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Abstract Thin films of SnO,:F were prepared by ultra-
sonic spray pyrolysis method. The effect of fluorine
concentration on the structural, optical, and electrical
properties of SnO,:F films was investigated. The X-ray
diffraction results showed the preferred growth along
(110). FTIR was employed to study the defects in SnO,
lattice. The evidence of oxygen vacancy and substitution of
fluorine for oxygen in FTIR were investigated. It was found
that at low doping levels, fluorine ions preferred to replace
the oxygen in the lattice. While beyond a certain doping
level, fluorine ions started to occupy interstitial site, which
had a negative effect on carrier concentration that, in turn,
affected the infrared reflectivity of SnO,:F films. The
increased disorder of SnO, at high doping levels was also
shown by FTIR. The discussion of carrier scattering sug-
gested that ionized impurity and/or neutral impurity scat-
tering were the dominant scattering mechanisms in SnO;:F
films.

Introduction

Tin oxide (SnO,) has been recognized as an attractive
material due to its excellent optical properties, chemical
durability, and transparent conductivity. Recent years have
witnessed its extensive using in solar cells, liquid crystal
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displays, low emission glass and heat mirrors [1-3].
However, the undoped stoichiometric SnO, has low optical
and electrical performance because of its low intrinsic
carrier density and mobility. Doping with antimony (Sb),
indium (In), and fluorine (F) is used to improve its optical
properties and conductivity [4—6]. Among these dopants,
fluorine has been shown to be effective and used in many
commercial applications.

Thin films of SnO, can be prepared by many techniques,
such as chemical vapor deposition [7], sputtering [8], sol—gel
[9], reactive evaporation [10], pulsed laser ablation [11],
screen printing technique [12], and spray pyrolysis [13].
Among these, spray pyrolysis is the most convenient method
because of its simplicity, low cost, easy to add doping
materials, and the possibility of varying the film properties
by changing composition of starting solution. Otherwise, this
method is promising for high rate and mass production
capability of uniform large area coatings in industry.

A thorough survey of literature reveals that most research
works focus on the electrical properties of SnO,:F films, but
very little information on the role of fluorine and their
effects on the film structure. In this paper, we used FTIR to
investigate the role of fluorine in SnO,:F films. The rela-
tionship between the features in FTIR, film structure and
carrier concentration was described. The experimental
evidence of oxygen vacancy and substitution of fluorine for
oxygen was suggested by FTIR. The varied film structural,
optical, and electrical properties with different fluorine
concentrations were also shown in this paper.

Materials and methods

An aqueous solution of high pure tin chloride (SnCl,-2H,0)
was used as starting solution. The concentration of the
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scanning electron microscope (SEM) (JSM6610lv, JEOL)
with energy dispersive spectrometer (OXFORD). A Uv—Vis—
Nir double-beam spectrophotometer (Lambda950, Perkinel-
mer) was used to measure the optical transmittance and
reflectance of the films in wavelength of 200-3000 nm. The
carrier concentration and Hall mobility was obtained by a Hall
Effect measurement (HMS3000, Ecopia) in Van Der Pauw
configuration at room temperature.

Results and discussion
Structural studies

The X-ray diffraction patterns of SnO,:F films are shown in
Fig. 2. All the films are found to be tetragonal rutile
structure and a polycrystalline nature with preferred ori-
entation along (110). Other peaks (200), (101), (211),
(220), (310), and (301) are also observed, but with low
intensities. No feature of fluoride has been observed in the
patterns, which is possibly due to the resolution of XRD.

2Theta (degree)

Fig. 2 The X-ray diffraction patterns of SnO,:F films: (a) 0 wt%,
(b) 5 wt%, (c) 10 wt%, (d) 15 wt%, (e) 20 wt%, (f) 25 wt% of NH4F
in the spray solution

The actual fluorine content in the film is shown in Table 1,
which is obtained by the EDX.

The preferred orientation of SnO,:F films can ascribed
to the difference in preparation. Many parameters have
been found to be effective on the film growth, such as tin
precursor [14], additive in solution [15], and film thickness
[16]. Goyal et al. [17] have reported that at low doping
concentration, the SnO, film grows along (110), and it
changes gradually to (200) with an increase of fluorine
concentration. It also has been reported that the film pre-
pared from SnCl, contains a disordered growth [18]. In the
present case, the preferred growth along (110) remains
predominant irrespective of fluorine doping levels. The
reason can be sought from the low deposition temperature
in preparation. It is well confirmed by report [19], in which
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Table 1 Data for scattering

. . Sample Fluorine content Crystallite Mean free Mobility
;irll(;?ganlsm analysis of SnO,:F (No.) (F/Sn at.%) size (/0%) path (/&) (em* V7™
0 wt% None 318 9.5 8
5 wt% Undetectable 547 20.7 6
10 wt% 0.24 1066 11.1 3
15 wt% 0.37 1279 9.4 24
20 wt% 0.50 961 7.5 2
25 wt% 0.61 685 55 1.6

Masayuki et al. have prepared SnO,:F films at various
substrate temperatures with the butylene solution, and their
results showed the highest crystallinity along (110) at
340 °C, which changed to (200) at 480 °C.

