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Characterization of nanostructured SnQO, films deposited by reactive DC-magnetron
sputtering
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Nanostructured tin oxide thin films were deposited on silicon and glass slides substrates by reactive DC-Magnetron
sputtering using a tin target in a mixture of argon and oxygen gases. The substrate temperature was varied in the range
from 53 to 243 °C, keeping the other deposition parameters constant. The tin oxide films were characterized by: Scanning
Electron Microscopy, Energy Dispersive Spectrometry, X Ray Diffraction, microRaman spectroscopy and UV-VIS
spectroscopy. It was found that the substrate temperature has an effect mainly on the structural, morphological and optical
properties of the thin films. At 53 and 90 °C the tetragonal crystalline phase was obtained while a mixture of crystalline
phases (0-SnO, and t-SnO,) was obtained at 148, 185 and 243 °C.
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1. Introduction al. have obtained the orthorhombic-SnO, on Yttria
Stabilized Zirconia (YSZ) substrate using the Metal

Tetragonal SnO, (cassiterite phase) in thin film form is a Organic Chemical Vapor Deposition (MOCVD) technique
very attractive material due to its high transparency and [10]. To date, the orthorhombic phase of SnO, has been

good electrical conductivity. Additionally, these films are obtained by using various synthesis methods [6-14], but to
chemically inert, mechanically hard and can resist a high understand the experimental parameters that let to obtain
temperature making them attractive in a wide variety of the orthorhombic phase of SnO,, a lot of work is necessary
potential technological applications, such as: window layer in each synthesis technique. It is worth of mention that the
in solar cells, heat reflectors in solar cells, electrodes in properties of the orthorhombic SnO, phase are, in general,
opto-electronic devices[1], anode material for lithium ion very little-known.
batteries [2], fotocatalyst [3], among others. In particular, Pure tetragonal SnO,, pure orthorhombic SnO, or a
this material has been used in the sensing gas area taking mixture of these phases in its thin film form have been
advantage of the change in the conductivity properties of obtained by several deposition techniques including RF
such material upon adsorption of the sensed gas [4,5]. sputtering [15], reactive DC magnetron sputtering [16,17],
Tin dioxide can exist in the orthorhombic-SnO, (SnO,-1I) pulsed laser deposition [7,8], among others. It is well

phase too. This phase of tin oxide was synthesized at high known, that the properties of the deposited films strongly
pressure by Suito et al. in 1975 [6]. After that, the depend on the deposition parameters (atmosphere, substrate
orthorhombic phase of SnO, in thin film has been grown temperature, pressure, type of substrate) used during the
by Physical Vapor Deposition (PVD) and Chemical Vapor film growth as well as on the deposition technique. The

Deposition (CVD) methods. For instance, Lamelas et al. deposition parameters selection makes it possible to obtain
and Chen Zhiwel et al. have obtained the orthorhombic- thin films with a wide variety of features.

SnO, thin films by laser ablation [7, 8]. Applying thermal The aim of this work is to characterize the chemical,
treatments in air to Sn films grown by RF-Sputtering, morphological, structural and optical properties of tin oxide
Sangaletti et al. reported a mixture of the tetragonal and films deposited on glass and silicon substrates by the

orthorhombic phases of SnO, for thin films [9]. L. Kong et reactive DC magnetron sputtering technique.
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Figure 1. The atomic concentration of tin and oxygen in the as-

deposited thin films as a function of the substrate temperature.
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Figure 2. SEM micrographs for the films deposited at substrate

temperatures of: (a) 53, (b) 148 and (c) 243 °C.
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2. Experimental

SnO, thin films were deposited using a non commercial
sputtering system. The experiments were carried out with a
base pressure of 1 x 10~ mbar, using the constant current
mode of a DC source (DC US GUN II Advanced Energy).
To deposit the thin films a metallic tin disk from LESKER
(99.9 % purity) was used as target and the sputtering
process was done out using a mixture of argon and oxygen
(Ar:0, = 6:1) with a discharge power of 60 W. Silicon (100)
wafers and glass slides were used as substrates keeping the
target to substrate distance at 40 mm. The target was
cleaned by a pre-sputtering for 5 min. The deposition time
was set to 20 min. The substrate temperature was varied in
the range from 53 to 243°C.

We used Scanning Electron Microscopy (SEM) to
observe the surface morphology. Elemental analysis was
performed using a microprobe coupled to a Philips XL30
scanning electron microscope.

