix. The calculated structural parameter values
are given in Table I.
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3.3. Functional group analysis

Attenuated total reflectance (ATR) is a sampling
method that is used to obtain the structural and
compositional information from a sample. It is also
useful for monitoring the chemical reactions. ATR,
is one of the most commonly utilized sampling tech-
nologies in FTIR spectroscopy. It is a good approach
for analyzing thin film samples. ATR-FTIR spec-
tra of ZnO thin films are deposited with different
[Al 4+ F] dopants using zinc acetate, as illustrated
in Fig. 4. Generally, the bands at 411-427 cm™!
and 761 cm~! represent the stretching vibration of
the Zn—O bond in the hexagonal ZnO crystal. The
band is located at 887-894 cm~! with a Zn-O-H
(zinc hydroxyl group) vibration.

Figure 4 depicts the FTIR spectra of AIFZnO
thin film acquired in the 400-4000 cm ™! region us-
ing the KBr pellet method. Figure 4 shows that
a significant absorption peak at 423 cm™! cor-
responds to the stretching vibration of AIFZnO
(10%). Furthermore, we discovered that the signif-
icant absorption peaks at 661, 770, and 850 cm ™!
are due to the presence of carbonate moieties, which
are commonly detected when FTIR measurements
are performed in an air atmosphere for AIFZnO
(20%). Three significant absorption peaks were de-
tected in AIFZnO (30%) nanoparticles at 689, 762,
and 875 cm~!. The signal at 754 cm~! reveals the
presence of AIFZnO’s (30%) stretching vibration.

The characteristic absorption band for the Al-O
stretching mode is seen between 580-620 cm~!. In
the current study, there are no other peaks associ-
ated with the Al-O mode of vibration. However, for
AIFZnO (40%) nanoparticles, the absorption peaks
at 683, 754, and 871 ecm™! are very prominent.
Stretching bands in the 500-900 cm~! range are
related to vibrations of metal-oxygen, aluminum-—
oxygen, and metal-oxygen—aluminum [26-28].

The doped samples exhibit two peaks at about
500 and 900 cm~! for all nanomaterials, indicat-
ing metal aluminate production. Figure 4 illustrates
the FTIR spectra of ZnO thin film composites with
substantial attenuation of the peak, indicating that
each nanoparticle is coated with aluminum and fluo-
rine [29]. These large alterations are due to chemical
interactions between AIFZnO thin films. This leads
to better conjugation or chain length.

3.4. Photocatalytic studies

Nanomaterials are highly reactive due to their
enormous surface area. ZnO has the highest photo-
catalytic efficiency of any inorganic photocatalytic
material, and it responds strongly to UV light,
which dramatically activates its contact with bacte-
ria. ZnO thin films exhibit a phototoxic action that
generates reactive oxygen species, which are vital

59

Intensity [arb.units]

T T
1200 1600

Wave number [cm]

?
400 800 2000

Fig. 4. FTIR spectra of different [Al 4 F]-doped
ZnO films: line 1 — 040 at.%, line 2 — 3+ 5 at.%,
line 3 — 3 + 10 at.%, line 4 — (d) 3 + 15 at.%, line
5 — 3+ 20 at.%.

for biological applications. Adding selective dopants
to ZnO thin film improves photocatalytic activity
and Z-scheme mechanism, leading to an increase in
visible light and antimicrobial action. It has been
demonstrated that nanoparticles can be synthesized
using a variety of physical, chemical, and biological
processes [30].

