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Nonstoichiometric Sn0/Sn0,/SnO, , films were fabricated by DC magnetron sputtering and reactive DC magne-
tron sputtering of tin target with further 2-stage temperature annealing of synthesized materials. X-ray diffraction
analysis, Raman spectroscopy and electron paramagnetic resonance (EPR) spectroscopy were employed to study
the influence of oxygen content in the plasma during the sputtering process and the temperature of annealing on
the stoichiometric and phase composition of synthesized films. It was found that the tin monoxide phase prevailed
in the films fabricated by DC magnetron sputtering in the argon plasma followed by a 2-stage annealing process.
Nanocrystalline films containing both tin monoxide and tin dioxide were synthesized when reactive magnetron
sputtering with a small content of oxygen (of about 1 vol.%) was used. The increase of oxygen content in the plasma
to the value of about 2 vol.% leads to the formation of amorphous films. The intensity of the Raman peaks inherent
in SnO, vibration modes was found to depend on the content of the tin monoxide phase in the films. This effect can
be attributed to the dissipative transition of electronic excitation from tin monoxide to tin dioxide nanocrystallites.
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1. Introduction

The past several decades saw undiminished inter-
est in studying properties of transparent conduct-
ing oxides (T'COs) because of a rare combination
of electrical conductivity and optical transparen-
cy in these materials [1, 2]. Due to their excellent
optical and electrical properties, TCOs are used
for fabrication of various devices such as gas sen-
sors, batteries, photocatalysts, flat-panel displays
and solar cells [1, 2]. Besides these applications,
transparent electrodes based on TCOs are impor-
tant for optoelectronic devices, electrochemical
and optical microscopy methods for cell biology
and in photoelectrochemical microscopy [3]. For
example, the transparent conducting oxides can

be used as a new type of a transparent electrode,
which enables photoswitchable electrochemistry
and optical imaging [3]. One of more widely used
metal oxide materials is tin oxide [2]. In spite of
a number of experimental and theoretical inves-
tigations of tin oxides, a correspondence between
their properties, on the one hand, and a crystal-
line structure and stoichiometric composition, on
the other hand, is still debated. It has been known
for more than hundred years that tin oxides can
exist in different phases: SnO, and SnO, with oxi-
dation states of +4 and +2, respectively, and in-
termediate phases (Sn,O , for example, Sn,0; and
Sn,0,) [2, 4]. Among different tin oxide phases
rutile-type SnO, and tetragonal SnO attract great
attention as multifunctional materials [5]. SnO,,
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the most stable of the tin oxide phases, is a wide
band gap semiconductor (E, ~ 3.6 eV) and due to
the intrinsic oxygen vacancies (OVs) has n-type
conductivity [6]. Another type of point defects in
SnO, - tin interstitials — strongly reduce the for-
mation energy of OVs acting thus as an additional
factor of the nonstoichiometry of SnO, [6]. Oxy-
gen vacancies play a crucial role in electrical and
optical properties, gas sensing mechanisms and
the visible light photocatalitic activity of tin diox-
ide [6-10]. The first-principle calculations of SnO,
(110) surface demonstrate that the formation of
different OVs can be controlled by asymmetric
deformation [11]. The possibility of utilizing of
nanostructured tin oxide SnO_(1 < x < 2) as an
optical sensor for the detection of nitroaromatic
compounds based on the surface-enhanced Ra-
man scattering effect was shown [12]. Therefore
the identification and characterization of OVs are
necessary for the fabrication of different devices
based on nonstoichiometric tin oxide. Under-
standing of the aggregation mechanisms of oxy-
gen vacancies and establishing of their influence
on the electrical, optical and sensing properties
of tin dioxide are important tasks for improving
their performance in electronics, sensors, cataly-
sis and other applications.

In contrast to tin dioxide, SnO is a p-type
semiconductor due to the naturally formed Sn
vacancies [13]. Formation of local SnO,/SnO p-n
junctions can be used in some applications, for
example, for fabrication of temperature sensors
for transparent electronics [14] or gas sensors
with enhanced sensitivity to H, [13]. It should
be noted that tin oxide can be easily transformed
to tin dioxide using SnO oxidation or dispropor-
tionation reactions [15]. Therefore the phase tran-
sition SnO - SnO, with a possible formation of
intermediate tin oxide phases usually occur dur-
ing fabrication of tin dioxide of various architec-
ture by means of different methods: electron beam
evaporation [16], spray pyrolysis [16, 17], sol-gel
synthesis [12, 18], physical vapour deposition [17]
and magnetron sputtering [19] followed by ther-
mal annealing etc.

