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Abstract

In the present work, undoped (SnO,) and fluorine-doped tin oxide (FTO)
thin films were prepared by sol-gel process using a solution composed of
(SnCl,, H,0), (NH,F), and ethanol mixture. The fluorine concentration effect
on structural, optical and electrical properties of SnO, films is investigated.
The electrical properties of FTO films prepared by sol gel remain relatively
lower than the ones deposited by other techniques. In present paper, we try to
elucidate this difference. Films composition and the FTIR analysis, of films
and formed precipitate during film growth, indicate that few amounts of flu-
orine are incorporated in SnO, network, most of fluorine atoms remain in the
solution. The films resistivity is reduced from 1.1 Q-cm for undoped films to
3 % 107* Q-cm for 50 wt.% doped FTO, but remains higher than the reported
ones in the literature. This high resistivity is explained in terms of fluorine
bonding affinity in the solution.
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1. Introduction

Doped tin oxide thin films have succeeded as leading candidates for uses as
transparent conducting oxides (TCO) [1]. They have been extensively investi-
gated. SnO, thin films exhibit high optical transparency (T = 85%) and a large
n-type electrical conductivity that can be tailored by doping with foreign atoms
[2]. The most favored doping atoms are indium (In) and antimony (Sb) which

substitute tin cations or fluorine (F) substituting the oxygen [2]. Fluorine-doped
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tin oxide (FTO) has good transparency, in the visible range, due to its wide
band-gap (£, > 3 eV) and a low electrical resistivity due to the large free carriers
concentration caused by oxygen vacancies and fluorine substitution [3]. FTO is
chemically stable [4]. It found several technological applications including; solar
cells [5], low emissivity coatings for windows [6], gas sensors [7], and liquid
crystal displays [8]. Several methods were used for FTO films deposition such as:
chemical vapor deposition (CVD) [9] [10], sputtering [11] [12] [13], plasma
evaporation [14], ultrasonic spray pyrolysis (USP) [15] [16] and sol-gel method
(spin or dip coating) [17] [18]. Sol-gel process is more advantageous than the
other methods due to its low-cost, simplicity and the possibility of films deposi-
tion onto large and complex shaped substrates. However, the electrical proper-
ties of FTO films prepared by sol-gel remain relatively lower than the ones depo-
sited by other techniques. In the present paper, we try to elucidate this differ-
ence. For this purpose, un-doped and fluorine-doped tin-oxide SnO, thin films
were prepared by sol-gel dip coating process. The effects of fluorine doping rate
SnO, films properties are studied. In order to investigate the fluorine presence,
we have analyzed the composition of FTO film and the formed powder in the

solution during film growth.

2. Experimental Details

2.1. Solutions and Thin Film Deposition

Undoped and F doped SnO, films were deposited on microscopic glass sub-
strates by sol-gel method using dip-coating technique. The salt precursor
(SnCl,-2H,0) was dissolved into 5 ml of hydrochloric acid (HCI) and heated at
60°C for 10 min. 25 ml of ethanol was added to obtain a solution of 0.1 M. In
order to promote the gel formation, some drops of Triethanolamine (TEA) are
added to the prepared solution. The added NH,F into pre-mixed solution is the
source of fluorine doping atoms. The resulting solutions were stirred for 2 hours
at 60°C, a clear and homogeneous solution was obtained, it was left to age for 24
h at room temperature resulting in a gel-like structure. The immersed glass sub-
strates were withdrawn vertically from the solution at the rate of 8 cm/min. For
film formation with suitable thickness, 15 dipping were repeated, between two
successive dipping the deposited films were dried at 100°C and finally annealed

at 450°C in air for 90 minutes.

2.2. Characterizations

Films structural properties were determined by XRD using Philips X’Pert system
under CuKa (A, = 0.154056 nm) radiation whereas the 26 scanning range was
between 20° and 80°. The films’ composition and morphology were determined
by using various measurements: energy-dispersive X-ray spectroscopy (EDS)
with the electron-beam energy set to 7 keV. The micro-Raman measurements
were performed using a Renishaw Raman spectrometer. Fourier transformation

infrared (FTIR) spectra were recorded using a Perkin-Elmer 2000 spectrometer.
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The optical transmission in the UV-visible range (200 - 900 nm) measurements
was performed using Shimadzu UV-3101PC spectrophotometer. Films thick-
nesses and optical band gaps were deduced from optical transmission data fit-
ting. The thickness calculation procedure is based on the comparison between
the experimental transmittance data with the theoretical one calculated using
Swanepoel theory [19], where film thickness and refractive index are varied till
convergence. The films electrical properties were studied by two probes method
measurements in dark and at room temperature, in a coplanar structure formed

by two golden strips electrodes deposited by DC sputtering onto films surface.

