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Fluorine-doped SnO: thin films for solar cells: Development and comparative
analysis of spray pyrolysis and spin coating techniques
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In this study, fluorine-doped tin oxide (FTO) thin films were synthesized using two low-cost solution-based techniques,
homemade spray pyrolysis and spin coating, conducted at a substrate temperature of 500 °C. Fluorine was introduced as an
n-type dopant in concentrations ranging from 10 to 40 wt% to enhance the electrical conductivity and optical transmittance of
the films. The structural, morphological, and optoelectronic properties of the films were characterized via XRD, SEM,
UV-Vis spectroscopy, and Hall effect analysis. The spray-deposited FTO films exhibited superior performance, with optimized
samples (at 30 wt% F) achieving a sheet resistance of 20 /g, optical transmittance of 80%, and a figure of merit (FOM) of
5.37x1072 Q7. In contrast, spin-coated films showed higher resistivity, lower mobility, and reduced FOM (e.g., 1.53x1073 Q!
at 840 nm thickness), attributed to inferior film densification and increased structural defects. The results demonstrate that spray
pyrolysis enables the formation of dense, well-crystallized FTO layers with enhanced carrier transport and
transparency, making it a more suitable deposition technique for optoelectronic and photovoltaic applications.
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1 Introduction

Transparent conducting oxide (TCO) thin films are
essential components in contemporary optoelectronic
and photovoltaic applications, owing to their rare com-
bination of high optical transparency and electrical
conductivity. These materials are widely employed in
solar cells, light-emitting diodes (LEDs), flat-panel
displays, touchscreens, smart windows and IoT appli-
cation for G communications systems [1-3] .where they
function as transparent electrodes that facilitate efficient
charge transport while allowing maximum light trans-
mission [4, 5]. Among these applications, solar energy
harvesting has gained significant attention as a sustain-
able and renewable energy solution. In photovoltaic
devices, TCOs serve as front contacts in solar cells,
ensuring minimal optical loss and effective charge
collection, which directly impacts the overall device
efficiency. Therefore, developing a stable, low-cost
TCO remains a key challenge that must be addressed
[6, 71.

Among various TCO materials, fluorine-doped tin
oxide (FTO) stands out as a promising candidate owing

to its excellent thermal stability, chemical resistance, and
low-cost fabrication compared to widely used alter-
natives like indium tin oxide (ITO) and aluminum-doped
zinc oxide (AZO) [8-10]. Unlike ITO, which suffers
from the scarcity and high cost of indium, FTO is
composed of abundant and inexpensive raw materials,
making it a more economically viable choice for large-
scale production [11]. Furthermore, FTO films exhibit
remarkable mechanical durability, which makes them
well-suited for high-temperature environments and
various photovoltaic applications, including thin-film,
perovskite, and dye-sensitized solar cells (DSSCs)
[12, 13].

The performance of FTO thin films is highly depen-
dent on the deposition technique, which influences their
structural, electrical, and optical properties. Several
fabrication methods have been explored, including
chemical vapor deposition (CVD) [14], pulsed laser
deposition (PLD) [15], sol-gel processing [16], and
magnetron sputtering [17]. However, spray pyrolysis has
attracted considerable interest as a cost-effective and
scalable deposition method capable of producing high-
quality FTO films with controlled doping levels.
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This technique involves atomizing a precursor solution
onto a heated substrate, where it undergoes pyrolytic
decom-position to form a uniform film. The process
parameters, including precursor concentration, spray
rate, and substrate temperature, significantly influence
the crystallinity, electrical conductivity, and optical
transparency of the resulting FTO thin films.

Spin coating is another widely used deposition
technique for fabricating TCO thin films, valued for its
low cost, simplicity, and capability to yield uniform and
smooth coatings [18]. This technique involves depo-
siting a liquid precursor solution onto a rotating
substrate, where centrifugal forces spread the solution
into a thin, uniform layer before it undergoes thermal
annealing to achieve the desired film properties. The
thickness and uniformity of spin-coated films are prima-
rily influenced by parameters such as spin speed,
solution viscosity, and drying conditions. Compared to
spray pyrolysis, spin coating offers precise thickness
control and is commonly employed in laboratory-scale
studies for developing TCO-based optoelectronic devi-
ces [19]. However, comparative studies analyzing the
performance of FTO films produced via spray pyrolysis
and spin coating remain limited.