To obtain more details of defects in SnO,:F films FTIR is
employed. Selected region of the recorded spectrum for
SnO,:F films is shown as Fig. 3. The main IR features of
SnO, at 468 and 619 cm ™' are assigned to O-Sn—O and Sn—
O stretching vibrations, respectively [4]. Two interesting
features can be identified: one is the weak feature of O—Sn—
O vibration in the undoped SnO, film, which goes with the
presence of vibration at 644 cm™'. This vibration becomes
weakened and disappears as the increase of fluorine con-
centration; the other characteristic is the presence of Sn—
F(o-SnF,) feature at high doping levels, which causes the
splitting of O-Sn—O feature. It is also found that the Sn—O
stretching vibration frequency shows an red shift from
619 cm ™' to 605 cm ™" after the doping level of 15 wt%.

In order to gain a better insight into oxygen vacancy
(V02+) and substitution of fluorine for oxygen (F01+), we
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Fig. 3 The FTIR spectrum of SnO,:F films
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have systematically studied the features in FTIR. There are
two lattice sites for oxygen (u,u,0;0.5 + ©,0.5-u4,0.5) in
SnO, lattice, which correspond to the oxygen in the group
of O—Sn—0 and Sn—O. So, the vibrational features of O—Sn—
O and Sn—O can reflect the defects in SnO, lattice, espe-
cially on the oxygen site. For Vo™, it is easy to occur on the
group of O-Sn—-O because of the different bond length (O-
Sn—-0: 2.597 A Sn-0: 2.053 IOA). The presence of V02+ can
deform the O—Sn-O group to O—Sn—V, which is seemingly
as a deformed Sn—O group. It is that the repulsive force
between Sn*' and Vo' (0> =Sn**—V,>") has a com-
pression effect on the deformed Sn—O. The compressed Sn—
O bond shows an increased vibration frequency at
644 cm™' in FTIR according to the harmonic oscillator
model. Thus, the feature at 644 cm ™! can be identified as
the indication of Vo2+ in SnO,, lattice. This feature weakens
and disappears as fluorine concentration increases, which
further corroborates our hypothesis of Vo> ' in SnO, lattice.

When fluorine is introduced into the SnO, lattice, the
fluorine has been supposed to substitute oxygen as the
following reasons [20]: the similar ionic size (F~: 0.133 nm,
0?7: 0.132 nm), the comparable bond energy with Sn
(Sn—O bond ~31.05 D°/kJ mol ™', Sn—F bond ~26.75 D/
kJ mol™"), and Coulomb forces that bind the lattice together
are reduced, since the charge on the F~ is only half of the
charge on the O>~. Thus, geometrically the lattice is nearly
unable to distinguish between F~ and O”". In the present
case, the presence of SnF, feature at 484 cm~! in FTIR
provides the experimental evidence for this substitution. In
the substitution, each F~ substitutes an 0> in SnO,, and the
substituted 0%~ provides free electrons. However, there is a
solubility limit of fluorine atoms in SnO, lattice beyond
which the excess fluorine atoms could not occupy the proper
lattice site, but to occupy the interstitial site in SnO, lattice.
The interstitial fluorine increases the disorder of the lattice
remarkably, which results in the red shift of Sn—O vibration
frequency in FTIR.

Morphological studies

The SEM images recorded on the surfaces of SnO, films
are shown in Fig. 4. The characteristic of the morphology
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Fig. 4 The morphology of SnO,:F films: a 0 wt%, b 5 wt%, ¢ 10 wt%, d 15 wt%, e 20 wt%, f 25 wt% of NH,F in the spray solution

is the tetragonus-shaped grains. The surfaces are found to
be uniform and homogeneous, and show the similar mor-
phologies irrespective of fluorine concentration. This con-
sistency in morphology goes well with the same orientation
of the films. The large grains can be found from the films
with doping of 10, 15, and 20 wt%.

The grain shape has a close connection with growth
orientation. Elangovan et al. [20] have reported that the
needle-shaped grains show a preferred orientation along
(200), whereas the rectangular- and cuboidal-shaped grains
orient along (301) and (211), respectively. The tetragonus-
shaped grains in our case should correspond to the orien-
tation along (110). Ravichandran et al. [21] have obtained
the similar grain shape in their report, in which the films
were deposited by perfume atomizer method also have an
orientation along (110).

