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Abstract. This work reports the preparation and characterization of (SnO,) thin films doped with 7 mol% Sb,O3.
The films were prepared by the polymeric precursor method, and deposited by spin-coating, all of them were
deposited on amorphous silica substrate. Then, we have studied the thickness effect on the microstrutural, optical and
electric properties of these samples. The microstructural characterization was carried out by X-ray diffraction (XRD)
and scanning tunneling microscopy (STM). The electrical resistivity measurements were obtained by the van der
Pauw four-probe method. UV-visible spectroscopy and ellipsometry were carried out for the optical characterization.
The films present nanometric grains in the order of 13 nm, and low roughness. The electrical resistivity decreased
with the increase of the film thickness and the smallest measured value was 6.5 x 10732 cm for the 988 nm thick
film. The samples displayed a high transmittance value of 80% in the visible region. The obtained results show that

the polymeric precursor method is effective for the TCOs manufacturing.
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Introduction

Transparent conductive oxides (TCO) have been exten-
sively studied, due to their important potential techno-
logical applications, such as in flat-panel displays, solar
cells or other optoeletronic devices, among others [1].
For these applications, it is desired a combination of
good transparency in the visible spectral range with low
resistivity. Tin oxide is one of the few pure semicon-
ductors that presents good transmittance in the visible
region. It is the simplest oxide of non-cubic structure
that also presents stable d orbitals [2]. The stoichiome-
try, along with the nature, quantity and microstructural
distribution of dopants play an important role on the
electrical properties of SnO, [3].

Several studies show that SnO; in presence of the
dopant Sb>* (ATO) displays low resistivity, remaining
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transparent in wavelength that includes the visible re-
gion. Therefore, this system has been extensively stud-
ied in the last years [4-8]. Electrical resistivity in the
order of 1073 © cm and transparency close to 80%
have been observed in these works. Such properties
allow SnO;-based materials to be applied in eletroop-
tical systems. A variety of methods have been used to
deposit antimony doped tin oxide thin films. These in-
clude sputtering [4], spray-pyrolysis [5], electron-beam
[6], sol-gel [7], and dip-coating of polymeric precursor
solution [8].

In this work, thin films of SnO,:Sb were obtained
by spin-coating of a polymeric precursor solution. This
method presents some advantages relative to other
methods, such as low cost and the excellent quality
(good homogeneity and low roughness) of the films.
The resulting surface condition is suitable for the TCO
application, and permits the production of films with
high transmittance and low resistivity. As far as we
know, few works report a systematic studies concerning
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the electrical, optical and structural characterization of
SnO,:Sb thin films prepared by polymeric precursors
[8]. In this sense, this paper reports on an investiga-
tion of the thickness effect on the structural, electri-
cal and optical properties of antimony-doped tin oxide
SnO,:Sb thin films.

Experimental Procedure

The polymeric precursor method consists in the poly-
merization of a metallic citrate with ethylene glycol.
Hence, to prepare the tin oxide films, it was necessary
to obtain a tin citrate. The raw materials for this syn-
thesis were: tin chloride, citric acid and ammonium hy-
droxide. The molar proportion among these reactants
was 1:3:1, respectively. Tin chloride was dissolved to
an aqueous acid citric solution, along with ammonium
hydroxide (for the pH control), resulting in the pre-
cipitation of tin citrate. In this case, the pH must be
carefully controlled and must not exceed 3, in order
to avoid the co-precipitation of tin hydroxide. In addi-
tion, to the elimination of C1~ ions, the precipitate was
washed with distillate water until the filtered water dis-
plays no trace of Cl~ ions. For this, we have added
silver nitrate (AgNO3) to this water and verify if occur
the formation of AgCl precipitate.

Then, 7 mol% Sb,0O3 and citric acid was added to
this tin citrate that was stirring and heated until the
formation of a polymeric resin. Nitric acid was added to
dissolve the components. Afterwards, ethylene glycol
was added to promote the polyesterification reaction.
The solution was heated to 90°C to eliminate NO, gases
and to accelerate the polymerization.

The resulting transparent resin was clear and pre-
sented a yellowish color. The viscosity of the resin was
adjusted to 30 mPas by controlling the water content.
The thin films were deposited onto amorphous silica
substrates. The precursor solution was deposited by
the spin-coating technique. The rotation velocity and
time were fixed at 3800 rpm and 30 s, respectively. Af-
ter deposition, the substrates were dried on a hot plate
(~150°C), followed by a two-stage heat treatment. In
the first stage, the films were heated to 300°C, with a
heating rate of 1°C/min, for 2 h, promoting the pyrol-
ysis of the organic material. In the second stage, the
films were heated to 650°C with a 5°C/min rate and
soaking time of 2 h, followed by cooling down at the
same rate. Similar heat treatment conditions are used
in a previous work [8].