We proposed earlier the method of fabrication
of tin oxide films with a different phase and stoi-
chiometric composition with a possibility to syn-
thesize samples with various parameters (electrical
conductivity, band gap width, transmission coef-

ficient in the visible and UV range of electromag-
netic spectra) [20].

In this paper we present a study of the influence
of synthesis parameters (oxygen content in argon-
oxygen plasma during reactive magnetron sputter-
ing and temperature of post-deposition annealing)
on the phase and stoichiometric composition of tin
oxide films by means of X-ray diffraction, electron
paramagnetic resonance and Raman scattering.

2. Experimental details

Nonstoichiometric SnO/SnO,/SnO, ; films were
fabricated by DC magnetron sputtering in the ar-
gon plasma of tin onto glass substrates with a sub-
sequent thermal oxidation of the formed layers
in air [20]. In order to change the phase and stoi-
chiometric composition, the electrical conductiv-
ity and transmission coefficient of the films, reac-
tive magnetron sputtering in the argon-oxygen
plasma was applied. The oxygen content during
the deposition process was varied in a range of
0.4-2 vol.%.

Besides that, the structural, electrical and opti-
cal properties of the fabricated tin oxide films of
a mixed stoichiometric composition were con-
trolled by temperature of annealing in air atmos-
phere. It was found that the 2-stage heat treatment
process with the isothermal annealing at 200°C
(near the melting temperature of Sn) followed
by high temperature annealing in the tempera-
ture interval 375-450°C provided a possibility
to fabricate conductive and transparent tin oxide
films [20].

The phase composition analysis was carried
out using a Rigaku Ultima IV X-ray diffractometer
in a parallel beam configuration using monochro-
matic CuKa copper radiation (0.15406 nm) and
a D/teX high-speed X-ray detector.

X-band continuous-wave (CW) EPR spectra
of SnO/Sn0O, ,/SnO, samples were measured at
room temperature using a Bruker ELEXSYS E580
EPR spectrometer. The strength and frequency of
the modulating field were set to 6 G and 100 kHz,
respectively. The sweep time of the EPR spectra
was 120 s.

The Raman spectra were recorded using a 3D
confocal Raman spectral-analytical system Na-
nofinder HE with two laser sources (with A = 532
and 473 nm). Measurements were performed at
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room temperature in the backscattering configu-
ration. The resolution of the spectrometer was
0.3 cm ™, the diameter of the beam spot was about
1 ym, and the input power was about 0.6 mW.

3. Results and discussion

In order to determine the influence of the para-
meters of the technological process of tin oxide film
fabrication on their phase composition the X-ray
diffraction analysis was performed.

The XRD spectra of the SnO/SnO, ,/SnO, sam-
ples deposited in argon and argon-oxygen atmos-
phere and annealed in air at different temperature
are shown in Fig. 1.

Clear characteristic peaks that can be assigned
to the (101), (110), (002), (200) and (112) planes
of the tetragonal structure of the SnO phase were
observed for the samples deposited in argon at-
mosphere and annealed at 300°C during the 2nd
stage of the heat treatment procedure. The ther-
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Fig. 1. XRD patterns of the SnO/SnO, /SnO, sam-
ples deposited in argon (a) and argon-oxygen (b, c)
atmosphere with different oxygen content (vol. %):
1 for (b), 2 for (c), and annealed in air at different
temperature (°C): 300 for curve 1, 375 for curve 2,
450 for curve 3.

mal oxidation process of SnO to the SnO, phase
with a rutile structure was observed when the
annealing temperature increased. As one can see
from Fig. 1(a), for the samples annealed at 375
and 450°C, besides characteristic peaks to the SnO
phase, peaks that can be assigned to the (101),
(211) and (002) planes of the rutile structure of
SnO, are clearly seen. The diffraction peaks that
can be assigned to the Sn phase were observed for
all samples deposited in argon atmosphere and
annealed in the temperature range 300-450°C due
to incomplete tin oxidation.