3. Results and Discussion

3.1. Structural Properties

The X-ray diffraction spectra of FTO films prepared with different fluorine
doping levels in the precursor solution are shown in Figure 1. As can be seen, all
films are polycrystalline with (110) preferred growth orientation except the one
deposited with 10 wt.% F which exhibits an amorphous state. The strong (110)
peak is accompanied by other peaks such as (101), (200), (220) and (211) but
with substantially lower intensities, confirms the tetragonal structure of the pre-
pared SnO, films (JCPDS N°. 41-1445) [20]. As seen, the introduction of fluo-
rine in SnO, network does not affect its structure but it reduces the peak intensi-
ties probably due to the reduction of film thickness. Small peak located at 31.77°
assigned to the (111) direction of SnO, cubic phase ((JCPDS 50-1429) is detected
in films a and ¢ (Figure 1). The same remark has been reported by Keskenler et
al [21]. in tungsten and fluorine co-doped SnO, prepared by sol-gel technique.
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Figure 1. XRD pattern of: (a) un-doped; (b) 10 wt.% F doped; (c) 40 wt.%
F doped; (d) 50 wt.% F doped SnO, films; (e) from JCPDS card N°.
41-1445.
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To evaluate the preferred growth direction, the texture coefficient 7C{Akl) for

each direction (/1kl) was estimated using the following formula [22].

TC (hki) —MX[EZ"MT (1)

Ly (kD) | 1 ()

where [(Akl) and [(Akl) are respectively the measured and the standard intensity
in the JCPDS card of the plane (44/) and n is the reflection. The larger the devia-
tion of texture coefficient from unity, the higher will be the preferred orienta-
tion.

The variation of texture coefficient estimated along (110), (101) and (211) di-
rections with the fluorine content for SnO,:F thin films are listed in Table 1. As
can be seen, the direction (110) remains the preferential orientation in undoped
or doped SnO,, the same conclusion has been reported by several authors [23]
[24] [25].

The lattice constants “a” and “c” were determined from XRD results using the

equation [26]:

1 W+
AN L @)
dyy a’ ¢’

where d,;, is the inter-planar distance, (Ak/) are the Miller indexes. As reported
in Table 1, the calculated values are in agreement with the standard data (a, =
4.738 A, ¢, = 3.187 A). No notable change was observed with increasing F ion
concentration, this may be due to the comparable ionic radius of F~ (1.17 A) to
07 (1.22 A).

The films crystallite size and internal lattice strain given in Table 1 have been

estimated from Hall-Williamson equation [27] expressed as:

cosd 1 sin @
s FR; ) (3)

where fis the FWHM (full wide that half-maximum) of diffraction peaks, 8 is
the Bragg angle, A is the X-rays wavelength, D is the crystallite size and ¢ is the
internal strain. D and ¢ are estimated from the fit of the plot Scos(8)/1 versus
sin(@)/A calculated for different peaks. The crystallite size is deduced from the
plotted intercept with the y-axis yields to, while the strain is equal to the slope of
the plot as reported in Figure 2.

Table 1. Crystallite size, internal strain, lattice parameter a, ¢, and 7({Ahkl) of FTO thin
films prepared with different doping levels of fluorine.

Crystallite Effective strain

F (wt.%) size D (nm) e (%) Lattice constants (A) TC(hkl) of plane
a Aa=a-a c¢ Ac=c-¢q (110) (101) (211)
0 25.3 0.11 4.695 -0.043 3.162 -0.025 0.74 05 04
10 / / / / / / / / /
40 20 0.153 4.709 -0.029  3.189 0.002 0.5 0.06 045
50 12.5 0.4 4.736  —-0.002  3.181 -0.006 0.7 0.34 031
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Figure 2. Hall-Williamson-plot used for the calculation of the crystallite
size and strain in different films; (a) un-doped, (b) 40 wt.% doped and (c)
(50 wt.%) doped SnO,:F.

