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SnO2:F thin films were successfully deposited onto glass substrates using a low-cost spray 
pyrolysis technique. The influence of fluorine concentration on the structural, morphological, 
optical, wettability, and electrical properties of the films was systematically investigated. X-ray 
diffraction and Raman spectroscopy analyses confirmed the formation of single-phase polycrys-
talline SnO2 films with a tetragonal rutile structure and a preferential orientation along the 
(200) plane. Surface wettability studies revealed hydrophilic behavior for all samples with con-
tact angle values lower than 90°. Optical measurements showed high transparency in the visible 
region, with average transmittance ranging from approximately (71 ± 0.5) % to (81 ± 0.5) %, 
while the film doped with 6% fluorine exhibited the highest transparency. The optical band gap 
increased from (3.75 ± 0.02) eV to (3.87 ± 0.02) eV with increasing fluorine concentration, and the 
highest optical band gap value of (3.87 ± 0.02) eV was obtained for the 6% F-doped film. Electri-
cal measurements demonstrated a significant improvement in conductivity upon fluorine dop-
ing, reaching a high conductivity of (14.057 ± 0.5) Ω–1.cm–1 for the 6% F-doped film. The obtained 
results show that SnO2:F thin films prepared by spray pyrolysis have high optical transparency 
and high electrical conductivity, which makes them promising candidates for transparent con-
ducting oxide (TCO) applications in optoelectronic and photovoltaic devices.
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Дослідження структурних, змочувальних, оптичних та електричних 
властивостей напилених тонких плівок SnO2, легованих фтором (F-SnO2). Warda 
Darenfad, Noubeil Guermat, Zehira Belamri, Kamel Mirouh

Тонкі плівки SnO2:F були успішно нанесені на скляні підкладки за допомогою 
недорогого методу розпилювального піролізу. Було систематично досліджено вплив 
концентрації фтору на структурні, морфологічні, оптичні, змочувальні та електричні 
властивості плівок. Рентгенівська дифракція та раманівська спектроскопія підтвердили 
формування однофазних полікристалічних плівок SnO2 з тетрагональною структурою 
рутилу та переважною орієнтацією вздовж площини (200). Дослідження змочуваності 
поверхні виявили гідрофільну поведінку для всіх зразків зі значеннями кута контакту 
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1. Introduction
Transparent conductive oxide (TCO) thin 

films are wide band gap semiconductors char-
acterized by high transparency in the visible 
region, good electrical conductivity, and high 
infrared reflectivity. Owing to these remark-
able properties, TCOs are widely used as 
transparent electrodes in numerous optoelec-
tronic devices, including solar cells, flat-panel 
displays, touch screens, organic light-emitting 
diodes (OLEDs), and thermal mirrors. Among 
the most technologically important TCO mate-
rials are indium oxide (In2O3, ITO), tin dioxide 
(SnO2) [1, 2], and zinc oxide (ZnO) [3–6], either 
in their stoichiometric form or doped with suit-
able impurities [7]. Among these materials, 
ITO has been extensively used in industry due 
to its excellent optoelectronic properties. How-
ever, the scarcity and high cost of indium have 
motivated considerable research efforts toward 
developing alternative transparent conducting 
materials [7]. In this context, SnO2-based thin 
films have attracted significant attention due to 
their low cost, high chemical stability in acidic 
and basic environments, excellent thermal sta-
bility under oxidizing atmospheres at high tem-
peratures, and strong mechanical resistance, 
which are highly desirable characteristics for 
photovoltaic applications [8]. SnO2 is an n-type 
semiconductor with a wide optical band gap of 
approximately 3.6 eV, whose conductivity is 
mainly due to oxygen vacancies present in the 
crystal lattice. To further improve the electri-
cal and optical performance of SnO2 thin films, 
several dopants such as zinc (Zn) [1], nickel (Ni) 
[2], fluorine (F) [9], cobalt (Co) [10], aluminum 
(Al) [11], and indium (In) [11] have been used. 
Among them, fluorine is considered one of the 
most effective dopants for photovoltaic appli-
cations, especially in terms of fabrication and 
performance [8]. The improvement achieved by 
fluorine doping can be attributed to the substi-
tution of O–2 ions by F– ions in the SnO2 lattice. 
This substitution is favored by the similarity 