In this study, FTO thin films were synthesized using
two distinct deposition methods: homemade spray pyro-
lysis deposition (SPD) and spin coating deposition (SCD).
Both techniques were carried out at a controlled substrate
temperature of 500 °C to optimize the films’ crystallinity
and electrical performance. The deposited films were
characterized using X-ray diffraction (XRD) for
structural analysis, UV-Vis spectroscopy to evaluate
optical transmittance measurements, and Hall effect
analysis to determine electrical conductivity and carrier
concentration. This comparative study aims to provide
insights into the advantages and limitations of both
fabrication techniques, with a particular focus on their
applicability in solar cell technologies. By analyzing the
structure-property relationships of FTO films, we seek
to optimize their performance for efficient transparent
electrodes in next-generation photovoltaic devices.

2 Experimental works
2.1 Thin film deposition by SPD

FTO thin films are fabricated via SPD on soda-lime
glass (SLG) substrates, maintained at a substrate tempe-
rature of 500 °C. The precursor solution was formulated
by dissolving stannous chloride dihydrate (SnCl,-2H,0)
in methanol, with glacial acetic acid added to promote
ionization. Fluorine was introduced as an n-type dopant
by adding 0.05 moles of hydrofluoric acid (HF), with
doping concentrations varied at 10, 20, 30, and 40 wt%
of F. The solution was stirred at 70 °C for 30 minutes to
ensure complete dissolution and uniform mixing. The

fluorine doping concentration range of 10-40 wt% was
deliberately chosen because concentrations below
10 wt% generally do not provide sufficient carrier
enhancement, while levels above 40 wt% often degrade
crystallinity and reduce optical transparency due to
increased scattering centres.

Before the deposition process, the SLG substrates
were ultrasonically cleaned in methanol and deionized
water for 15 minutes each, followed by drying at 100°C.
The prepared precursor solution was atomized and
sprayed onto the preheated substrates using a spray
system, which generates a fine mist, resulting in impro-
ved film uniformity and homogeneity compared to
conventional spray techniques. The deposition process
was performed in a sequential layer-by-layer manner,
incorporating a 5-minute interval between successive
layers to optimize the film growth.

The deposition duration varied between 5 and 30
minutes, with an optimal deposition time of 15 minutes at
a fixed substrate temperature of 500 °C. The spray
parameters, including air pressure 600 kPa and nozzle-
substrate distance 20 cm, were carefully controlled to
achieve uniform film thickness as indicated in the spray
mechanism in Fig. 1. After the deposition process, the
films were left to cool naturally to ambient temperature
on the heated substrate to ensure structural stability.

x".
Rotated Hot plate, : o
T

==

Fig. 1. Homemade spray deposition mechanism

2.2 Thin film deposition by SCD

The deposition mechanism of FTO layers using the
SCD technique, as shown in Fig. 2, is illustrated in this
section, starting with the materials preparation. The
stannous chloride dihydrate (SnCl,-2H,O) and the
hydro-fluoric acid (HF) are used to form the precursor
solution. Stannous chloride is dissolved in an appro-
priate solvent to form a uniform solution, after which
hydrofluoric acid (HF) is incrementally added to achieve
fluorine doping at specified concentrations of 10, 20, 30,
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and 40 wt% of F. The prepared solution was deposited
onto a pre-cleaned substrate of SLG, which was then
spun at high speeds of 3000 rpm to achieve uniform film
thickness. The precursor solution was deposited on the
substrate with a height of 2 cm, with a 1 drop for 80
seconds maintained on a hot plate at 200 °C for 10
minutes. This process is carried out and repeated with
the variation of the number of deposited layers: 2, 3, 4,
and 5 layers. The coated substrates were subsequently
dried to remove residual solvents and annealed at 500 °C
for 1 hour to facilitate the crystallization of the tin oxide
matrix and the incorporation of fluorine ions.