The variations of the crystallite size and the internal strain are reported in
Figure 3. Increasing fluorine content reduces the crystallite size from 25 to 12.5
nm and enhances the internal strain in the film network. The same trend has
been reported by several authors [28]. In general, it is reported that introduction
of doping atoms reduces the crystallite size regardless the host network such as
ZnO, TiO,, SnO, [29] [30] [31]. This may originate from the early stage of nuc-
leation during film growth, actually, any foreign atom acts as a nucleation cen-
ter, therefore the nucleation centers is increased in doped films causing the re-
duction of crystallite size.

3.2. Fourier Transform Infrared Analysis

The FTIR spectra of un-doped and F-doped SnO, films are illustrated in Figure
4. The spectrum is formed with several absorption peaks assigned to Vibrational
modes of SnO, confirming its formation. The obtained spectra are comparable
to the reported ones in the literature [32] [33].

Peaks at low wave numbers (500 - 1000 cm™) can be attributed to SnO,. For
the un-doped film, the peaks located at 675 and 780 cm™ were assigned to
0O-Sn-0 and Sn-O stretching vibrations modes, respectively [34].

An additional peak located at 804 cm™, which becomes inconspicuous as flu-
orine concentration increases can be assigned to oxygen vacancies (V**) pres-
ence in the O-Sn-O group. The oxygen vacancies modify the symmetrical
0-Sn-O group to O-Sn- V2" resulting in the weakening of O-Sn-O vibration
due to the different bond lengths (O-Sn-O: 2.597 A, Sn-0: 2.053 A) [35]. More-
over, it is interesting to note that a weak peak near 408 - 410 cm™' is observed in
highly fluorine doped films. This peak is assigned to Sn-F vibration frequency
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Figure 3. Crystallite size and internal stress in grain as a function of Fluo-
rine concentration.
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Figure 4. FTIR spectra of un-doped and F-doped SnO, films.

[35] [36]. This indicates that few amounts of fluorine are introduced in SnO,
film despite the large ratio of fluorine in the starting solution. The absence of
this peak in un-doped one and in F (10 wt.%) doped SnO, films suggests that
fluorine atom is not incorporated in SnO, network at low doping level which is
confirmed by EDS analysis.

The vibration frequencies of O-Sn-O display a shift from 780 to 760 cm™ and
a decrease in the intensity with fluorine concentration increase in the solution as
shown in Figure 5. This shift can be ascribed to the increase in lattice deforma-
tion due to the interstitial fluorine ions F,” in the lattice. Doping could allow

the fluoride ions to occupy beside the oxygen sites, the interstitial positions,
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Figure 5. Variation of Sn-O bond peak intensity and position with fluorine
concentration.

causing a disorder in the film network this is confirmed by the optical measure-
ments.

The formation of undoped and F doped SnO, films might be achieved
through the following reactions [37] [38]:
e In the solution:

(SnCl,,2H,0)+2C,H,OH + NH F +(C,H,), N (NH4C1)+ 2(C,H;), NHCl+ HF 42H,0)

- ® x®
YT

Sn(OH), +2C,H,OH (pH=8) (4)

_/

e For un-doped SnO, deposition:
Sn(OH), +%oz 5S$n0, +H,0(g) (5)

An analysis of the precipitate, formed in the bath during solution film forma-
tion, was performed by FTIR spectroscopy, in order to investigate the fluorine
atoms presence in the solution and in SnO, lattice and to have an insight about
the favorable fluorine bonding in the solution or in the film. Therefore, the pre-
cipitate resulted from solution contained 40 wt.% fluorine was analyzed by
infrared spectroscopy.

The FTIR spectrum of this powder is reported in Figure 6. Strong peaks lo-
cated at 1250, 1745 and 3540 cm™ attributed to H-F bond vibration modes [39]
are present in the spectrum indicating that a large amount of fluorine remains in
the solution and do not incorporate in the solid film. In addition, according to
the formation enthalpy of H-F and Sn-F bonds, that are respectively AH, =
—569.7 and —476.7 Kj/mol, H-F is easily formed than Sn-F. Hence the affinity of
fluorine to bonding hydrogen in solution is larger than to bonding tin (Sn) in

films. Consequently, little quantity of fluorine ions is incorporated in the films
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Figure 6. FTIR spectra of precipitate formed during film growth.

during dip coating deposition. Moreover, the formation of FTO depends also on
the mobility of fluorine ions in the solution and its availability on the reacting
substrate surface. Thereafter, this explains, the absence of fluorine in films at low
doping level and the inferiority of the electrical conductivity in FTO films pre-
pared by sol-gel by comparison to the other techniques as mentioned below.
Several bands assigned to the compound NH,CI are present in the spectrum

[40] this confirm the formation of this compound according to the reaction (4).