between the ionic radii of F– (0.131 nm) and 
O–2 (0.138 nm), allowing fluorine ions to occupy 
oxygen sites with minimal structural distortion 
[3]. Moreover, the valence difference between 
F– and O–2 introduces additional free electrons 
into the conduction band, thereby increasing 
the carrier concentration and significantly en-
hancing the electrical conductivity of the films. 
Thus, fluorine doping promotes electron trans-
fer from the valence band to the conduction 
band, resulting in improved conductivity due to 
higher charge carrier density [12]. In addition, 
fluorine-doped tin oxide (FTO) films maintain 
high optical transparency in the visible range, 
which is essential for transparent electrode 
applications. FTO films also exhibit excellent 
thermal and chemical stability together with 
low electrical resistivity, making them highly 
suitable for thin-film photovoltaic devices. Fur-
thermore, fluorine doping is particularly advan-
tageous because excess fluorine is volatile dur-
ing the deposition process [8]. Several studies 
have demonstrated the promising properties of 
FTO thin films. For instance, Ikhmayies [13] in-
vestigated fluorine-doped SnO2 films deposited 
by spray pyrolysis at substrate temperatures 
ranging from 360 to 480 °C. The obtained films 
exhibited optical transmittance values between 
93.4 and 99.4%, optical band gap values rang-
ing from 3.687 to 3.858 eV, Urbach energies 
varying from 221 to 556 meV, and refractive in-
dex values between 1.31974 and 1.97879. Simi-
larly, Guermat et al. [7] deposited SnO2:F thin 
films with fluorine concentrations of 8, 10, and 
12% using spray pyrolysis. They reported that 
the film doped with 12% fluorine exhibited the 
lowest resistivity value of 2.245 × 10–4 Ω.cm, a 
high optical transmittance of 83%, and a wide 
optical band gap of 3.9 eV. Various deposition 
techniques have been employed for the fabrica-
tion of FTO thin films, including spray pyroly-
sis [9], chemical vapor deposition (CVD) [14], 
pulsed laser deposition (PLD) [8], and magne-
tron sputtering [15]. Among these techniques, 
spray pyrolysis is particularly attractive due to 

нижче 90°. Оптичні вимірювання показали високу прозорість у видимій області, із середнім 
коефіцієнтом пропускання приблизно від (71 ± 0,5) % до (81 ± 0,5) %, тоді як плівка, 
легована 6% фтором, продемонструвала найвищу прозорість. Оптична ширина забороненої 
зони збільшувалася з (3,75 ± 0,02) еВ до (3,87 ± 0,02) еВ зі збільшенням концентрації фтору, а 
найвище значення оптичної ширини забороненої зони (3,87 ± 0,02) еВ було отримано для плівки, 
легованої 6% F. Електричні вимірювання продемонстрували значне покращення провідності 
після легування фтором, досягнувши високої провідності (14,057 ± 0,5) Ом–1·см–1 для плівки, 
легованої 6% F. Отримані результати показують, що тонкі плівки SnO2:F, отримані методом 
розпилювального піролізу, мають високу оптичну прозорість та високу електропровідність, 
що робить їх перспективними кандидатами для застосування як прозорих провідних оксидів 
(TCO) в оптоелектронних та фотоелектричних пристроях.
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its simplicity, low cost, ease of implementation, 
and ability to produce homogeneous thin films 
with different compositions without requiring 
sophisticated equipment or high-quality sub-
strates. Moreover, this technique has been suc-
cessfully used to prepare both hydrophilic (con-
tact angle < 90°) [16] and hydrophobic (contact 
angle > 90°) [10] thin films depending on the 
desired application. The wettability behavior of 
the thin films has become an important param-
eter for photovoltaic applications. Hydrophilic 
SnO2 surfaces offer several advantages, includ-
ing reduced light reflection due to smoother 
surfaces, improved adhesion between the dif-
ferent layers of solar cells, reduced dust accu-
mulation on photovoltaic panels, and enhanced 
chemical stability against environmental deg-
radation caused by humidity and atmospheric 
pollutants. Previous studies have shown that 
the wettability properties of SnO2 thin films 
strongly depend on the nature and concentra-
tion of the dopants. For example, Khalfallah et 
al. [2] investigated the wettability behavior of 
pure and Ni-doped SnO2 thin films prepared by 
spray pyrolysis with Ni concentrations of 5.6, 
9.1, 12.1, and 15.3 at.%. They reported that the 
film doped with 5.6 at.% Ni exhibited high opti-
cal transmittance (85%), the narrowest optical 
band gap, and a hydrophilic character with a 
contact angle of 34°, making it promising for 
gas sensing applications. In contrast, the film 
doped with 15.3 at.% Ni with a contact angle of 
70° exhibited lower transmittance and higher 
resistivity, suggesting its suitability for low-
cost optoelectronic devices. Likewise, Guermat 
et al. [1] investigated Zn-doped SnO2 thin films 
prepared by spray pyrolysis with Zn concentra-
tions of 0, 3, 5, and 7 wt.%. All deposited films 
exhibited hydrophilic behavior with contact an-
gles lower than 90°. The film doped with 3 wt.% 
Zn showed the highest contact angle value of 
88.09°, indicating a critical doping concentra-
tion capable of modifying the surface morphol-
ogy. This film also exhibited high optical trans-
mittance (87%) together with the lowest resis-
tivity value (ρ = 0.044 Ω.cm).