Fig. 2. Spin coating deposition mechanism

2.3 Characterization procedures

The crystalline structure of both pure and fluorine-
doped SnO; thin films was examined using X-ray
diffraction (XRD), performed on a Philips diffractometer
equipped with Cu-Ko radiation (A=1.540x10"'"m),
operated at 40 kV and 30 mA. Scans were conducted in
the Bragg-Brentano geometry. The diffraction patterns
were used to assess phase purity, crystallinity, and
structural changes induced by fluorine doping, including
peak shifts and broadening indicative of lattice distortion
and crystallite size variation. The surface morphology of
thin films was analyzed using a scanning electron
microscope (SEM, JEOL JSM-6360LA) to assess grain
structure, uniformity, and surface texture. The SEM
system was also equipped with an energy-dispersive
X-ray spectroscopy (EDX) unit for elemental analysis.
The spectral distribution of the optical transmission of the
prepared samples has been recorded in the wavelength
range

of 300 to 900 nm using UV spectroscopy. The sheet resi-
stance and the charge carrier concentration of fluorine-
doped tin oxide thin films were determined using Hall
effect measurements conducted at room temperature.
A custom-built setup was employed, operating under an
applied magnetic field of 0.96 T, see Fig. 3.

Fig. 3. Hall effect measurement setup

3 Results and discussion
3.1 Structural analysis
3.1.1 X-ray diffraction analysis

The X-ray diffraction (XRD) analysis was conducted
on FTO thin films with fluorine concentrations of 10, 20,
30, and 40 wt%, deposited using both homemade spray
pyrolysis and spin coating techniques, and annealed at
500 °C, as indicated in Figs. 4 and 5, respectively. All
samples exhibited diffraction patterns consistent with
the tetragonal rutile SnO, phase (JCPDS No. 41-1445),
confirming the retention of the host crystal structure
regardless of fluorine content or deposition method.
Prominent peaks corresponding to the (110), (101),
(200), (211), (310), and (301) planes were exhibited in
all cases. As the fluorine concentration increased, a gra-
dual shift of the diffraction peaks toward higher 26
values was noted indicating a slight reduction in lattice
parameters. This behavior is attributed to the substitution
of smaller F~ ions for O* in the SnO: lattice.



488 Sherif A. Khaleel et al.: Fluorine-doped SnO: thin films for solar cells: Development and comparative analysis of spray pyrolysis ...

2200 4 I i N ! i
] = ozl olgl gl

2000 - = 2iS gigi 8 7
1 1 1 1 1

1800 7 A I' : : le ‘k 40 Wt.% F

R et bt Dot o B

1400 i i [ i ]
; [ P .

1200 - J‘ .j_ l _L L 30 wt.% F .
g : =gl s !

| J

1000 -
800 - [

600 -u.....n-vL--LL
400 -

200
04

Intensity

20 wt.% F 7

010 wt% F ]

i

10 20 30 40 50 60 70 80
2 Theta (Deg.)

Fig. 4. XRD of FTO using the homemade
spray technique
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Fig. 5. XRD of FTO using the spin coating technique

Comparatively, films deposited by spray pyrolysis
displayed sharper and more intense peaks, reflecting
better crystallinity and larger crystallite sizes, whereas
spin-coated films showed broader peaks, suggesting finer
grains and possibly higher internal strain. The structural
evolution with increasing fluorine content was more pro-
nounced in the spin-coated films, where the incorporation
of dopant appeared to more significantly affect the
microstructure. Overall, both deposition techniques
produced phase-pure FTO films, but the crystallinity and
lattice behavior varied notably with dopant level and
fabrication method.

Grain size D and dislocation density 6, key structural
parameters, were estimated from the XRD patterns using
Scherrer’s formula given in the following equations [20].
The corresponding values are summarized in Tab. 1.

