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Polycrystalline films of undoped and fluorine-doped SnO: (FTO) are deposited on a glass substrate by
spray pyrolysis at 400 °C. The effects of fluor concentration (8, 10 and 12 %) on the structural, morphologi-
cal, optical and electrical properties of FTO films are studied. Our XRD results show that F-SnOs still has
the same rutile structure as undoped SnO: with improved crystallization for doped films, with no other
phase detected. The measured contact angles are < 90° for undoped and 8 % F doped films, which confirms
the hydrophilic character, while other doped (Sn02:10 % F and Sn02::12 % F) films show the hydrophobic
character at contact angle values of > 90° and the super-hydrophobic (CA = 140°) for Sn02:12 % F thin film.
A higher transmittance value of 83 %, a wide band gap equal to 3.9 eV, and lower disorder (287.68 meV)
are observed for the 12 % F doped SnO: film. In addition, electrical resistivity (p), carrier concentration (1)
and Hall mobility () are determined from Hall effect measurements and it is found that all the elaborated
thin films have n-type conductivity. The lowest resistivity of 2.245 x 10-4 Q-cm and the highest Hall mobil-
ity of 24.55 cm2-V-1.s-1 are obtained at an F concentration of 12 %. The results suggest that the FTO film

at 12 %F can be used as a transparent conductive oxide of the front electrode for film solar cells.
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1. INTRODUCTION

In recent years, significant efforts by several re-
searchers have been focused on the development of thin
films of transparent conductive oxides (T'COs) at a
lower cost. Three materials are featured: tin-doped
indium oxide (In203:Sn or ITO) [1], aluminum-doped
zinc oxide (ZnO:Al) [2], and fluorine-doped tin oxide
(SnO2:F or abbreviated as FTO) [3] or antimony
(SnO2:Sb) [4]. These oxides have three main character-
istics in common: (i) the width of the optical gap is
> 3 eV, (11) the stoichiometric compound is an insulator,
and (ii1) the degenerate material has a high carrier
density. Tin dioxide (SnOz2) is one of the most widely
used TCOs in technology. Indeed, in recent decades it
has experienced increasing scientific and industrial
interest in the form of thin layers due to its remarkable
physical properties, more particularly its n-type semi-
conductor character and its good optical transparency
in the visible range. These properties also make this
material an ideal candidate for several practical appli-
cations such as gas sensors [5], photovoltaic cells [6],
photocatalysis and others. The physico-chemical prop-
erties of thin layers of tin oxide depend on the process
used for the deposition and conditions of elaboration.
To produce high quality SnOz thin films, characterized
by high optical transparency and strong electrical con-
duction, and with a reduced manufacturing cost, par-
ticular attention is paid above all to the manufacturing
conditions, the effects of the nature of the substrates,
and atomic doping (Ni, Co, Mn, Mg, Al, F, ...). Several
known methods are commonly used to prepare SnO:
thin films. These are physical and chemical deposition
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methods. Among the methods for producing thin layers
of tin dioxide, our choice fell on the spray pyrolysis
process. The many advantages offered by this process
(simplicity, lower cost and good homogeneity of the
films produced) [5-8] justify the choice of this method.

Despite a very large number of studies on fluorine-
doped SnOz2-based solar cells, the effect of this addition
has so far remained poorly understood. In this context,
this work focuses, on the one hand, on the production of
thin layers of tin dioxide SnO:z using the spray pyroly-
sis method and, on the other hand, on the study of the
influence of doping atoms with fluorine (F), as a physi-
cal parameter, on the physical properties of our films,
in order to obtain layers of good structural, morphologi-
cal, optical and electrical quality.