This work focuses on the development of hy-
drophilic F-doped SnO2 thin films prepared by 
spray pyrolysis for use as transparent conduc-
tive layers in thin-film solar cells. Particular 
attention is given to investigating the effect of 
fluorine doping concentrations of 2, 4, and 6% 
on the structural, optical, electrical, and wet-
tability properties of the deposited films. The 
main objective of this study is to optimize the 

fluorine concentration in order to obtain highly 
transparent and conductive SnO2-based thin 
films with enhanced hydrophilic behavior, mak-
ing them suitable for advanced optoelectronic 
and photovoltaic applications.

2. Experimental details
In this work, tin chloride dihydrate 

(SnCl2.2H2O, purity 99%) was used as the pre-
cursor material for the preparation of SnO2 thin 
films. The precursor solution was prepared by 
dissolving SnCl2⋅2H2O in distilled water at a 
concentration of 0.1 mol/L, with a total volume 
of 20 mL for each deposition. Using the molar 
mass of SnCl2⋅2H2O, the mass of the precursor 
was calculated to be mSnCl2⋅2H2O = 0.451 g. The 
amount of fluorine dopant (NH4F, purity 99%) 
required for each doping level was determined 
according to the following relation:
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Here MSn and MSnCl2∙2H2O are the molar mass-
es of Sn and SnCl2∙2H2O, respectively, and X% 
represents the fluorine doping concentration (2, 
4, and 6%).

The films were deposited on ordinary glass 
substrates by the spray pyrolysis technique, as 
illustrated in Fig. 1. This technique consists of 
spraying the precursor solution onto a heated 
substrate in the form of fine droplets. When 
the droplets reach the hot surface, the solvent 
evaporates and the precursor undergoes ther-
mal decomposition, leading to the formation of 
a thin oxide film on the substrate surface. Spray 
pyrolysis is widely used because it is simple, 
inexpensive, and suitable for the preparation 
of large-area thin films. In the present study, 
the substrate temperature was fixed at 450 °C, 
while the deposition time and the distance be-
tween the spray nozzle and the substrate were 
maintained at 10 min and 20 cm, respectively, 
for all samples. During the pyrolytic decom-
position process, volatile by-products such as 
HCl, NH3, and H2O were released, resulting in 
the formation of fluorine-doped tin oxide (SnO2:
F) thin films according to the following overall 
reaction:

SnCl2 2H2O + NH4F + O2 ® 
® SnO2:F + 2HCl↑ + NH3↑ + 2H2O ↑  

The phase composition and preferential ori-
entations of the films were investigated by X-ray 
diffraction (XRD) using a Philips X’Pert diffrac-
tometer with CuKα radiation (λ = 1.5418  Å). 
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Complementary structural characterization 
was carried out by micro-Raman spectroscopy 
at room temperature using the 633 nm excita-
tion line of an argon-ion laser (Renishaw). The 
elemental composition was analyzed by energy-
dispersive X-ray spectroscopy (EDX) coupled 
with scanning electron microscopy (SEM) using 
a Thermo Fisher Apreo 2C microscope equipped 
with a FEG-Schottky electron source and an ul-
tra-high-resolution Gemini column. Film thick-
ness (t) was determined with a MicroXam-100 
optical profilometer. Contact angle measure-
ments were performed using an optical setup 
composed of a white-light illumination source 
and an imaging system for projecting the drop-
let profile onto the sample surface. The appara-
tus consisted of a 6 V, 30 W light source and a 
projection lens that magnified the droplet im-
age onto a translucent screen (25 × 25 cm²). To 
minimize the influence of gravity on the mea-
sured wetting angle, a 5 µl drop of distilled wa-
ter was carefully applied to the film surface us-
ing a microsyringe. The droplet image was cap-
tured with a digital camera and subsequently 
analyzed using computer-assisted processing. 
Optical transmittance spectra were recorded 
in the UV–visible region (300–800 nm) using 
a Shimadzu UV–3101 PC spectrophotometer. 
The electrical properties of the thin films, par-
ticularly their resistivity, were evaluated at 
room temperature by the four-point probe tech-
nique using a Keithley 2401 source meter.