094 €))
~ Bcosb

1 2
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Here, A denotes the X-ray wavelength 1.540x107'° m,
B represents the full width at half maximum (FWHM) of
the diffraction peak, and 0 is the corresponding Bragg
angle. The calculated lattice parameters as a function of
fluorine doping concentration are illustrated in Fig. 6.
A noticeable trend is observed: as the concentration of
fluorine increases, the crystallite size decreases. This
inverse relationship suggests that higher doping levels
introduce lattice disorder or strain, which impedes grain
growth during crystallization. This behavior is likely due
to the dopant atoms disrupting the long-range order, thus
restricting grain boundary mobility and crystal
coalescence.
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films deposited by (a) spray technique, and (b) spin
coating
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Additionally, an increase in both microstrain ¢ and
dislocation density D is observed with increasing dopant
concentration, as summarized in Tab. 1. These findings
support the interpretation that dopant incorporation not
only refines grain size but also induces structural defects
within the crystal lattice, further affecting the film’s
microstructure.

Based on the XRD analysis, the lattice parameters a
and c¢ corresponding to the tetragonal phase were
determined using established equations, as described in
[21].

Zdhkl Sln(Q) = Tlﬂ. (3)
1 h*+k* P (4)
2= 7 T3
At a ¢

In these calculations, dpy; represents the interplanar
distance, (hkl) are the Miller indices. The calculated
values, presented in Tab. 1, show good agreement with
standard reference data.

Table 1. Parameters of FTO thin films prepared with varying fluorine doping concentrations

Concentration dnn Lattice parameters Grain size 5x10* Texture
(wt% of F) (10"°m) | ¢ (10°m) | ¢(10°m) | D (nm) (nm2) coefficient

10 1.87 4.71 3.21 322 9.64 0.78

o 20 1.86 4.72 3.21 344 8.45 0.76
Spray deposition

30 1.79 4.72 3.22 29.5 11.49 0.83

40 1.78 4.75 3.20 35.2 8.04 0.88

10 1.78 4.75 3.24 12.5 64.11 0.68

. . 20 1.76 4.76 3.25 12.6 62.22 0.77
Spin deposition

30 1.81 4.75 3.25 13.2 57.43 0.87

40 1.80 4.77 3.20 13.8 52.53 0.83

The intensity of the (/47) diffraction peaks in the XRD
pattern can be employed to evaluate the preferential
orientation of crystallites within the thin film. Speci-
fically, the relative intensity of each reflection provides
insight into the degree to which grains are oriented in
a particular crystallographic direction parallel to the
sample surface. To quantify this, the texture coefficient
(TC) for a given (hkl) plane can be calculated using the
Harris texture analysis method defined by [22]

TC(hkl) =

k) [1< 1rkn ] )
Io(hkD) n LTy (hkl)

1(hkl) is the measured intensity of the (/4l) reflection,
lo(hkl) is the corresponding standard intensity from the
JCPDS card, and # is the number of diffraction peaks
considered. A TC(hkl) value of 1 indicates random
orientation, while values significantly greater than 1 im-
ply a strong preferred orientation along that plane. This

analysis enables identification of dominant growth
directions in thin films, which is critical for tailoring the
structural and functional properties of the deposited
materials.

3.1.2 Surface morphology analysis

Optimizing the surface morphology and average
grain size of conducting oxide films deposited on glass
substrates plays a crucial role in optimizing the
crystalline and optical performance of TCO films for
advanced technological applications. The SEM was
employed to investigate the prepared samples of FTO
with different fluorine concentrations, as depicted in
Figs. 7 and 8 for the two preparation methods of spray
and spin coating deposition. The images reveal that the
films possess a dense and uniform surface morphology,
composed of compact, spherical-shaped crystalline
grains in the nanoscale range
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() (d)
Fig. 7. SEM images of homemade spray deposition technique of FTO:
(a) 10 wt% F, (b) 20 wt% F, (c) 30 wt% F, and (d) 40 wt% F

28kUV XSB,000

28kV XS8.,000

Fig. 8. SEM images of spin coating deposition technique of FTO:
(a) 10 wt% F, (b) 20 wt% F, (c) 30 wt% F, and (d) 40 wt% F



Journal of Electrical Engineering, Vol 76, No. 6, 2025 491

EDX analysis revealed distinct peaks corresponding
to Sn, O, and F elements, confirming the presence of
these constituents in the FTO films. The results indicate
that the elemental composition remains consistent with
the expected FTO stoichiometry, as shown in Fig. 9.