2. EXPERIMENTAL DETAILS

We used as a source of tin (SnOz2) chloride dihydrate
(SnClz2 2H20) and a source of fluor (F) NH4F with mo-
larity fixed at 0.1 M. Both sources were dissolved in
20 ml of distilled water, then the obtained mixture was
stirred at 30 °C for 1 h to obtain a homogeneous and
transparent solution. Four undoped samples, SnOs2,
Sn02:8 %F, Sn02:10 %F and Sn02:12%F, were elabo-
rated using the spray pyrolysis method on ordinary
glass substrates with a deposition time of 10 min, a
distance between atomizer and substrate = 17 cm and a
substrate temperature of 400 °C. Structural properties
were determined by XRD using a Philips X' Pert sys-
tem with CuKa radiation (Acuka =1.5418 A). The sur-
face morphology and microstructure were investigated
by scanning electron microscope (SEM) embedded with
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an Energy Dispersive X-ray (EDS) system (FEI Quanta
450 FEG). The values of the contact angle for each
deposit were obtained after 5 s with a drop of distilled
water of volume =5 pl. The optical transmission meas-
urements were carried out using a Shimadzu UV-3101
PC spectrophotometer in a range between 300 nm and
800 nm. The electrical properties (resistivity, molarity
and density) were characterized at room temperature
by the Hall effect method.

3. RESULTS AND DISCUSSION

The crystal structure was determined by XRD of
SnO:2 and SnOgz:F thin films deposited by spray pyroly-
sis with different concentrations of fluorine doping (8,
10, and 12 %) at 400 °C (see Fig. 1). The results clearly
indicate that all the films are of a tetragonal rutile
structure with a polycrystalline nature compared to the
JCPD reference files (sheet N°41-1445) [5, 6]. The ma-
jor peaks are located at 26.98°, 34.19°, 38.47°, 52.04°,
62.14° and 65.98° corresponding to (110), (101), (200),
(211), (310) and (301) diffraction planes, respectively. A
strong orientation (110) is observed at 0 and 8 % which
indicates that the films have a strong crystallographic
texture according to (110), where the formation energy
is lower [3]. Above these values at 10 % and 12 %, we
can see that the orientation has been changed to (200),
which has high texture growth [3]. As the fluorine dop-
ing concentration increases, the structure of rutile
remains the same. Other main cassiterite planes were
also detected but with significantly lower intensities. It
appears from the XRD spectra that no peak of the im-
purity phase originating from the F dopant or its oxide
is detected in the prepared samples. This is easily ex-
plained by the strong dilution of fluor in the structure
of SnOz2 by replacing O atoms with F atoms in F-SnO:2
films [9]. The same result was observed by Khelifi et al.
[3] by studying SnO:z:F films deposited by ultrasonic
spray for fluorine concentrations varying between 2
and 5 % and a substrate temperature equal to 450 °C.

The crystallites size (D) of the (110) peak was calcu-
lated from the Debye-Scherrer formula [10, 11]:
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Fig. 1 — X-ray diffraction spectra of obtained films with differ-
ent doping concentrations
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where A is the wavelength of X-rays radiation, f repre-
sents the full width at half maximum (FWHM) and 6 is
the angle of diffraction.

The dislocation density (6) of SnOz film along the
(110) plane is calculated by the following formula [10]:

Table 1 summarizes values of the FWHM, crystal-
lite size and dislocation density of various undoped and

SnO:z doped layers depending on the concentration of
the dopant F.

Table 1 — Variation of the FWHM, crystallites size and dislo-
cation of our films

Sample type FWHM D,nm | 5x10-3 nm~-2
Undoped SnOz | 0.53777 | 15.189 4.334
Sn02:8 % F 0.48347 | 16.907 3.498
Sn02:10 % F 0.37513 21.767 2.110
Sn02:12 % F 0.51684 15.802 4.004

The values of the crystallite size, FWHM and dislo-
cation as a function of fluorine doping concentration
are summarized in Table 1. We notice that the crystal-
lite size values increase from 15.189 nm in the case of
the undoped film to 21.767 nm at 10 % dopant concen-
tration, while dislocations decrease due to the substitu-
tion of O atoms by F atoms in the F-SnO:2 lattice [9].
According to Bouhdjer et al. [12], this increase is prob-
ably due to an increase in the number of fluorine atoms
entering the substrate, which have a large atomic radi-
us, resulting in an increase in the nucleation number
that combine to form larger grains. Beyond 10 %F, the
size of crystallites decreases (15.802 nm) probably due
to the incorporation of F ions in the SnO2 network
which takes interstitial sites [3].