The crystalline structure of the films was studied by
means of X-ray diffraction (XRD). It was performed
on a Siemens D5000 diffractometer, equipped with
LiF (100) monochromator and using Cu Ko radia-
tion at a grazing incident angle. The microstructure
was observed by scanning tunneling microscopy (Dig-
ital Instruments-Nanoscope III-A). The optical trans-
mittance measurements were made in an UV-Vis-NIR
(Cary 5G spectrophotometer), and the refraction index
and thickness were observed by ellipsometry (Jobin
Yuon). The electrical resistivity and Hall effect of the
films was measured by using the van der Pawn method
(PPMS 6000 Quantum Design).

Results and Discussion

In order to study the crystallinity and structural char-
acteristics of the SnO,:Sb (7 mol%) thin films, we
have characterized them by X-ray Diffraction XRD.
The diffractograms of these films with different thick-
ness are shown in Fig. 1. This figure revealed X-ray
patterns that show Bragg reflections belonging to the
SnO;:Sb polycrystalline phase. The (hkl) indexes (not
shown) were assigned on the basis of the tetragonal
rutile phase of SnO,, and the lattice parameters were
evaluated for all films. Through this data, we observed
a and ¢ values close to ~4.740(2) A and ~3.188(2) A,
respectively, and these values seem to be independent
of the film thickness. Also, these values are in good
agreement with those reported in literature for the Sb-
doped SnO; (6.2%) and they are slight higher than
the lattice parameters found for the undoped SnO, [9].
These results could be associated to the different size
of the Sb>* and Sn**. From these results, we verified
that there is no trace of additional phases and we can
assume that antimony formed at least a partial solid
solution with SnO,. However, it is possible the occur-
rence of a relaxation phenomena, in which the heat
treatment drive the Sb dopant from the inner lattice
sites towards the surface of the grain. It results in a non-
homogeneus solid solution in the grains, such behavior
have already been reported in the literature for Mn, La,
Ce, and Y-doped SnO; [10, 11]. If it occurs, we believe
that it could promote change in the transport of these
SnO;,:Sb films. In fact, according to the literature [12],
the presence of other phases similar the system results
in higher electrical resistivity values, due to a decrease
of the electronic mobility and an increase on the quan-
tity of interfaces between the Sb,O3 and SnO, phases.
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Fig. 1. X-ray diffractograms of the SnO,:Sb thin films with a: (a) 150 nm, (b) 388 nm, (c) 600 nm, and (d) 988 nm thickness.
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Fig. 2. Crystallite size as a function of the film thickness.

The observed effect of the thickness on the diffrac-
togram characteristics changes solely the peak intensi-
ties and not the peak positions. This can be explained
by an increase on the crystallite size with increasing
film thickness. Figure 2 illustrates the crystallite size
as a function of the film thickness. The crystallite size
was estimated from the X-ray patterns using the Scher-
rer equation [13]. The increase of the crystallite with
increasing thickness can be associated to longer heat
treatments to which the thicker films were submitted.

Morphological information of these thin film sur-
faces was analyzed by the STM technique, such as grain

sizes and shapes and the surface roughness. Figure 3
illustrates bidimensional and tridimensional STM im-
ages of a 988 nm thick film. Through this figure, we
observed that the films present a spherical-type grains
with nanometric average grain size close to ~13 nm.
The average grain size is rather higher than that esti-
mated from the crystallographic data (see Fig. 2). We
believed that it could be related to a possible agglom-
eration of crystallites in these films. Although, the for-
mation of a nanometric grains is related to the Sb>*
substitution on the SnO,:Sb thin films, several works
reported that the dopant in SnO, should increase the
stresses in this matrix and therefore reduce the grain
growth [14, 15]. Such behavior, in general, was associ-
ated to an enrichment of Sb on the surface of the grains,
which could result in non-homogeneous solid solution
of the SnO,:Sb samples [15]. In addition, the thin film
surface roughness R, values are relatively low, with
values ranging from the R, ~0.40 to 0.65 nm. Such
R, values were comparable and even lower than those
varying from 1.3 to 39 nm reported in the literature [5,
16—18]. It should be noticed that the processing tech-
nique has a great effect on the surface roughness.