LH .49 6.0 kaV

(b)
Fig. 9. EDX spectrum of the FTO thin films via
(a) spray technique, and (b) spin coating

The grains of FTO exhibit good distribution and
strong adhesion to the substrate, with no visible macro-
scopic defects such as voids or cracks. Furthermore, a
noticeable reduction in average grain size is observed
with an increasing fluorine doping level. The SEM
figures of the prepared samples reveal distinct differ-
rences in the microstructure of the films depending on
both the fluorine concentration and the deposition
method. FTO thin films deposited via spray pyrolysis
exhibit smooth, dense morphology with spherical grains.
As the fluorine concentration increases from 10 to 40
wt%, grain size decreases due to dopant-induced

inhibition of atomic diffusion at grain boundaries. This
results in limited grain growth and enhanced nucleation,
promoting improved crystallinity and surface uni-
formity essential for optoelectronic applications. In
contrast, spin-coated FTO films exhibit a more granular
morphology with less uniform grain distribution and
noticeable porosity at lower fluorine levels. Increasing
fluorine concentration leads to smaller, more densely
packed grains, though some surface inhomogeneity
remains. These variations arise from the spin coating
process's sensitivity to solution viscosity and film
spreading dynamics during deposition.

Overall, both deposition methods confirm that
increasing fluorine content refines the grain structure
and enhances film compactness. Nevertheless, films
produced via spray pyrolysis exhibit better crystallinity
and surface homogeneity, likely due to more controlled
thermal and deposition conditions.

3.2 Optical properties analysis

The optical properties of FTO thin films deposited by
spray pyrolysis and spin coating were analyzed using
UV-Vis spectroscopy in the 300-900 nm range. All films
exhibited high optical transmittance (>80%) in the
visible region. Spray-deposited films showed slightly
higher average transmittance (~85%) compared to spin-
coated films (~78%), attributed to their smoother surface
and denser microstructure. A gradual blue shift in the
absorption edge was observed with increasing fluorine
content, and the calculated optical bandgap values
increased from 3.61 eV (10 wt% F) to 3.82 eV (40 wt%
of F), consistent with the Burstein—-Moss effect. These
findings underscore the significant impact of both
deposition technique and fluorine doping concentration
on the optical performance of FTO films, emphasizing
their suitability for use in transparent electronic
applications.

The film thickness ¢ of the FTO samples was esti-
mated from the interference fringes observed in the
optical transmittance spectra, using the following
relation described in [23].

. A, (6)
2[n(A1)A; —n(12)A44]

In this expression, n(4,) and n(Ad,) represent the
refractive indices at two adjacent maxima corres-
ponding to the wavelengths A1, and A,. Furthermore, the
refractive index n can be determined using the following
equations:
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(7)
n= [N+ ’(Nz—ng)
N = (nsz + 1) + Zns Tmax - Tmin (8)
2 Tmax-Tmin

In these equations, n, represents the refractive index
of the substrate, while 7. and T, correspond to the
maximum and minimum transmittance values at the
same wavelength, as shown in the transmission spectra
(Fig. 10). The influence of varying fluorine concen-
trations on the film thickness, as well as the electrical
and optical properties of the FTO films, is summarized
in Tab. 2. The optical absorption coefficient a can be
derived from the measured transmittance 7 using the
equation below [24].