The surface morphology and structure of the films
were studied using SEM observations. In Fig. 2a, the
surface of the undoped SnOz film has a rough appear-
ance. It is formed of irregular agglomeration of grains
with the appearance of a cubic phase.
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Fig. 2 — Scanning electron micrographs of a) pure and b) SnO2:
12 % F thin films

Fig. 2b illustrates that the surface of the film is uni-
form and consists of crystalline nanoflowers (as shown
by magnification), compact and dense. The crystalline
nanofluors are smoothly distributed on the glass sub-
strate with strong adhesion and without macroscopic
defects such as voids and cracks. We also observed the
disappearance of the SnOz2 cubic phase.

The EDS spectra of the deposited undoped and F-
doped SnO2 (FTO) films are shown in Fig. 3. The anal-
ysis indicates the presence of Sn,0 and F elements
forming the layer of undoped SnO2 and F-doped SnOs.

Fig. 4 shows the different static images of our films
of a drop of water with a volume of 5 ul and 5s (to
avoid any effect of liquid water evaporation).
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Fig. 3 — EDX spectrum of pure and Sn02:12 % F thin films
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Fig. 5 — Variation of water CA of SnO: films at various F
concentrations

Fig. 5 shows the variation of the contact angle (CA)
with a drop of water of the undoped and F-doped SnO:2
films. From Fig. 4, we can see an increase in CA de-
pending on the addition of F from 51 up 140°. The same
result was observed by Ben Ameur et al. [13] by study-
ing undoped and F-doped SnO: films deposited by the
spray pyrolysis technique. For undoped and 8 % F
doped films, the values of CA are < 90°, which describes
the hydrophilic character. This behavior is similar to
the results reported in the literature, such as Ni-doped
SnOzq [5] and Zn-doped SnOq thin films [6]. This charac-
ter presents a promising feature for photocatalytic [7]
and gas sensor [3, 14, 15] applications. This behavior
could be attributed to the effect of layer density, sur-
face roughness and dopant level. Beyond 8 %, the CA
values measured are > 90°, which shows the hydropho-
bic nature of the films produced by the spray pyrolysis
method. This character presents an important charac-
teristic for solar cells.

The optical transmittance spectra are illustrated in
Fig. 6. All spectra show high transparency in the visi-
ble range (400-800 nm) with an average transmittance
of approximately 75 % for each film.
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Interference fringes can be observed for all samples;
this observation confirms the homogeneity of the elabo-
rated layers. Moreover, we can easily notice that the
doping of SnO2 by fluorine leads to an improvement in
optical transmission. The high optical transmission
(T =83 %) for the 12 % F doped film suggests that this
film can be used as a window layer in thin film solar
cells and in different optoelectronic devices like in flat
plate collectors.

To better see the effect of doping on the behavior of
SnOz2-based films produced by spray pyrolysis, we have
carried out an enlargement of the transmission slices
at the level of the fundamental absorption zone in the
UV region for lengths < 400 nm, as shown in Fig. 7. For
a wavelength equal to 400 nm, it can be seen that
transmittance diagrams clearly evoke the drop due to
inter-band absorption (fundamental absorption). A
shift towards shorter wavelengths for undoped and
F-doped films, which reflects the Burstein-Moss (BM)
effect [16] and results in enhanced transmission in the
UV range, is a very important feature for thin-film
solar cell applications, as they allow more high-energy
photons to reach the solar cell.
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Fig. 6 — Transmission spectra of ZnO thin films deposited with
different F doping concentrations
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Fig. 7—Zoom of the transmittance spectra for 1 =400 nm of
our films
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Fig. 8 — Determination of the gap energy of SnO: layers pro-
duced by spray pyrolysis with deferent fluoride doping
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Fig. 9 — Variation of optical parameters of SnO; films at vari-
ous F concentrations

The direct optical gap (Eg) for undoped and F-doped
SnOq films is estimated from plots of (ahv)? vs. photon
energy (hv), as shown in Fig. 8, using Tauc's equation
[17]. Fig. 8 gives an illustration of the determination of
Eg of SnOz2 thin films as a function of doping rate. The
determination of the optical gap of the films is deduced
by extrapolation of the linear part to the hv axis.