X-ray diffractograms were obtained with a Siemens D-
5000 diffractometer using the CuK,, line (A=1.54 A). The

crystallite sizes, d , were calculated using the Scherrer’s
094
P cos
employed, #1is the diffraction angle of the (110) peak, and
p 1is defined as the full width at half maximum (FWHM)
after subtracting for the instrumental broadening.
Micro-Raman spectra were recorded at room temperature
with the HR800-LABRAM system of Jobin-Yvon-Horiba
using a 20 mW He-Ne laser (A=632.8 nm) in the
backscattering configuration. The UV-VIS transmission
spectra  were  acquired using a  Cary-5000
spectrophotometer of VARIAN. The Goodman’s method
was applied to calculate the refractive index and thickness
of the deposited tin oxide films. Additionally, the film
thickness was measured with a Dektak IIA profilometer.
Finally, the band gap of the SnO, films was calculated by
the Tauc Method.

formula: 4=

7> where A is the X-ray wavelength

3. Results and Discussions

3.1 Energy Dispersive X-ray Spectroscopy and Scanning
Electron Microscopy

The EDS measurements reveal only the existence of
oxygen and tin in all the grown films. Figure 1 shows the
atomic concentration of tin and oxygen in the as-deposited
thin films as a function of the substrate temperature. The
horizontal dashed lines (33.3 and 66.6 at. %) correspond to
the SnO, composition. It is observed that at 53 °C the
deposited material has a composition corresponding to the
tin dioxide. For substrate temperatures higher than 53 °C
the oxygen content decreases as the substrate temperature
increases, the O/Sn ratio changes from 2.0 (53 °C) to 1.7
(243 °C). This could be attributed to the preferential escape
of the volatile element due to the higher mobility of the
atoms as the temperature increases.
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Figure 2 shows the surface morphology for a set of films
deposited at a substrate temperature of 53 (a), 148 (b) and
243 °C (c). From the micrograph 2(a) one can see cracks
running across the surface, which are generated due to the
low temperature of the substrate. For higher temperatures,
an homogeneous surface is obtained without cracks all
longer.

3.2 X-ray diffraction

The X-ray diffraction patterns corresponding to the
samples prepared at substrate temperatures of 53, 90, 148,
185 and 243 °C are shown in Figure 3. The peaks at 20 =
26.5°, 33.8% 37.9° 51.7° are the (110), (101), (200) and
(211)  reflection planes, respectively, which are
characteristic of the cassiterite phase. It must be noted that
as the substrate temperature increases up to 90 °C, the
peaks associated to the cassiterite phase become sharper
and more intense indicating that the crystallinity has clearly
improved. On the other hand, at substrate temperatures
higher than 90 °C, the presence of the (110) and (020)
reflections, indicates the formation of the SnO,
orthorhombic phase (Figure 3c-¢) [7,8].

Figure 4a shows the crystallite size, calculated from the
Scherrer’s formula, as a function of the substrate
temperature. It is clearly observed that the average
crystallite size increases exponentially from 8 nm (at 153
°C) to 25 nm (at 243 °C) as the substrate temperature is
increased.

Assuming that the crystallite size follows a simple

Arrhenius equation of the type: ;- 4 exp( - £y Where d
kT

is the initial crystallite size , E, is the activation energy, T
is the temperature, kp is the Boltzman’s constant; it is
possible to obtain the activation energy E, from the In(d)
Vs I/T plot (Figure 4b), using a lineal fitting of the

experimental data the activation energy is approximately
20 kJ/mol.

3.3 Micro-Raman spectroscopy

According to Beattie [18], SnO, (casitterite phase) has a
rutile structure with vibrational modes constituted by
Raman active peaks at 123 (byy), 476 (e,), 634 (aj,), 778
(by,) and infrared active modes at 244 or 293 (e,), 477 (az)
and 618 (e,) cm™. In 1994, J. Zuo et al. reported that the
Raman spectroscopy is a suitable technique to study size
effects in SnO, nanoparticles [19]. They showed that the
Raman spectrum of nanosized SnO, has two Raman bands
centered at 358 (B;) and 572 cm™ (B,) additionally to the
vibrational modes of bulk SnO,. The band B, corresponds
to a surface mode and is very sensitive to the changes in
crystallite size for nanosized SnO,. Studies on the size
effects in SnO, powders by Raman spectroscopy have been
reported in references [19-22].