At this point, it is important to observe the impor-
tance of the morphology on the physical properties of
the SnO,:Sb thin films. In the case, several studies re-
ported on the contribution of grain boundaries on the
electrical properties in non-nanometric semiconductor
[10]. For such compounds, it is assumed that the lack
of homogeneity in the grain boundary could promote
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Fig. 3. STM images of the 988 nm-thick SnO,:Sb film.

the formation of a potential barrier across the depletion
region, which inhibits the transport of electrons among
grains, also called charge-trapping model [19]. Other-
wise, the work developed by Leite et al. [20] showed
that nanometric grains display a higher electrical con-

(b)

ductivity o with low contribution of the grain boundary.
In this case, the high o is related to the homogeneous
distribution of the carriers through the grain, differ-
ently from the non-nano-sized grain in which the o is
associated to trapped carriers in the grain boundary. In
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Fig. 4. Temperature dependence of the electrical resistivity as a function of the temperature for thin films of SnO,:Sb with different thickness.
The inset shows the hall mobility () and the number of carriers (N) measured for the SnO;:Sb thin films. The dashed line is just a guide to

view.

addition, Bruneaux [21] showed that for similar nano-
sized compounds, with higher charge carrier number,
the grain boundary effect has low contribution to the to-
tal conductivity and the main contribution for the elec-
trical conductivity is due the electron mobility inside
the grain. Therefore, we believe that the main contri-
bution for the electrical conductivity of the SnO,:Sb
thin films is also due to the electron mobility inside the
grain.

Figure 4 displays the electrical resistivity p(7") as
a function of temperatures performed on the SnO,:Sb
films. The lowest measured p(7") value at room tem-
perature was 6.5 x 1073 cm in a 988 nm thick film.
This result is in good agreement with the existing re-
sults found in the literature, reporting on this type of
films obtained by more other techniques, include sput-
tering [4], spray-pyrolisis [5], and electron-beam [6].
Analyzing these data at room temperature, it can also
be observed that there is a clear decrease of p(T) val-
ues with increasing film thickness. This change of the
electrical resistivity values may be attributed mainly to
three different contribution due to: (a) microstructural
defects, (b) increase of the crystallinity degree, and (c)
the scattering of charge carrier by the film surface. In or-

der to verify this point, Hall effect measurements were
performed to these films. These data revealed one small
increase of the Hall mobility ©« and number of carriers
N when the thickness of the sample is increased from
388 to 600 nm. However, the samples with thickness
600 to 988 nm seem to have almost the same N values.
In this sense, we believed that such difference in the
p(T) values of the films with different thickness could
be associated mainly with the changes in the mobility
of the electrons. These results are in good agreement
with those obtained by Gasparro et al. [22]. Then, the
decrease of the film resistivity with thickness observed
in this work is related to the increase of carrier mobility,
which could occur due to the decrease of the effect of
the scattering of the charge carrier by the film surface.
In fact, similar behavior was reported in literature for
several kinds of thin films [23].

Figure 5 illustrates a transmittance-wavelength
spectrum obtained by optical spectroscopy. It can be
observed in the visible light range that for the 600 nm-
and 988 nm-thick films the red absorption is more in-
tense than the blue absorption. In the infrared range the
absorption is intense, what is expected, since the free
electrons are able to absorb in the IR. The band gap
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Table 1. Optical constants evaluated of the SnO,:Sb thin films.

Tichkness (nm)  Refraction index ~ Transmittance (%) 632 nm

150 1.40 90
388 1.40 89
600 1.45 82
988 1.45 77
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Fig. 5. Transmittance spectra of Sb-doped SnO; films deposited onto
amorphous silica substrates with different thickness: (a) substrate, (b)
150 nm, (c) 388 nm, (d) 600 nm, and (e) 988 nm.

energies of the films were calculated from the optical
spectra using the Wood method [24]. Regardless of the
number of layers, the band gap energy values of the
thin films were kept at approximately 4.6 eV. It is in-
teresting to notice that the shift of the plasma frequency
with the thickness observed in this figure suggested that
the thicker films display higher mobility and slightly
higher number of carrier. It is in good agreement with
the Hall effect measurements, as is shown in the inset
of Fig. 4.

Table 1 presents the optical constants of the SnO,:Sb
thin films. From these data, it can be observed that
all the films presented high transmittance values and
that the refraction index is practically independent
of the thickness. This indicates that an increase on the
thickness does not promote changes of antimony dis-
tribution in the SnO, lattice.

Conclusions

High quality polycrystalline SnO,:Sb thin films were
deposited on the amorphous silica substrate by spin

coating of a polymeric precursor solution. The films
showed high electrical conductivity and high transmit-
tance in the visible light range. The electrical resistivity
values clearly decrease as the thickness of the films in-
creases, and we have obtained p (300 K) values as low
as 6.5 x 1073 Q-cm for a 988 nm thick film. This de-
crease of the electrical resistivity with film thickness
could be attributed to the lesser relative contribution of
the carrier scattering at the film surface. Thin films pre-
sented transparency in the order of 80% in the visible
spectrum and refractive index remained almost con-
stant with the change of the film thickness.

With this work, it is concluded that the polymeric
precursor method provide a production of high quality
and homogeneous polycrystalline SnO,:Sb thin films.
It is very important for a possible technological appli-
cation of these films as electro-optical devices.
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