The average SnO, crystallite size was estimated
from the full width at half maximum (FWHM)
intensity of the observed peaks using the Debye-
Scherrer equation in the form [21]

D = KA/Bcosb, (1)

where K is the shape factor which is usually equal
to 0.9, A is the radiation wavelength of CuKa equal
to 0.1542 nm, 6 is the Bragg diffraction angle, and
B is the full width at half maximum (FWHM) of
the diffraction peak.

Estimation of the crystallite sizes for the films
deposited in argon atmosphere gives values within
the range 10-15 nm. The rise of the crystallite sizes
with the annealing temperature was unessential.

A wide band between 20 and 40° without any
distinctive characteristic peaks was observed on
the diffraction spectra of the samples deposited
by reactive DC sputtering (with oxygen content
of around 1 vol.%) and annealed at 300°C during
the 2nd stage of the heat treatment procedure as-
suming thus the formation of amorphous tin oxide
films (Fig. 1(b)). Annealing at 375 and 450°C in-
duces the formation of a polycrystalline SnO, phase.
The diffraction peaks observed around 26.6°, 33.9°,
38°and 52° can be assigned to the (110), (101), (200)
and (211) planes of the tetragonal rutile structure of
SnO,. The estimation of the crystallite sizes for these
films gives values of about 5-7 nm.

When the oxygen content during reactive mag-
netron sputtering was increased to the value of
around 2 vol.%, only amorphous tin oxide films
were synthesized at all annealing temperatures. As
a result, only wide bands are visible in the diftrac-
tion spectra of these samples shown in Fig. 1(c).

Thus, as a result of the analysis of the XRD
spectra of the SnO/SnO, ,/SnO, samples, we can
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conclude: i) tin oxide films of a variable stoi-
chiometric composition with a predominant tin
monoxide phase were fabricated by means of DC
magnetron sputtering in the argon plasma fol-
lowed by a 2-stage annealing process; ii) reactive
magnetron sputtering with a small content of oxy-
gen (about 1 vol.%) in the argon-oxygen plasma
leads to the preferable formation of more ther-
modynamically stable tin dioxide nanocrystal-
line films with a tetragonal rutile-type crystalline
structure; iii) increasing of oxygen content during
the process of reactive magnetron sputtering up to
the value of about 2 vol.% induces the formation
of amorhous tin oxide films after following a heat
treatment procedure regardless of the annealing
temperature. It should be noted that the crystal-
line structure of tin oxide films with a different
stoichiometric composition can be improved by
means of additional high-temperature annealing
in vacuum or inert atmosphere [22].

Assuming that the oxygen vacancies at the in-
terface between different tin oxide phases can
work as paramagnetic trapping centres for elec-
trons [23], we used EPR spectroscopy to look for
the signal of paramagnetic oxygen vacancies (OV)
in the SnO/Sn0O, ;/SnO, samples. This method
is known as a sensitive tool for the characteriza-
tion of the paramagnetic centres on various ox-
ide surfaces [24]. The X-band CW EPR spectra of
the SnO/Sn0O, ,/SnO, samples deposited in argon

and argon-oxygen atmosphere and annealed in
air at different temperatures are shown in Fig. 2.
The obtained spectra are typical of the Mn** cen-
tres [25, 26]. In addition, each spectrum demon-
strates an intense line at about 340 mT (g-factor~2).
In order to study the origin of this central line, we
performed experiments on the substrate without
tin oxide. Figure 2(b) represents the EPR signal
from the substrate (red online) and the signal from
tin oxide on the substrate (black). The spectrum of
the empty substrate demonstrates the same EPR
signals as observed for the tin oxide samples indi-
cating absence of the OV EPR signals from the tin
oxide films.