The variation of the optical gap as a function of F
doping concentration is shown in Fig. 9. Fig. 9 shows
that addition of dopant tends to increase the gap. This
shift of the optical gap with the addition of F-doping
(i.e. carrier concentration) can be explained by the BM
shift; the absorption edge shifts to higher energies with
increasing carrier concentration [18]. Similar behavior
has been observed by several authors [3, 16, 18].

Localized states near the edge of the band can
cause band tails [17]. The absorption edge is called the
Urbach tail [17]. The Urbach energy (Eu) or the disor-
der i1s probably related to the effects of all possible
defects. The Urbach energy is given by the following
equation [17]:
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Fig. 10 — Plots of Ina versus photon energy Av for determining
Urbach energy of SnO: thin films deposited with different F
doping concentrations

a=aq, exp% , 3)

where o is a constant.

The Urbach energy for SnOgz thin films deposited
with different F doping concentrations is determined by
plotting Ina against the energy of photons Av, as shown
in Fig. 10. The Urbach energy of the undoped sample is
318 meV and this value decreases with increasing dop-
ing content. Since Urbach energy is related to structur-
al defects, the decrease in structural defects observed
from XRD analysis (Table 1) with doping leads to a
decrease in the Urbach energy values.

Table 2 — Variation of resistivity (o), Hall mobility (1) and
carrier concentration () for different F doping in SnOs films

n,cm-3
1.24 x 1014
9.494 x 1016
8.626 x 1019
1.128 x 1021

Sample type | p, Qem [y, cm?V-lg-1
Pure SnO2 3.721 3.24x10-3
Sn02:8% F |1.47x10-1| 4,458 x 10-2

Sn02:10 % F |8.265 x 102 8.756 x 10-1

Sn02:12 % F |2.245 x 10-4  2.455 x 10!

Table 2 shows the variation of Hall mobility (u),
carrier concentration (n) and resistivity (o) of SnOgz:F
films with various F concentrations. It is observed that
Hall effect measurements indicate that undoped and
F-doped SnO: films are n-type semiconductors. An
increase in the carrier concentration and Hall mobility
with increasing fluorine doping can be explained by the
increase in the crystallite size of the films as a function
of the addition of F, as shown by the diagram of X-ray
diffraction (Fig. 2). So, improving the crystallinity of
films reduces carrier loss, as reported by Vasu and
Subrahmanyam [19]. As a result of an increase in the
carrier concentration and Hall mobility, the resistivity
of these films decreases (Table 2). This can be attribut-
ed to fluorine ions occupying oxygen sites in the SnOg2
lattice creating free electrons resulting in an increase
in electrical conductivity. In addition, the value of p
(2.245 x 10~ * Q-cm) is minimum and u (2.455 x 10 cm?
V-1s-1) and n (1.128 x 1020 cm —3) are maximum for
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the 12 % F-doped film, indicating that this is the opti-
mum concentration for optoelectronic applications.

Table 3 — Comparison of the resistivity, mobility and carrier
concentration of SnOqz:F films as reported by other authors
and in the present study

Method p, Q-cm Vflj frsnfl n,cm-3 Ref.
PLD 1.3x10-3 13.9 3.6 x 1020 18
APCVD 4.99 x 104 17.8 7.09 x 1020 20
Sputtering | 1.7 x 10-2 - - 21
Ultrasonic
spray 8.5x10-¢ - - 22
pyrolysis
Ultrasonic
spray 4.52 x10-%| 24.68 |5.73 x 1020 23
pyrolysis
Spray 23x10-4 | 74 | 69x100 | 24
pyrolysis
Spray 15x10-4 | 21.86 |1.87x 102 | 25
pyrolysis
Spray o 945 %104 24.55 |1.128 x 1020|FreSent
pyrolysis study

Table 3 presents the values of the electrical resistiv-
ity for thin layers of FTO deposited by different tech-
niques. It is interesting to note that the best value of
the electrical resistivity obtained in this work is lower
than that obtained by spray pyrolysis, ultrasonic spray
pyrolysis, pulsed laser deposition (PLD), atmosphere
pressure chemical vapor deposition (APCVD) and sput-
tering techniques.