3. Results and discussion 

3.1 X-Ray diffraction study 
Fig. 2 present the XRD patterns of pure and 

F-doped SnO2 thin films. All deposited sam-
ples exhibit sharp and well-defined diffraction 

peaks, confirming their polycrystalline nature 
and good crystallinity, which is consistent with 
previous studies on chemically deposited SnO2 
thin films [11, 17]. The prominent diffraction 
peaks observed at 2θ values of approximately 
26.69°, 34.01°, 38.07°, 39.10°, and 51.88° corre-
spond to the (110), (101), (200), (211), and (220) 
crystallographic planes, respectively, which 
are consistent with the tetragonal rutile struc-
ture of SnO2 [1, 2, 5]. No additional diffraction 
peaks related to fluorine compounds or second-
ary impurity phases were detected in the doped 
samples. This suggests that fluorine ions were 
successfully incorporated into the SnO2 lattice 
through substitutional replacement of oxygen 
ions (O–2) by fluorine ions (F–), without alter-
ing the host crystal structure [18]. The absence 
of parasitic phases also demonstrates the high 
purity and structural stability of the synthe-
sized films after fluorine incorporation.

This interpretation is further supported by 
the VESTA structural modeling shown in Fig. 

Fig. 1. Schematic representation of the Holmark type spraying technology

Fig. 2.  Evolution of X-ray diffraction spectrum of 
SnO2 films depending on the degree of fluorine 
doping (2, 4 and 6%).
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3, which confirms that F-doped SnO₂ preserves 
the tetragonal rutile structure of parent SnO2. 
The structural models clearly indicate that 
fluorine atoms are incorporated into the lattice 
by replacing oxygen atoms. Owing to the close 
ionic radii of F– (0.133 nm) and O–2 (0.138 nm), 
fluorine incorporation does not induce signifi-
cant structural distortion, thereby maintain-
ing the structural stability of the host lattice 
after doping. However, the difference in ionic 
charge between F– and O–2 generates local 
lattice perturbations and alters the electronic 
environment around the Sn atoms. As the fluo-
rine concentration increases from 2% to 6%, the 
number of substitutional defects becomes more 
significant, leading to slight structural rear-
rangements within the crystal lattice. These lo-
cal modifications may contribute to the changes 
observed in the structural and optical proper-
ties of the films.

The values of the lattice parameters ‘a’ and 
‘c’ were determined from the XRD pattern ac-
cording to the formula of the tetragonal system 
[19]:
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52

2 2

2

2

2d
h hk k

a
l
chkl

=
+ +æ

è
çççç

ö

ø
÷÷÷÷
+ 	 (2)

The interplanar spacing dhkl is defined by 
the Miller indices (hkl). The calculated lattice 
parameters of the SnO2 thin films are close to 
the standard bulk values (a = b= 4.738 A˚, c = 
3.187 A˚). Small differences compared to bulk 
SnO2 are mainly due to native defects, espe-
cially oxygen vacancies, present in the thin 
films [20]. As shown in Table 1, the lattice pa-
rameters and unit cell volume of the prepared 
SnO2 thin films strongly depend on the fluorine 
concentration. At low doping level (2% F), the 
lattice parameters a = b and c, together with 
the unit cell volume, slightly increase compared 
to pure SnO2. In contrast, a further increase in 
fluorine concentration (4 and 6% F) leads to a 
gradual reduction of these parameters, indicat-
ing a compression of the crystal lattice. The 
initial lattice expansion at low fluorine concen-
tration may be attributed to local structural 
relaxation induced by the incorporation of F 

Fig. 3. Structural characterization of pure and F-doped SnO2: (a) pure SnO2, (b) SnO2:2% F, (c) SnO2:4% 
F and SnO2:6% F.
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ions into oxygen sites within the SnO2 matrix. 
However, at higher doping concentrations, the 
stronger interaction between the dopant and 
the host lattice results in reduced interatomic 
distances and consequently lattice compres-
sion. This structural behavior may also be re-
lated to the difference in electronegativity of O 
and F ions, as well as their ionic characteristics, 
which alters the local bond environment within 
the SnO2 structure. A similar lattice expansion 
followed by a compression was also reported by 
Belkadi et al. [12] and Haddad et al. [21] for 
F-doped SnO2 thin films prepared by spray py-
rolysis and sol–gel methods, respectively.