T=e ©)

In this equation, # represents the thickness of the FTO
and G-FTO films. The absorption coefficient a is
subsequently used to estimate the optical band gap E,
through the Tauc relation [21]:

ahv = C(hv — Eg)o'5 (10)

The energy bandgap E, is estimated by plotting
(ahv)? against (hv), where o represents the absorption
coefficient, # is Planck’s constant, v denotes the
frequency of the incident photon, and C represents
a constant for direct transitions. The bandgap is obtained
by extrapolating the linear portion of the plot to the
(hv)-axis at the point where (ahv)? = 0. An increase in
fluorine doping concentration in SnO> results in a no-
ticeable widening of the band gap, consistent with trends
reported in earlier studies. This bandgap widening is
primarily attributed to the Burstein-Moss effect, wherein
the increased carrier concentration fills the lower energy
states of the conduction band, effectively shifting the
absorption edge to higher photon energies [25]. Figure
11 illustrates the variation in energy bandgap of FTO
thin films with different fluorine doping concentrations,
emphasizing the significant impact of doping levels on
the electronic properties of the material

3.3 Electrical properties analysis

The electrical characteristics of TCO thin films such
as fluorine-doped tin oxide (FTO) are a fundamental
indicator of their suitability for optoelectronic appli-
cations including solar cells, displays, and smart
windows. In this study, detailed electrical characteri-
zation was performed using the Hall effect measurement
technique as depicted in Fig. 3, which provides more
comprehensive information than traditional methods
such as the four-point probe. The Hall method enables
direct quantification of key electrical parameters inclu-
ding sheet resistance Rq, carrier concentration n, carrier
mobility p, and conductivity o, offering deeper insight
into the transport mechanisms within the material.

The Hall effect arises when a conducting sample
carrying current / is subjected to a perpendicular magne-
tic field B. Due to the Lorentz force acting on the moving
charge carriers, a transverse potential difference known
as the Hall voltage V' is developed across the sample.
This voltage is used to determine the Hall coefficient Ry
which is related to the type and concentration of the
charge carriers:

Ry = 1B (11)

Here, Vy denotes the Hall voltage, ¢ represents the
thickness of the film, 7 is the current through the sample,
and B is the magnetic flux density. From Ry, the carrier
concentration is calculated as:

1
n=
q.|Ryl

Here, g represents the elementary charge. The electrical
conductivity o is given by the following formula

(12)

o=qnpu (13)
The sheet resistance Rs,, which is critical for thin films,
is calculated as

Ry =——
sh qgn.u.t (14)
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Fig. 10. Optical Transmission of FTO thin films:
(a) spray technique, and (b) spin coating

This framework allows for a complete electrical
profile of the thin films under investigation.

The electrical behavior of fluorine-doped tin oxide
(FTO) thin films is largely governed by the doping
concentration and resulting structural and electronic
modifications within the SnO: lattice. In the pristine
state, SnO: is an intrinsic n-type semiconductor with
limited conductivity due to the scarcity of free carriers.
Fluorine atoms F-, when introduced via doping, replace
oxygen atoms O? in the lattice due to their similar ionic
radii and electronegativity. Each fluorine substitution
contributes an extra free electron to the conduction band,
thereby increasing the electron carrier concentration and
enhancing the film’s conductivity.

The figure of merit (FOM) serves as a crucial quanti-
tative metric for assessing the overall performance of
transparent conducting oxide (TCO) materials. It
enables direct comparison between different TCO films
by integrating both their electrical conductivity and
optical transparency — two key parameters that deter-
mine their suitability for applications such as solar cells,
displays, and optoelectronic devices. Over the years,
researchers have proposed several formulations of the
FOM to evaluate the effectiveness of TCOs under
different functional requirements. Among these, the
Haacke figure of merit @, is widely accepted for
transparent electrodes, as it provides a balanced
assessment of transparency and sheet resistance. It is
expressed mathematically as:

T10

Om =—5—

" Rsh

Here, T represents the average transmittance, and Ry, is

the sheet resistance of the film (in /o). A higher FOM

indicates a more efficient TCO material, achieving low

resistive loss while maintaining high optical trans-

parency — essential for maximizing the performance of
optoelectronic devices.