4. CONCLUSIONS

In summary, undoped and F-doped SnO2 (FTO) thin
films on glass substrates elaborated by the spray py-
rolysis process were successfully synthesized in this
study. Experimental results revealed that the deposit-
ed materials have a tetragonal rutile structure with a
polycrystalline nature, and no impurity phase is ob-
served. The undoped and 8 % F doped SnO: films show
a hydrophilic character with CA < 90° and other elabo-
rate films show a hydrophobic character (CA > 90°) and
a super-hydrophobic for the 12 % F doped. For a SnOa:
12 % F film, a low electrical resistivity of 2.245 x 104
Q-cm with the high optical transmission of 83 % in the
visible spectral range was measured and compared to
other elaborated films. We deduced that doping with
12 %F is an optimal value for the FTO film deposited
by the spray pyrolysis technique, which gives the best
structural, morphological, super-hydrophobic, optical
and electrical properties required as a conductive
transparent electrode in solar cell thin layers.
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JIerosani ¢propom cyneprigpodooni manoksitu SnO: (FTO), ocagaeni 3a 7OMOMOrom0 po3nu-
JIIOBAJIBHOIO IIiPOJIi3y OJIA 3aCTOCYBAHHS B COHAYHUX €JIEMEHTAaX
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TTomixpucramivai mwiiBku HesleroBaHoro Ta jieropatoro propom SnOz (FTO) HaHOCATHCS HA CKIISHY ITij-
KJIQJIKy MEeTOJ0M Poa3mmIioBaabHoro mposridy mpu 400 °C. Jlocmimxeno BiumB KoHIeHTparri gropy (8, 10 1
12 %) Ha cTpyKTypHI, MopdoJsoriyni, onTuvHl Ta ejgeKkrpudHi BiaactuBocti mwriBok FTO. Hamn pesysnsratu
XRD mnokasymors, mo F-SnO:z Bce me Mae Ty camy CTPyKTypy pyTHIIY, 10 ¥ HeseroBauuit SnOgz, 3 moKparie-
HOIO KPHICTAJII3AIII€I0 JJIsI JIETOBAHUX ILTIBOK Ta 0e3 BUsBJIEeHHd iHINOI (pasu. BumipsHi KyTH KOHTAKTy cTa-
HOBJIATD < 90° [1J1 HeJIeroBaHuX ILIIBOK Ta IUIIBOK, JieroBaHux 8 % F, 1o miarsepmxye rizpodiasumit xapa-
Krep, Tomi AK 1Hm jeroBaHi mwiiBKA (Sn02:10 % F 1 Sn02:12 % F) memoncTpyoorh rigpodobHMI XaparTep
Opu 3HAYEHHAX KyTa KOHTarry > 90° Ta cymeprimpodobmumit xapakrep (CA = 140°) st TOHKOI IUTIBKH
Sn0:2:12 % F. Jloa umskm SnOg, seroBanoi 12 % F, cocrepiraersest Bummit koediirieHT mpomyckanus 83 %,
muprHa 3a060poHeHoi 30HU 3,9 eB 1 Mmenmuit 6esnar (287,68 meB). Kpim Toro, muroMuit esleKTpUIHUN OmIip
(p), KOHITEHTpAITIS HOCIIB (1) 1 XOJUTIBChKA PYXJIUBICTD (4) BU3HAYAIOTHCS 32 JOIIOMOIO BUMIPIOBAHb epeKTy
XoJwuta, 1 BUABJIEHO, 10 BC1 PO3PO0JIeH] TOHKI ILUTIBKM MAIOTh 1-THI IIPOBIAHOCTI. HaliHmx9yuii muToMuii omrip
2,245 x 10-4Om-cM 1 Ha¥BHINA XOJUIIBCbKA PyXJuBicTh 24.55 cm2-B-l.c-! oTpmMaHi IpH KOHIIEHTpAILi
12 % F. PesynbraTu cBiguars 1mpo Te, 1o mwinBky FTO 3 12 % F moskHa BUKOPHUCTOBYBATH SK IIPO30PHUIH IIPO-
BIIHMI OKCHIHUN (DPOHTAIILHOTO €JIEKTPO/TY IS IIIBKOBAX COHIYHUX €JIeMEHTIB.

Kmiouori ciora: Touxi rurisku, JleroBauuit dpropom SnQ2, PosmmmoBanbuumii miposis, Kouraktauii KyT,
CymeprizpocoOmmii.
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