The texture of F-doped SnO2 thin films was 
evaluated using the coefficient (TC), which in-
dicates the degree of crystallographic orienta-
tion of the (hkl) planes. TC was calculated for 
the main diffraction peaks (110), (200), and 
(211) using XRD data, following the method de-
scribed in Ref. [22].

	 TC

I hkl
I hkl
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å
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The texture coefficient TC(hkl) is calculated 
using the measured XRD intensities compared 
to standard JCPDS values, taking into account 
the number of observed peaks. The obtained 
TC values for the main reflections are listed in 
Table 1. The undoped SnO2 thin film shows a 
weak to moderate preferential orientation with 
a slight tendency toward the (200) plane, indi-

cating a predominantly polycrystalline struc-
ture with nearly random grain distribution. 
With 2% F-doping, the (200) texture is signifi-
cantly enhanced, while the (110) and (211) ori-
entations are suppressed, confirming that fluo-
rine incorporation promotes anisotropic growth 
along the (200) direction due to O–2/F– substi-
tution and the resulting modification of lattice 
structure and surface energy. At 4% F content, 
the films exhibit a maximum (200) texture 
coefficient, revealing an optimal doping level 
that strongly stabilizes this orientation and 
improves crystallographic ordering through en-
hanced anisotropic grain growth and structural 
organization. However, at 6% F concentration, 
the (200) texture decreases while the (110) and 
(211) contributions partially recover, indicating 
the loss of preferential orientation caused by 
excessive dopant incorporation, which induces 
lattice strain, defects, and increased structural 
disorder, thereby weakening the growth an-
isotropy. For all samples, the other diffraction 
planes present TC values lower than unity, in-
dicating that regardless of the fluorine doping 
level, the thin films exhibit a preferred crystal-
lographic orientation along the (200) plane.

The average crystallite size (D), and dislo-
cation density (δ) of the films were estimated 
from the dominant (200) diffraction peak using 
the following equations [23-27]:

	
D =

0 9.
cos

λ
β θ

	 (4)

	 δ =
1

2D
, 	 (5)

Table 1. The values of the texture coefficient and lattice parameters of the F doped SnO2 thin films.

Sample TC(110) TC(200) TC(211) a = b, (Å) c, (Å) V, (Å3)

Pure SnO2 0.563 1.267 0.789 4.719 3.181 70.084

SnO2:2% F 0.321 2.454 0.483 4.740 3.200 71.870

SnO2:4% F 0.271 2.627 0.363 4.680 3.162 69.270

SnO2:6% F 0.610 1.689 1.073 4.680 3.140 68.780

Table 2. Structural parameters of pure and F-doped SnO2 films.

Sample 2θ, (± 0.005°) FWHM D,  
(± 0.50 nm) ε, (x 10–3) δ, (x 1015 m–2) t, (± 10 nm) 

Pure SnO2 38.110 0.6477 13 8.18 5.92 702

SnO2:2% F 38.059 0.3386 9.81 10.81 10.4 685

SnO2:4% F 38.479 0.3911 21.50 4.90 2.20 624

SnO2:6% F 38.410 0.458 18.39 5.73 2.96 598



262	 Functional Materials,  33,  2,  2026

W. Darenfadet al. / Study of structural, wettability, optical and ...

where λ is the X-ray wavelength, β is the full 
width at half maximum (FWHM) of the diffrac-
tion peak, θ indicates the diffraction angle.

The structural evolution of SnO2 thin films 
with fluorine doping reveals a strong depen-
dence of the crystalline quality on the dopant 
concentration. The pure film exhibits a mod-
erate crystallite size (13 nm ± 0.50 nm) asso-
ciated with relatively high microstrain and 
dislocation density, indicating the presence of 
structural imperfections. With the introduction 
of 2% F, the D decreases to (9.81 ± 0.50) nm, 
while the microstrain and dislocation density 
increase, suggesting that the initial incorpora-
tion of fluorine induces lattice distortion and 
limits crystallite growth. At higher fluorine 
concentrations (4 and 6%), the D increases 
significantly to (21.50 ± 0.50) nm and (18.39 ± 
0.50) nm, respectively, accompanied by a reduc-
tion in lattice imperfections compared with the 
2% F-doped film. This behavior indicates that 
fluorine incorporation at these concentrations 
promotes grain growth and improves the struc-
tural organization of the SnO2 lattice.