(15)

FTO thin films deposited by the spray pyrolysis
technique exhibited strong electrical and optical
performance, primarily due to the high substrate tempe-
rature (~500 °C) and the efficient thermal decomposition
of precursor droplets during deposition. In this study, the
fluorine doping concentration varied across 10, 20, 30,
and 40 wt% of F to investigate its effect on the structural
and functional properties of the films. Among the
samples, the film with a thickness of 550 nm, corres-
ponding to 30 wt% of F, demonstrated the most
favorable performance — achieving a low sheet
resistance of 20 Q/o, optical transmittance of 80%, and
the highest Haacke figure of merit (FOM) of
5.37x102Q7'. These values indicate effective charge
transport and transparency, attributed to enhanced
crystallinity and film density at this fluorine con-
centration. As the fluorine content increased to
40 wt%, further growth in thickness (e.g., 750 nm and
above) led to a decline in FOM, due to increased
resistivity and reduced transmittance. On the other hand,
lower fluorine levels (10-20 wt%) produced thinner
films with higher transmittance (up to 88%) but also
higher sheet resistance, limiting their electrical
performance. These results confirm that spray pyrolysis,
when combined with optimized fluorine doping —
particularly at 30 wt% F — enables the fabrication of
high-quality FTO films with an ideal balance between
electrical conductivity and optical transparency. This
makes them excellent candidates for use as transparent
electrodes in photovoltaic applications.
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FTO thin films prepared via the spin coating
technique exhibited varying electrical performance
depending on film thickness, with overall moderate
conductivity compared to films prepared by spray
pyrolysis. Spin coating remains a widely used, solution-
based deposition method due to its simplicity, uni-
formity, and low-cost processing. However, the
relatively low deposition temperature and reliance on
post-annealing can adversely affect film densification
and crystallinity. In this study, FTO thin films deposited
via the spin coating technique exhibited a clear depen-
dence of electrical and optical performance on film
thickness. The thinnest film, at 420 nm, achieved the
highest optical transmittance (82%), but also showed the
highest sheet resistance (145 (/o) and a relatively low
figure of merit (FOM) of 0.917x1072Q", indicating
poor electrical conductivity. As the thickness increased
to 510 nm, electrical conductivity improved, with a re-
duced sheet resistance of 77 Q/o, while transmittance
remained high at 80%, resulting in a better FOM of
1.39x102 Q'. The most favorable performance was
observed for the 840 nm thick film, which demonstrated
a sheet resistance of 54 /o, transmittance of 77%, and
the highest FOM of 1.53x1072 Q™', marking it as the
most balanced in terms of transparency and con-
ductivity. However, increasing the thickness further to
1050 nm led to a decline in transmittance to 72% and
amodest increase in sheet resistance to 68 €/, resulting
in a drop in FOM to 0.813x103 Q'. These findings
suggest that optimal performance in spin-coated FTO
films is achieved at intermediate thicknesses, where
a favorable balance between optical transparency and
electrical conductivity is achieved. These results suggest
that film thickness strongly influences optimizing the
performance of spin-coated FTO, with intermediate
thicknesses yielding the best balance of transparency and
conductivity. The reduced mobility and higher resisti-
vity in many of the spin-coated films are attributed to the
presence of microstructural defects, smaller grain sizes,
and void factors that increase carrier scattering and limit
performance. Thus, while spin coating offers several
processing advantages, further optimization of annealing
conditions and doping levels is essential to enhance the
structural and electrical quality of FTO films produced
via this method.