Aluminum and fluorine were chosen as dopants
for ZnO semiconductors due to their availability,
low cost, and compatibility. According to several
publications, adding Al and F to the zinc oxide
crystal lattice improves conductivity by n-type dop-
ing. The crystallographic location of the aluminum
dopant in the ZnO lattice has been found to alter
the electronic characteristics of the doped oxide. Al
and F ions can occupy empty tetrahedral positions
and replace Zn?" ions in tetrahedral geometry, pro-
viding a free electron and improving conductivity.
Similarly, Al and F ions can occupy an interstitial
octahedral coordinated position. The presence of Al
and F ions in the octahedral location reduces con-
ductivity and further optimizes the electronic char-
acteristics of the ZnO host material, arranging the
Al and F dopants in a substitutional, tetrahedral lo-
cation. The use of post-transition metals as dopants
causes flaws that contribute to improved function-
ality. To study photocatalytic degradation under
UV-—visible light, the synthesized and characterized
Al- and F-doped ZnO thin films with increasing
amounts of (10-40%) aluminum and fluorine rela-
tive to ZnO are shown in Fig. 5. Although several
authors have reported on Al and F-doped ZnO thin
films, it is difficult to compare their photocatalytic
performances directly due to non-standardized vari-
ables such as reaction conditions, light source, and
reactor configuration [31].

Figure 5 displays the variation of the absorp-
tion spectra at different decolorization periods using
AIFZnO thin films, revealing that the peak of the
absorption spectra decreases as the decolorization
doping percentage grows from 10 to 40 at.%. As is
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Fig. 5. Photocatalytic analysis of AIFZnO
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of [Al + F|-doped ZnO films.

widely known, AIFZnO has remarkable photocat-
alytic activity in the removal of dye-contaminated
wastewater and harmful organic substances [32-33].
However, one of the fundamental disadvantages of
ZnO thin films is their rapid electron-hole pair re-
combination. In this scenario, the presence of Al and
F allows for the effective separation of the electron—
hole couple [34-35].

Combining zinc (Zn) with aluminum (Al) and flu-
orine (F) to form zinc oxide (ZnO) creates more
reactive sites on the surface, which helps in adsorb-
ing more molecules. As a result, adsorption centers
form, allowing dye molecules to be adsorbed more
effectively. The addition of aluminum and fluorine
can increase the rate of transit of photoinduced elec-
trons from the valence band of ZnO to the conduct-
ing band of ZnO, which aids in the separation of
electrons and holes, thereby improving the photo-
catalytic activity of ZnO under visible light [36-37].

Photoinduced electrons are adsorbed on the
structural defects of aluminum and fluorine, and
electrons from ZnO can be transferred to aluminum
and then fluorine, extending the length of electron—
hole pair recombination [38]. Hydroxyl ions and
H,0 molecules can combine with holes on the ZnO
surface to produce hydroxyl radicals (OH), which
have a high oxidation potential. Surface-bound
(OH) radicals can oxidize substrates [39]. Dissolved
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oxygen can combine with photoinduced electrons
to generate superoxide radical anions (O%~) on the
ZnO surface [40], which then react with HoO or Hy-
droxyl ions to form OH radicals that participate in
the photocatalytic activity [41]. Surface oxidation-
reduction processes, charge separation and migra-
tion, and photoexcitation are frequently included
in photocatalytic reactions [42].

3.5. Electrical study

The type of conductivity of the films is measured
using the hot probe technique. N-type conductiv-
ity is found to be exhibited by all the deposited
thin films. The sheet resistance (Rsp) of the pris-
tine and AFZnO films is shown in Fig. 6. From this
investigation, it is concluded that the sheet resis-
tance of the pristine film has a higher Ry value
of 1.189 K Q. It confirms that the pristine ZnO
lattice has a good stoichiometric nature. However,
[Al + F]-doped films (3 + 10 at.%) have a minimum
R, value of 58.75 K . This decreases the R
value, which can be confirmed by replacing Zn?*
atoms with AI®* atoms and substituting F~ in
O2site. As a result, [AI3* + F~] ions give more
electrons to the conduction band, which results in
an increase in the electron density of the conduction
band. Furthermore, the doping level is increased to
3+ 20 at.% and the R, value increases as follows:
(i) decreasing the trend of oxygen vacancy, (ii) de-
creasing the level of Zn interstitial position. This
can be attributed to the production of crystal dis-
orders in the lattice. However, this disorder mecha-
nism increases the phonon scattering, which in turn
increases the R, value. To the best of the author’s
knowledge, this represents the lowest sheet resis-
tance value reached for sprayed AIFZnO films.