Micro-Raman spectra of the as-deposited thin films are
shown in figure 5. The spectrum 5(a) corresponds to the
film deposited at 53 °C. A wide band located at 570 cm™ is
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Figure 3. X-ray diffraction patterns for the films prepared at substrate
temperatures of: (a) 53, (b) 90, (c) 148, (d) 185 and (e) 243 °C.
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Figure 4. (a) Crystallite size as a function of temperature and (b) plot
to determine the activation energy.
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Figure 5. Raman spectra for the films deposited at substrate
temperatures of: (a) 53, (b) 90, (c) 148, (d) 185 and (e) 243 °C.
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the main feature in this spectrum corresponding to the
surface mode of nanostructured cassiterite SnO, [19,22].
Notice, there is a shoulder at 633 cm’, attributed to the
cassiterite phase, which is in good agreement with the
XRD result. This result indicates that the deposited
material at 53 °C consist of the nanostructured casiterite
phase of SnO,. The spectrum 5(b) is for the film obtained
at 90 °C. This spectrum exhibits peaks centered at 476,
633, and 773 cm’ assigned to the SnO, cassiterite phase
[18]; a peak at 313 cm™ appears in the spectrum and the
main wide band shifts to lower frequencies (566 cm™)
indicating an increase in crystallite size. The Raman
spectrum 5(c) corresponding to the film grown at 148 °C is
constituted by peaks located at 476, 633 and 773 cm’,
which confirm that the material is grown adopting the rutile
structure; the peak at 313 cm™ is still present and the wide
band is shifted to 559 cm™. The spectra 5(d-¢) correspond
to the films grown at 185 and 243 °C. In the two spectra
the peak at 634 cm™ is the most intense and the wide band
is shifted to 557 cm™. These two facts indicate an increased
crystallite size. Both results are in good agreement with the
changes in the Raman spectra described by Zuo et al. when
the crystallite size is increased in SnO,. Our results confirm
that the wide band in the range 550-580 cm™ is the
fingerprint of the nanosized SnO,. It is worth mentioning
that the peak located at 313 cm™ is not commonly observed
in the Raman spectrum of cassiterite SnO,. This peak was
observed by S. H. Sun et al. for SnO, nanobelts [23].
Further studies are necessary to understand the origin of the
Raman peak located at 313 cm™. To our knowledge, the
Raman spectrum for SnO, in its orthorhombic phase has
not been reported yet.

3.4 UV-VIS spectroscopy

All the deposited thin films showed a high transmittance

(85-90 %) in the visible region, absorbing in the UV region.

As an example, in figure 6 the UV-VIS spectrum for the
SnO, thin film deposited at a substrate temperature of 243
°C is shown; there is an interference region in the spectrum.
This feature makes it possible to apply the Goddman’s
model [24] for transparent films in order to calculate the
thickness and the refractive index of the deposited
materials.

Figure 7a presents the results for the refractive index
calculated at 632.8 nm as a function of the substrate
temperature. The obtained results are in good agreement
with the value reported in the literature (n=1.7) for tin
oxide at 632.8 nm [15]. Figure 7b presents results on the
thickness, determined using the Goddman’s model; these
results were compared to the results obtained from the
profilometry measurements. It is pointed out that the
thicknesses obtained by the two methods are different, with
a maximum difference of 13 % which is considered
reasonably. Notice that the results follow the same
tendency in both cases.

@Sociedad Mexicana de Ciencia y Tecnologia de Superficies y Materiales

100

®
=]
1

[+
[=]
1

40

Transmittance (%)

N
(=]
1

T.=243°C

300 400 500 600 700 800
Wavelength (nm)

Figure 6. Transmittance spectrum for the film deposited at 243 °C.
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Using the transmittance spectra and the thickness, the
band gap of the thin films for each substrate temperature
was calculated. This was carried out following the Tauc
method for crystalline solids [25]. Figure 8 presents the
band gap as a function of substrate temperature; the band
gap value increases from 3.42 to 3.69 eV, as the substrate
temperature (or crystallite size) is increased. This result
indicates that the band gap increases for the presence of the
orthorhombic phase in the mixture of phases. Some
researchers have reported that orthorhombic SnO, phase
has a wider band gap than that of the tetragonal phase. L.
Kong et al. reported a value of 3.79 eV for the band gap of
laser ablated orthorhombic SnO, [10]. Chen Zhiwel
reported 4.02 eV for orthorhombic SnO, thin films
obtained by laser ablation [8]. The band gap for tetragonal
SnO, in bulk is 3.6 eV at 300 K.

4. Conclusions

Nanostructured SnO,, thin films were prepared by
reactive DC-magnetron sputtering technique. It was
possible to obtain the pure tetragonal phase (53 and 90 °C)
or a mixture of tetragonal and orthorhombic phases (148,
185 and 243 °C) by varying the substrate temperature.
Raman micro-spectroscopy confirmed the nanostructured
nature of the SnO,. The films constituted by the mixture of
phases were substoichiometric and presented a wider band
gap than that of a pure tetragonal phase. The synthesis of
pure orthorhombic SnO, phase would be necessary to the
aim to study its vibrational properties. To the best of our
knowledge the Raman spectrum of orthorhombic phase has
not yet been reported.
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