The results of this study demonstrate that spray
pyrolysis is the preferred deposition technique for
fabricating FTO thin films with superior electrical and
optical properties. Films prepared by spray pyrolysis
exhibited higher optical transmittance and significantly
lower sheet resistance compared to those produced by
spin coating, as depicted in Tab. 2. This improvement is
attributed to the formation of dense, uniform, and well-
crystallized microstructures enabled by the high
substrate temperature during the spray process. In
contrast, spin-coated films showed higher resistivity and
reduced transparency, largely due to structural

imperfections such as smaller grains and increased
porosity. While spin coating may be suitable for appli-
cations requiring low-temperature processing or flexible
substrates, spray pyrolysis remains the more effective
method for developing high-performance transparent
electrodes where both high conductivity and excellent
optical clarity are essential.
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Fig. 11. Variation of optical energy band gap with
fluorine doping concentration for FTO thin films
synthesized using (a) spray pyrolysis, and (b) spin
coating techniques

In this context, the employed preparation techniques
and the optimized fluorine doping strategy confirm the
effectiveness of the developed FTO thin films as pro-
mising candidates for advanced optoelectronic appli-
cations. To further highlight the performance of the
fabricated samples, a comparative analysis is provided
in Tab. 3, contrasting the electrical and optical charac-
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teristics of our spin-coated and spray-deposited FTO
films with those reported in recent literature. The
comparison reveals that our films, particularly those
prepared via spray pyrolysis, exhibit superior FOM, low
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sheet resistance, and high transmittance — affirming the
reliability and competitiveness of the proposed pro-
cessing techniques for transparent conducting oxide
applications.

Table 2. Effect of fluorine doping concentration on film thickness, optical transmittance,
electrical conductivity, and energy bandgap of FTO thin films

deposited via spray pyrolysisand spin coating techniques

Concentration Thickness | Transparency R¢p, Resistivity E, FOM @,,
(Wt% of F) (nm) (%) (Q/o) px1073 (Q.cm) (eV) (102Qh
10 320 88 80 2.56 3.61 34
Spray 20 380 85 55 2.09 3.82 3.58
deposition | 30 550 80 20 1.10 3.87 5.37
40 750 77 30 2.25 3.67 2.76
10 420 82 145 6.09 3.81 0.917
Spin 20 510 80 77 3.93 3.8 1.39
deposition | 30 840 77 54 4.51 3.87 1.53
40 1050 72 68 7.1 3.84 0.813

Table 3. Comparison of the results obtained in this study with recently published state-of-the-art reports

on FTO thin films
Thickness T Rgn E, t]e)r(:lp (;i:tloi: FOM @,, Deposition Doping Reference
(nm) (%) | (/o) | (eV) IZD 0 W€ (10301 | technique | element
246 87 88 | 3.92 450 2.5 Spray Sb [26]
120 85 95 | 3.69 400 1.39 Spray Sb [27]
298 87.46 | 3584 | - 400 73 Spray Sb [28]
371 904 | 103 | 37 420 33 Spray F [29]
475 81.2 24 3.6 500 5.2 Spray F [30]
125 88.69 | 377 | 3.7 450 8.05 Nebulizer F [31]
spray
780 82 15 3.8 500 9.16 Nebulizer F
spray (8]
813 79 8 3.9 500 11.8 Nebulizer Fand
spray Graphene
Spin
- 65 - 3.2 300 - Conting F [32]
285 82 7 3.78 250 ; Spin F [33]
coating
; 95 | 077 | 382 500 9.8 Spin Undoped | 5,
coating SnO,
- 88 40 3.6 500 3.66 Spin Ti [35]
coating
550 80 20 | 3.87 500 5.37 s;n?y F Proposed
840 77 54 | 3.87 500 1.53 pi F work
Coating
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4 Conclusion

Fluorine-doped tin oxide (FTO) thin films were
successfully synthesized via two low-cost deposition
techniques —homemade spray pyrolysis and spin coating
— at a substrate temperature of 500 °C with varying
fluorine concentrations (10-40 wt%). Comparative ana-
lysis revealed that films fabricated by spray pyrolysis
exhibited superior electrical and optical properties,
achieving lower sheet resistance, higher transmittance,
and enhanced figures of merit due to improved
crystallinity and film uniformity. While spin-coated
films demonstrated acceptable performance, their
electrical quality was limited by increased defect density
and grain boundary scattering. These results underscore
the effectiveness of spray pyrolysis for producing high-
quality FTO films and validate fluorine doping as a key
strategy for optimizing transparent conductive oxides for
optoelectronic applications.
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