Optical studies

The transmittance and reflectance spectra of SnO,:F films
in wavelength of 200-3000 nm are shown in Fig. 5. The
transmittance values are almost equal for various fluorine
concentrations, and the undoped SnO, film shows a
transmittance value as high as 83%. The color of the SnO,
film is milk white and it turns colorless at the doping of
15 wt%. A light trace of dark color is seen in the film with
doping of 25 wt%. Kojima et al. [22] have studied the
blackening of the SnO, films, reported that the blackening
must result from light absorption in the films. The typical
reflection spectrum of SnO,:F films is described as Fig. 5b.
The reflectivity is almost a constant whereas it shows an
increase after the wavelength of 1500 nm. The reflectivity
properties of SnO,:F films show an increase till doping of
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Fig. 5 The optical transmittance and reflectance of f SnO,:F films:
a Transmittance, b reflectance

15 wt% afterwards decrease for the further rise of fluorine
concentration.

The optical characteristic of SnO,:F films is that they
have a transmission window between wavelength 0.4 and
1.5 pm. At wavelengths shorter than 0.4 pm, absorption
occurs due to the fundamental band gap, and thus light
cannot be transmitted due to a quantum phenomenon [23].
The short-wavelength cutoff corresponds to the funda-
mental band gap energy of the materials; at longer wave-
lengths, reflection occurs because of the plasma edge, and
light cannot be transmitted due to a classical phenomenon.
The long-wavelength edge corresponds to the free-carrier
plasma resonance frequency w,. Based on Maxwell’s
equations and the Drude theory of free electrons, the
quantity w, can be derived as Eq. 1 [24]

2
ne
Y e 1
@r <80800m§> ’ (1)

@ Springer

where n is the carrier concentration, e¢ is the electronic
charge, ¢, is the permittivity of free space, &, is the high-
frequency permittivity, and m; is the conductivity effective
mass. At high frequencies (@ > w,,), the SnO, film behaves
like a perfect dielectric, whereas at sufficiently low fre-
quencies (o < wp), at which both refractive index and
extinction coefficient are large, the material has near-unity
reflectance as expected from the Fresnel expression for the
reflection coefficient. From Eq. 1, it is clear that the carrier
concentration in material plays the key role for the films
reflectivity.

Electronic studies

The carrier concentration and Hall mobility as a function
of fluorine concentration is described as Fig. 6. The carrier
concentration shows an increase till the doping of 15 wt%,
and then decreases for the further rise of fluorine con-
centration. The varied carrier concentrations can ascribe to
the defects in film structure. It is that at low doping levels,
the substitution of fluorine for oxygen is the main defect
in SnO,:F films. In the substituent, each F~ substitutes an
O~ in the lattice and the substituted O*~ provides more
free electrons, which has an active effect on the free
carrier initially. But beyond a certain doping level, there
are more fluorine atoms than the solution limit of fluorine
in SnO, lattice, and the excess fluorine atoms could not
occupy proper site to provide electrons, but to fill the
interstitial site to form interstitial fluorine. The interstitial
fluorine is the defect at high doping levels, which can trap
free electrons and result in the decrease of carrier
concentration.

The mobility of SnO,:F films shows a continuous
decrease as the increasing of fluorine concentration. The
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Fig. 6 The variation of carrier concentration and Hall mobility
of SnO,:F films
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actual value of mobility is determined by the interaction
between the various scattering centers and free carriers.
In the films prepared by spray pyrolysis method, an ideal
lattice cannot be expected. Hence, the scattering of elec-
trons by the thermal vibration of the lattice atoms can be
omitted in the case [25]. Thangaraju [26] has verified grain
boundary and impurity ion scattering as possible dominant
scattering mechanism in the films. The condition of grain
boundary scattering to be dominant is the mean free path
values should be comparable to crystallite size. In the case,
we have calculated the mean free path according to the
high degeneracy model. The calculated data of mean free
path and crystallite size derived from XRD are shown in
Table 1. As can be seen, the mean free path values are
considerable shorter than grain size, hence scattering due to
grain boundary is not the major factor. The ionized
impurity and/or neutral impurity scattering are the domi-
nant scattering mechanisms.

Conclusion

The SnO,:F films have been deposited by spray pyrolysis
method. The films show an orientation along (110), which
corresponds to the morphology of tetragonus-shaped grains.
The FTIR studies provide the experimental evidence of
substitution of fluorine for oxygen and oxygen vacancy. The
increased disorder of SnO, lattice is also revealed by the
FTIR. The SnO,:F film with doping of 15 wt% shows opti-
mal optical and electrical properties, at which the electrical
conductivity is as high as 2.5 x 10> S m~'. The ionized
impurity and/or neutral impurity scattering are the dominant
scattering mechanisms.
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