3.2 Raman spectroscopy study 
The formation of the tetragonal rutile struc-

ture of SnO2 is further confirmed by Raman 
spectroscopy. The rutile phase belongs to the 
space group P42/mnm [20, 28], and the Raman 
spectra of the studied samples, recorded in the 
range of 300–800 cm–1, clearly exhibit the char-
acteristic vibrational modes of this structure. 
As shown in Fig. 4, the main peaks located 

around 477–484 cm–1, 633–637 cm–1, and 755–
775 cm–1 are attributed to the Eg, A1g, and B2g 
modes, respectively, which are well consistent 
with the typical fingerprint of tetragonal rutile 
SnO2. In addition, weaker bands observed in 
the ranges of 310–312 cm–1, 400–406 cm–1, and 
562–570 cm–1 are assigned to surface-related 
defects and lattice disorder. According to Meh-
raj et al. [29], the Eg mode is particularly sensi-
tive to oxygen vacancies compared to the other 
vibrational modes, making it a useful probe for 
defect analysis. This behavior suggests that 
fluorine incorporation modifies the local lattice 
environment, enhancing oxygen vacancy-re-
lated defects while preserving the overall ru-
tile structure. Notably, no peaks corresponding 
to secondary phases were detected, indicating 
good phase purity and supporting the XRD re-
sults.

A comparative analysis of pure and F-doped 
SnO2 thin films shows slight variations in peak 
intensity as well as a moderate broadening of 
certain Raman bands with increasing fluorine 
content. These spectral changes reflect modi-
fications in the local atomic arrangement in-
duced by fluorine incorporation. This behavior 
is consistent with an improvement in crystal-
line quality at higher doping levels, which is 
also confirmed by the XRD results, while the 
rutile structure of SnO2 is preserved.

3.3 EDX analysis
The EDX spectra of the pure and 2% F-doped 

thin films, shown in Fig. 5, indicate that tin (Sn), 
oxygen (O), and silicon (Si) are the predominant 
elements. The presence of silicon is attributed 
to the glass substrate. In both samples, tin and 
oxygen represent the main chemical constitu-
ents of the deposited films. Only very weak or 
nearly undetectable signals corresponding to 
fluorine are observed in the doped sample. This 

Fig.4. Raman spectra of our films.

Fig. 5. EDX spectra of a) pure and b) SnO2:2% 
F thin films.



Functional Materials,  33,  2,  2026	 263

W. Darenfadet al. / Study of structural, wettability, optical and ...

can be explained by the volatile nature of fluo-
rine during the spray pyrolysis process and its 
low detection sensitivity in EDX analysis.

3.4 Wettability study
Fig. 7 illustrates the variation in the static 

contact angle (CA) of distilled water droplets 
deposited on the surfaces of pure and SnO2:F 
thin films with fluorine concentrations of 2, 4, 
and 6%. As observed, the static contact angle 
increases progressively with increasing fluo-
rine content, rising from (45.12° ± 0.01°) for the 
pure film to (85.31° ± 0.01°) for the highly doped 
sample. Despite this increase, all films remain 
hydrophilic, since their CA values are lower 
than 90°. Therefore, fluorine incorporation 
within the investigated concentration range (2–
6%) enhances the surface hydrophobicity with-
out altering the intrinsic hydrophilic nature of 
the SnO2 surface. This behavior is consistent 
with previous reports in the literature concern-
ing Zn-doped [1], Ni-doped [2], and F-doped 
[30] SnO2 thin films deposited by spray pyrol-
ysis. According to Ben Ameur et al. [30], the 
observed variation in hydrophobicity is mainly 
attributed to differences in the adhesion forces 
(Van der Waals interactions) between water 
molecules and the solid surface. In particular, 
the fluorine-doped film exhibits a lower work of 
adhesion compared to the undoped film, which 
may be due to the difference in anionic charge 
between F– and O–2 ions [30]. Furthermore, 
fluorine doping has been reported to improve 
the hydrophobic character of the films [30]. In 
addition, the studies of Khalfallah et al. [2] and 
Guermat et al. [1] demonstrated that the hydro-
philic nature of SnO2 thin films is beneficial for 
photovoltaic applications, as it promotes better 
adhesion between functional layers, thereby im-
proving film durability and contributing to the 
overall efficiency of solar cells.