3.6. Optical study

Figure 7 shows the optical transmittance spectra
of [Al + F]-doped ZnO films. The spectra have been
recorded between 300 and 1100 nm. The absorption
coefficient « is estimated from Lambert’s law using
the transmittance spectra

o= %m (;) , (7)

where « is the absorption coefficient of the ma-
terial, ¢ is the thickness of the film, and T is the
transmittance of the film. The deposited films have
an average optical transmittance in the visible re-
gion of about 90%. The high visible transmittance of
the films is due to the intrinsic direct wide band gap
property of the ZnO crystal. While increasing the
[Al + F] doping level (Al = 3 at.% and F = 5, 10,
15, and 20 at.%), the absorption edge shifts towards
the lower wavelength (blue shift) of the region. This
is due to the number of [Al+ F| atoms that are
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Fig. 7. Optical transmittance spectra of [Al + F|-
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Fig. 8. Tauc’s plot of [Al 4+ F]-doped ZnO films.

strongly incorporated into the ZnO crystal lattice
and can be attributed to the slight loss in crys-
tallinity, lifting of the Fermi level in the conduction
band, and the Moss—Burstein effect [43]. The opti-
cal band gap is estimated using the given formula

ahv = A (hv — E,)'/?, (8)

where hv is the photon energy of the incident light,
A is the constant, and EF, is the energy gap of
the film. The band gap of the deposited films is
calculated using Tauc’s plot (Fig. 8). The extrap-
olation of the linear portion of the (ahv)? vs hv
plots shows the energy band gap of the pristine and
AIFZnO film. The band gap value increases from
3.25 to 3.38 €V and is consistent with the recent lit-
erature [44]. The films must have a low resistance
and a high optical transparency in order to be used
as transparent electrodes in solar cells. The figure of
merit (FOM) is one of the methods for analyzing the
above-mentioned applications. FOM, as defined by
Haacke [45], is one of the most essential indicators
for evaluating the efficacy of various processes. The
FOM values are calculated using the formula

FOM = T' /Ry, (9)
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where T is the average optical transmittance (at
550 nm) and R, is the sheet resistance of films
(see Fig. 6). The highest FOM value (8.44 x
1073 ©/0) is obtained in the film doped with 3 + 10
at. 1% [Al + F]. Comparing with the literature [46],
the result is found to be higher than others.

3.7. Photoluminescence study

The photoluminescence (PL) spectra of pris-
tine and [Al + F]-doped ZnO thin films are shown
in Fig. 9. There are two luminescence bands in the
PL spectra, namely sharp ultraviolet (UV) emission
(band gap excitation) from crystalline ZnQO, and re-
combination of free excitons around 375 nm. Gen-
erally, this visible emission is referred to as deep-
level emission, which is related to the oxygen va-
cancy, interstitial zinc (Zn;), or interstitial oxygen
(Oj). The bulk oxygen vacancies produce more re-
combination centers. In addition, the broad green
emission peak is visible at 554 nm. This emission
is ascribed to singly ionized oxygen vacancies (Vo).
The peak intensity further decreases for Al and F
co-doped samples. This can be attributed to dimin-
ishing the oxygen vacancies. Therefore, the doubly
doped sample enhances the charge separation rate,
resulting in a lower recombination rate of electron—
hole pairs, as expected.

4. Conclusions

This work aims to fabricate pristine and Al and
F co-doped ZnO thin films using a cost-effective
spray pyrolysis technique. Aluminum and fluorine
doping concentrations in the precursor solutions
are in the range of 0, 3+ 5, 3+ 10, 3+ 15, and
3+ 20 at.%. XRD spectra indicate that the films
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are polycrystalline, with the peak (002) showing
maximum intensity across all doping levels. Struc-
tural parameters, including crystallite size, unit cell
volume, dislocation density, and strain, were calcu-
lated. The films’ optical energy gap values range
from 3.25 to 3.38 eV. The lowest electrical sheet re-
sistance observed is 58.75 Q2 /0J, with a high figure of
merit at 8.441 x 1072 O~!. These findings suggest
that this simplified spray pyrolysis technique is a
low-cost and effective method for producing trans-
parent electrodes in optoelectronic applications.
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