3.3. Raman Scattering Analysis

Raman scattering is generally used to investigate the material crystallinity,
structural defects and side effects of crystallites. Raman spectrum of unhoped
and F-doped SnO, thin films are shown in Figure 7 presents the room tempera-
ture. As can be seen, three fundamental Raman peaks located at 634, 475 cm™
correspond respectively to A,, and B,, models are present in the different spec-
trum, they are assigned to the symmetric and asymmetric stretching of Sn-O
bonds [40], these are reported in the literature [41] [42]. The appearance of these
modes confirms the cassiterite tetragonal structure of SnO, as deduced from
XRD analysis [43]. A shift in the A,, mode towards the lower wave number, ac-
companied with broadening of the Raman bands is observed in SnO,:F, could
arise from the strain in the crystallite [44] and the disorder in the film network.
This suggests that the fluorine incorporation is accompanied by the disorder
formation in the film structure as confirmed as well by the shift of the O-Sn-O

vibration frequency in FTIR spectrum.

3.4. Compositional Analysis

Compositional analysis of the elements present in the films was performed on

different samples; a typical recorded EDS spectrum is shown in Figure 8. In
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Figure 7. Raman spectrum of: (a) un-doped, (b) 10 wt.% doped, (c) 40 wt.%
doped and (d) (50 wt.%) doped SnO,:F.
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Figure 8. Typical EDS spectrum of SnO,:F thin films (film doped
with 10 wt.% as an example).

Table 2 we have reported the elementary composition of different films. The
most important feature is the absence of fluorine in supposed 10 wt.% F doped
SnO,. While at higher doping level 40 wt.%, few amounts of fluorine is incorpo-
rated in SnO, films network. This indicates that the fluorine was successfully in-
corporated into the tin oxide network but with a small amount. It is worth not-
ing that the fluorine content in the films was very low compared with the initial
percentage in the starting solution. This is due, as suggested from FTIR analysis,
to the segregation of fluorine and its preference to remain in the solution rather
than to be introduced in the film network. The amount of oxygen in the films is

overestimated due to the oxygen originating from the glass substrate. However,
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Table 2. EDS compositional analysis of the FTO films.

Element at.% in films

Sample
(@) Sn F
SnO,:F (10 wt.%) 61.81 13.37 0
SnO,:F (40 wt.%) 42.86 10.88 14.35
SnO,:F (50 wt.%) 33.91 31.85 23.01

the alkali elements, such as Ca, K, Mg, Na and Si originate from the used glass

substrate due to the low film thickness.

3.5. Optical Properties

The optical transmission spectra of FTO films deposited with different fluorine
concentrations are shown in Figure 9. The average transmittance in the visible
range was reduced from 65% to 60% with increasing the doping level. A shift in
the absorption edge towards the higher photon energy was observed with fluo-
rine doping at (40 wt.%), this may be attributed to the Burstein-Moss shift due
to the increase in free electrons concentration [45] [46] [47].

Films optical band gaps are estimated, as shown in Figure 10, from the plot of
(ahv)® versus photon energy (Av), according to Tauc formula for direct band gap

semi-conductors [48]:
(ahv) = B(E, —hv) 6)

where a is the absorption coefficient, Bis a constant, A is Planck’s constant, Egis
the energy band gap and vis the photon frequency.

Due to the disorder in film network, localized states appear near the bands
edges causing band tails formation. The states are responsible for the low energy
photons absorption. The absorption coefficient in the band tail expressed as
[49]:

a(hv) = a, exp [h—UJ (7)
EOO?

where q; is the pre-exponential factor, Av the photon energy and £, ( known al-

so as Urbach energy) is the bandtail energy width [50]. E,, is estimated from the

inverse slope of In(a) versus (A4v) linear plot.