3.5 Optical study
Fig. 8 shows the optical transmittance and 

absorbance spectra of pure and F-doped SnO2 
thin films. All deposited films exhibit high op-
tical transparency, with an average transmit-
tance of approximately (76 ± 0.5) % in the vis-
ible region. The incorporation of fluorine leads 
to a decrease in optical transmittance in the 
wavelength range of 359–650 nm, whereas an 
enhancement in transmittance is observed in 
the visible–near infrared (Vis–NIR) region be-
yond 650 nm. The high optical transparency 
of these films highlights their potential use as 
transparent conducting layers in thin-film so-
lar cell applications. A similar improvement in 
transmittance after fluorine incorporation was 
reported by Ben Ameur et al. [30] for SnO2 and 
FTO thin films prepared by spray pyrolysis. 
This behavior is most likely attributed to the 
effective incorporation of fluorine into the SnO2 
lattice, which influences the optical response of 
the films.

Fig. 6 presents static images of water droplets 
with a volume of 5 μL on the surface of our films, 
taken after 5 s to minimize the effects of water 
evaporation.

Fig. 7. Variation of the water contact angles of 
SnO2 films at various F concentrations.

Fig. 8. Transmission spectra of SnO2 thin films 
deposited with different F doping concentra-
tions.
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To better highlight the effect of fluorine 
doping on the optical behavior of the films, the 
transmittance spectra in the fundamental ab-
sorption region (UV range, λ ≤ 400 nm) were 
enlarged, as shown in Fig. 9. In this wave-
length region, the sharp decrease in transmit-
tance clearly corresponds to the interband (fun-
damental) absorption process. With increasing 
fluorine content, the absorption edge shifts 
toward shorter wavelengths, indicating a blue 
shift of the absorption tail. This shift can be at-
tributed to the Burstein–Moss effect [2], result-
ing in enhanced UV transmittance. Similar be-
havior was reported by Khalfallah et al. [2] and 
Darenfad et al. [10] for Ni- and Co-doped SnO2 
thin films deposited by spray pyrolysis.

From the transmittance data, the optical 
band gap energy (Eg) of the films can be deter-
mined. The band gap values were estimated by 
plotting (αhν)2 as a function of photon energy 
(hν), as shown in Fig. 10, according to the Tauc 
model for direct electronic transitions [31-34].

The calculated results show that with an 
increase in the fluorine concentration, the opti-
cal band gap of the deposited SnO2 thin films 
gradually increases from (3.75 ± 0.02) eV for 
the pure film to (3.80 ± 0.02), (3.83 ± 0.02), and 
(3.87± 0.02) eV for the doped samples, respec-
tively (Fig. 11). These values are consistent 
with those reported for other F-doped SnO2 
thin films in the literature [9, 35]. The widen-
ing of the band gap can be attributed to the 
incorporation of F ions into the crystal lattice, 
as well as to the oxygen vacancies generated 
during film growth. These defects increase the 
electron concentration near the bottom of the 
conduction band by introducing donor levels 
in the SnO2 electronic structure, resulting in 
an increase in the optical band gap [35]. This 

band gap enlargement is commonly explained 
by the Burstein–Moss effect, which states that 
a high carrier concentration associated with 
heavy doping fills the low-energy states in the 
conduction band. Consequently, a larger ener-
gy is required for electron transitions from the 
valence band to the conduction band, leading 
to an apparent increase in the optical band gap 
energy [36].

Another important parameter used to char-
acterize the structural disorder of a material 
is the Urbach tail energy (EU) as illustrated in 
Fig. 12. According to Urbach’s law, the absorp-
tion coefficient (α) can be expressed as follows 
[1-5]:

	
α α

ν
=

æ

è
çççç

ö

ø
÷÷÷÷÷0 exp h

Eu

,	 (6)

where α0 is a constant.
The variation of the Urbach energy for our 

films is presented in Fig. 11. A gradual decrease 
in the Urbach energy from (328 ± 5), (324 ± 5), 
and (318 ± 5) to (313 ± 5) meV was observed for 
pure SnO2 and doped with 2, 4, and 6%, respec-
tively. A similar behavior was also reported by 

Fig. 9. Zoom of the transmittance spectra for λ ≤ 
400 nm of SnO2 films.

Fig. 10. The plots of (αhν)2 versus photon energy 
hν for pure and F-doped SnO2 thin films.

Fig. 11. Variation of the optical gap (Eg) and 
the Urbach energy (EU) for F-doped SnO2 thin 
films.
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Guermat et al. [9] for pure and FTO​ films with 
concentrations of 6, 8, and 12%. This behavior 
is probably related to a lower density of struc-
tural defects, reflected by the reduced Urbach 
energy within the crystalline lattice of the films 
[9]. Furthermore, the variation of EU ​appears 
to be correlated with the variation of the Eg, as 
shown in Fig. 11.