For the additional characterization of a crystal-
line structure of the tin oxide samples with a dif-
ferent phase and stoichiometric composition Ra-
man scattering spectroscopy was employed. This
method is known as a sensitive tool for the char-
acterization of the local structure, and the crys-
tal surface area of solids and nanomaterials [27].
Information about crystallinity, orientation, com-
position, presence of structural defects, mechani-
cal stress and doping of materials can be obtained
from the Raman spectra. Characterization of tin
oxide based structures by Raman spectroscopy
is usually performed in order to get detailed in-
formation about their crystalline structure, phase
and stoichiometric composition, presence of dif-
ferent types of oxygen vacancies etc. [28].
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Fig. 2. (a) Averaged annealing temperature-dependent X-band CW EPR spectra of the SnO/SnO, ,/
SnO, samples deposited in argon (curves 1-3) and argon-oxygen atmosphere with oxygen content
1 vol.% (curves 4-6) and 2 vol.% (curves 7-9). Samples were annealed in air at temperature 300°C
(curves 1, 4, 7), 375°C (curves 2, 5, 8) and 450°C (curves 3, 6, 9). (b) Comparison between the signals
from the empty substrate and tin oxide film on the substrate. The g-factor of the central line (~340 mT)
is about 2. The signal near 300 mT originates from Fe’* centres.
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The Raman spectra of the samples synthesized
with different content of oxygen during magnetron
sputtering and various post-deposition annealing
temperature registered with A = 532 and 473 nm
laser excitation sources are shown in Figs. 3 and 4,
respectively.
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Fig. 3. Raman spectra measured with a A = 532 nm la-
ser source of the SnO/Sn0O, ;/SnO, samples deposited
in argon (a) and argon-oxygen (b, c) atmosphere with
different oxygen content (vol.%): 1 for (b), 2 for (c),
and annealed in air at different temperature (°C): 300
for curve 1, 375 for curve 2, 450 for curve 3. The ob-
tained spectra are neither normalized nor shifted
along the y axis.

For the samples deposited in argon atmosphere
the peaks corresponding to the vibration modes
inherent both in SnO and SnO, crystalline struc-
ture were observed. For example, peaks at 111 and
750 cm™ in the vicinity of the classical vibration
modes B, and B, for single crystal SnO, were ob-
served for all annealing temperatures [2]. Besides
that, for the samples deposited in argon atmos-
phere the peak at 692 cm™ that can be attributed
to the vibration mode A, of longitudinal optical
phonons was detected [2]. The peak at 211 cm™
corresponds to the Sn-O vibrations in the tin ox-
ide phase [29]. The intensity of this peak was de-

creased for the samples annealed at 375°C and was
unessential for the samples annealed at 450°C.
On the other hand, the amplitudes of inherent in
SnO, structure peaks near 692 and 750 cm™ in-
creased as the annealing temperature was raised.
These modifications of the Raman spectra can be
explained by oxidation of tin oxide and formation
of the tin dioxide phase.

In contrast to the Raman spectra measured for
the samples synthesized using magnetron sput-
tering in the argon plasma, no any distinctive
peaks inherent either in SnO or in SnO, crystal-
line structure were observed for the films fabri-
cated by reactive magnetron sputtering. Only two
broad bands in the range of about 50-200 and
400-700 cm™ were detected for these samples.
Existence of broad bands instead of narrow lines
in Raman spectra is reported for nanocrystalline
tin oxide samples and their attribution is closely
connected with the grain size [30]. For example,
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Fig. 4. Raman spectra measured with a A = 473 nm la-
ser source of the SnO/Sn0O, ;/SnO, samples deposited
in argon (a) and argon-oxygen (b, c) atmosphere with
different oxygen content (vol.%): 1 for (b), 2 for (c),
and annealed in air at different temperature (°C): 300
for curve 1, 375 for curve 2, 450 for curve 3. The ob-
tained spectra are neither normalized nor shifted
along the y axis.
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a broad band in the low-frequency region ob-
served for powders with the particles smaller than
7 nm is attributed to acoustic modes associated
with the vibration of an individual nanoparticle
as a whole [30]. Broadening of the classical modes
for monocrystalline tin dioxide and formation of
a broad band in the high-frequency range is ac-
tivated by surface disorder for nanosized grains
[30]. Influence of the nanocrystaline sizes is not
the only reason for modifications of the Raman
spectra of tin dioxide samples in a high-frequen-
cy range. Shift and broadening of the classical
vibrations modes, the appearance of additional
peaks and shoulders on the Raman spectra of
nonstoichiometric tin dioxide samples are attrib-
uted to the existence of different types (subbridg-
ing, bridging, in-plane) of oxygen vacancies [8].
The existence of the peaks near 140 and 170 cm™
for the samples obtained by reactive magne-
tron sputtering can be explained by formation of
phases Sn,O, and Sn,O, [4].