The direct band-gap values obtained in this work are ranged from 3.3 to 3.7
eV (Table 3), this is approximately the same values reported in [51]-[56]. Figure
11 shows the variations of the band gap and band tail width £, with various flu-
orine doping levels. The Urbach energy rises with fluorine doping indicating
that doping atoms induce disorder in films network [50]. This is consistent with
band broadening observed in Raman spectra (Figure 7) and the strain increase
with fluorine concentration as reported in Table 1. An increase in E, causes the
optical band gap shrinking. This suggests that the optical gap is controlled by the
disorder in the film network rather than by free electrons due to the doping ef-
fect.
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Figure 9. UV-visible transmittance spectrum of un-doped and doped fluo-
rine SnO, thin films deposited with different concentration of (F). Figure
insert variation shows the absorption edge shift.
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Figure 10. Typical variation of (aAv)* as a function of photon energy used
for optical band gap determination.

3.6. Electrical Properties

The electrical properties of films were characterized by tow probes technique.
The results are reported in Table 3 and Figure 12, they are comparable to the
reported ones in films prepared by sol-gel technique [24] [25]. Clearly, the resis-
tivity decrease, by two orders of decade, with increasing F-doping levels as
shown in (Figure 12). This reduction confirms the incorporation of fluorine in

tin oxide; each F~ anion substitutes an O’ anion in the lattice. This yields to an
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Figure 12. Variation of resistivity of FTO films with fluorine doping con-
centration at different fluorine concentration.

Table 3. Electrical and optical characteristics of FTO thin films deposited with varied
fluorine doping concentration.

F(wt.%)
0
10
40

50

Thickness (nm)

137

150

110

100

p (Q-cm) E, (eV) Eqo (eV)
1.1 3.56 0.827
1.08 3.71 0.806
4.6x 107 3.62 0.98
3% 107 3.33 1.24
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increase in free electrons concentration and to a decreases in films resistivity.
However, as reported in Table 4, the resistivity of FTO films prepared by sol-gel
is relatively high by comparison to their values in the ones prepared by other
techniques. This discrepancy is mainly due to the low amount doping fluorine
hosted in the SnO, network as concluded from Infrared spectroscopy and films
composition analysis.

Once the electrical resistivity and the optical transmission 7" of films are

known, the figure of merit can be calculated using Haacke’s equation [52]:

TIO
F=— (®)

sh
where R, is sheet resistance defined as the film resistivity divided by the film
thickness. The obtained figure of merit values at different wavelengths are re-

ported in Table 5. These values are close to the reported ones in sol-gel depo-
sited FTO [53].

Table 4. Comparison of the electrical resistivity of tin oxide thin films deposited by sev-
eral techniques.

Resistivity (Q-cm)

Technique Ref.
SnO, films SnO,:F films
Spray 11.1 x 107 7.01 x 10 (54]
Spray 4625 x 107 1.75x 10 [51]
Magnetron Sputtering 3.71 x 107! 6,7 x 1073 [53]
APCVD 6x 107 5% 107 [52]
Sol gel / 6x 1072 [23]
Sol gel 1.2 6.41 x 10" [22]
Sol gel 1.1 3x 107 This work

Table 5. Variation of figure of merit of FTO thin films deposition as a function of fluo-
rine doping concentration.

Doping F Figure of merit ¢

(WE.%) A (nm) T R, (kQ/cm) @
600 0.75 7 %1077
0 700 0.7 80.3 3.5x107
800 0.64 1.43 x 1077
600 0.65 1.86 x 1077
10 700 0.61 72.1 1x107
800 0.67 2.5x1077
600 0.7 5%x107°
40 700 0.62 4.2 2x107°
800 0.62 2x107°
600 0.6 1.7 x 1077
50 700 0.7 3 x107°
800 0.75 1.9x107°
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4. Conclusion

In this paper, we have investigated the influence of fluorine doping of SnO, thin
films prepared using dip coating sol-gel method. The XRD analysis has con-
firmed the polycrystalline structure of SnO, phase with (110) as a preferred
orientation. FTIR and Raman spectroscopy confirm SnO,F films formation.
Both EDS films composition results and FTIR analysis of films and the precipi-
tate during film growth confirm the relatively low amount of fluorine in SnO,
films by comparison to its amount in the starting solution. This suggests that
fluorine ions remain mainly in solution to bond with other atoms especially hy-
drogen only few fluorine ions are incorporated in the formed film. This explains
the relatively high resistivity measured in FTO thin films deposited by sol-gel by

comparison to the films prepared by other techniques.
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