The refractive index (n) is a fundamental 
property of optical materials, as it is closely 
related to the electronic polarizability of ions 
and the local electric field within the material. 
Changing the refractive index in optical materi-
als is of great importance for integrated optics 
applications, such as optical switches, filters, 
and modulators, where the refractive index 
plays a key role in device design [30]. The refrac-
tive index can be determined using the following 
Hervé and Vandamme equation [26, 27].

	  n A
E Bg

= +
+

æ

è

ççççç

ö

ø

÷÷÷÷÷
1

2

 ,	 (7)

where A and B are numerical constants with 
values of 13.6 eV and 3.4 eV, respectively. The 
variation in the refractive index of the films is 
presented in Table 3.

Table 3 summarizes the refractive index 
values of pure and F-doped SnO2​ thin films. 

The results reveal a gradual decrease in the re-
fractive index with increasing fluorine content, 
which is consistent with the observed enhance-
ment in optical transmittance. A similar trend 
was reported by Ben Ameur et al. [30] for SnO2​ 
and FTO films deposited by spray pyrolysis. An 
optimized refractive index is essential for mini-
mizing light losses caused by reflection and for 
improving the efficiency of solar energy conver-
sion. Therefore, the incorporation of fluorine at 
concentrations ranging from 2 to 6% appears to 
enhance the optical transmittance of SnO2 thin 
films, as confirmed by the results presented in 
Table 3.

3.6 Electrical study 
Figure 13 shows the dependence of electri-

cal conductivity (σ), measured by the four-probe 
measurement method, on the fluorine concen-
tration. The conductivity gradually increases 
with increasing fluorine content and reaches a 
saturation value of (14.057 ± 0.5) Ω–1.cm−1 at 
6% F content.

A similar behavior was reported by Khelifi 
et al. [35] for F-doped SnO2 films prepared by 
spray pyrolysis with fluorine concentrations 
of 0, 2, 3, and 4 at.%. According to Khelifi et 
al. [35], the enhancement in conductivity can 
be attributed to two main factors. First, oxy-
gen vacancies induce non-stoichiometry in the 

Fig. 12. ln(α) versus photon energy curves of F-
doped SnO2 films.

Fig. 13. Variation of conductivity of F-SnO2 with 
different F-doping.

Table 3. The values of the refractive index and transmittance for λ = 800 nm of our films.

Sample Refractive index Transmittance for λ = 800 nm, (%)

Pure SnO2 1.902 ± 0.01 71 ± 0.5

SnO2:2% F 1.888 ± 0.01 73 ± 0.5

SnO2:4% F 1.881 ± 0.01 77 ± 0.5

SnO2:6% F 1.870 ± 0.01 81 ± 0.5
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SnO2 ​lattice, which contributes to the increase 
in electrical conductivity. Second, fluorine dop-
ing increases the carrier concentration through 
the substitution of O–2 ions by F– ions in the 
crystal lattice, leading to the generation of ad-
ditional free electrons [37]. Moreover, fluorine 
introduces donor levels below the conduction 
band, facilitating the transfer of electrons into 
the conduction band and thereby enhancing 
the conductivity [35].

4. Conclusion 
In summary, SnO2 thin films with different 

fluorine doping concentrations (2, 4, and 6%) 
were deposited on ordinary glass substrates us-
ing the spray pyrolysis technique. The impact 
of fluorine doping on the physical properties of 
these thin films was thoroughly investigated. 
The deposited films were polycrystalline and ex-
hibited a tetragonal rutile structure. The XRD 
results were confirmed by Raman spectroscopy. 
Contact angles for all prepared samples were 
less than 90°, indicating the hydrophilic nature 
of the films. Optical studies in the UV-visible 
region showed that the transmittance of the 
films increases with increasing fluorine concen-
tration, rising from (71 ± 2)% to (81 ± 2)% in the 
visible range. Additionally, the optical band-
gap increased from (3.75 ± 0.02) eV to (3.87 ± 
0.02) eV with the addition of fluorine. Electrical 
measurements showed the maximum electrical 
conductivity of (14.057 ± 0.5) Ω–1.cm−1 for the 
SnO2:6% F thin film. The study concludes that 
variations in fluorine concentration significant-
ly impact the film properties, particularly the 
optical and electrical properties, suggesting the 
existence of optimal conditions for specific opto-
electronic applications.
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