Differences in the intensity of the Raman
spectra of the same samples measured at differ-
ent excitation wavelengths can be explained by
the resonant Raman scattering effect. It is known
that in the case when the excitation wavelength
coincides with the energy of electronic transition
or photon absorption in the material, strong en-
hancement of the Raman active vibrational modes
is observed [31]. The band gap width of our sam-
ples obtained by deposition in argon is in a range
of 1.9-2.5 eV in dependence on post-deposition
annealing temperature. According to the X-ray
diffraction analysis the tin oxide phase prevails
in these samples (a band gap of tin monoxide is
in a range of 2.5-3 eV [32]). Nonstoichiometric
tin oxide films SnO/Sn0O, ,/SnO, obtained by re-
active magnetron sputtering are characterized by
a band gap in a range of 2.6-3.2 and 2.7-2.9 eV
for the samples deposited in the argon-oxygen
plasma with 1 and 2% oxygen content, respective-
ly. The band gap for our samples was calculated
from the results of the measurements of their ad-
sorption spectra [20]. The deviation of the band
gap from the value typical of monocrystalline tin
dioxide is induced by nanocrystallinity and exist-
ence of defects (including oxygen vacancies) in
our films. The dependence of the band gap width
of the SnO/Sn0O, ,/SnO, samples on the synthesis
conditions is presented in Table 1.

Table 1. Dependence of the band gap width of SnO/
SnO, ,/SnO, samples on the synthesis conditions.

Sputtering method | Second stage annealing | Band
and oxygen content temperature, °C gap, eV
DC magnetron 300 1.9
sputtering in argon
plasma 375 2.4
450 2.5
Reactive magne- 300 2.6
tron sputtering
(1 vol.% oxygen 375 3.3
content) 450 3.2
Reactive magne- 300 2.7
tron sputtering
(2 vol.% oxygen 375 2.8
content) 450 2.9

For the measurements of the Raman spec-
tra of our films we used lasers with an excitation
wavelength of A = 532 and 473 nm correspond-
ing to the energy of 2.33 and 2.62 eV, respectively.
Therefore the intensity of the Raman active modes
for the samples obtained under the same synthe-
sis conditions is higher in the case when we used
a laser with a A = 473 nm excitation wavelength.
However, the samples characterized approximate-
ly by the same band gap have strongly different
Raman spectra. For example, the films depos-
ited in the argon plasma and annealed at 450°C
have a band gap of 2.5 eV and are characterized
by the presence in the Raman spectra of vibration
modes inherent in SnO,. Meanwhile, for the films
deposited in the argon-oxygen plasma with 1%
oxygen content plasma and annealed at 300°C
with a band gap of 2.6 eV we did not observe in
the Raman spectra the vibration modes inher-
ent in SnO,. According to the X-ray diffraction
analysis both tin monoxide and tin dioxide phases
are present in the films obtained by deposition in
the argon plasma and annealed at 450°C. The tin
monoxide phase is absent for the films deposited
in the argon-oxygen plasma with 1% oxygen con-
tent and annealed at 300°C.

We can conclude that the presence of the tin
monoxide phase in our samples is important for
the fulfilment of resonant Raman scattering con-
ditions. Increasing of the intensity peaks inher-
ent in tin dioxide vibrational modes can be at-
tributed to the dissipative transition of electronic
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excitation from tin monoxide atoms to tin dioxide
atoms as an intermediate state in light scattering.

4. Conclusions

Characterization of tin oxide films with a different
phase and stoichiometric composition was carried
out using complementary methods: X-ray diffrac-
tion analysis, Raman spectroscopy and EPR spec-
troscopy. The possibility of using these techniques
for the study of the influence of synthesis condi-
tions (plasma composition and oxygen content in
the argon-oxygen plasma during reactive magne-
tron sputtering, temperature of post-deposition
annealing in air) on the structural properties and
composition of nonstoichiometric tin oxide films
was demonstrated. The room temperature X-band
CW EPR measurements of the tin oxide films re-
vealed no EPR signals from the OVs. A correlation
between the X-ray diffraction patterns and Raman
spectra was found for the samples with a different
content of SnO and SnO, phases. Enhancement of
the intensity of the Raman peaks corresponding to
the tin dioxide phase was observed in the samples
containing both SnO and SnO, due to the resonant
Raman scattering in tin oxide and the dissipative
transition of electronic excitation from tin monox-
ide atoms to tin dioxide atoms.
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