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ABSTRACT

SnO and SnO, films were obtained on the SiO, surface by the molecular-beam epitaxy method. The initial films
are in the polycrystalline phase. The annealing of SnO(x) films at a temperature of 300 °C resulted in the
formation of the tetragonal SnO phase. Three vibration modes Eg, Ajg, and By, with the frequencies of Sn—O
bond vibrations of 113, 211 and ~360 cm™?, respectively, which correspond to the SnO phase, were first
observed by the Raman spectroscopy method. The orthorhombic SnO, films were obtained by increasing the
annealing temperature to 500 °C. Based on the valence band XPS (X-ray photoelectron spectroscopy) spectrum,
several features with the binding energy approximately 5 eV, 7.5 eV and 11 eV, which are the same with the
valence band of SnO,, were identified. The refractive index and absorption coefficient were investigated by the
spectral ellipsometry technique. The high absorption coefficients correspond to the high Sn content. The film
dielectric properties were revealed at the temperature higher than 300 °C. The refractive index values lie in the
range of 1.5-2.6 for the visible spectral region. The pronounced absorption edges at 2.85 eV and 3.6 eV cor-
responding to those of stannous oxide (SnO) and stannic oxide (SnO,) were observed. The photoluminescence
(PL) from the SnO(x) films was observed at room temperature. The increase of the annealing temperature re-

sulted in the increase of PL intensity. Such PL intensity behavior is likely due to the Sn nanoislands.

1. Introduction

Metal oxides exhibit the properties of insulators, wide-gap semi-
conductors, metals, as well as superconductors [1]. Tin oxides belong to
the class of materials that combine high electrical conductivity with the
optical transparency in the visible range and are of interest as elec-
trodes and buffer layers in solar cells [2], electroluminescent displays;
they can be used in LEDs [3] and in other optoelectronic devices [4].
Doped tin oxides can be used in a large number of electronic devices
(for example, in transparent field effect transistors [5-7]), as an alter-
native material to toxic and expensive CdO, ZnO or In,Os. Despite the
fact that tin oxides are transparent in the visible range, they reflect the
light in the infrared region of the electromagnetic spectrum. This
property is important for the use of tin oxides in energy-saving devices.
Architectural glass [8] coated with a tin oxide can transmit light, but

retain heat in a room. Other important applications of tin oxides include
their use as solid state gas sensors [9,10] and the anode in lithium-ion
batteries due to the reversibility of electrochemical reactions with li-
thium ions [11]. Basic tin oxides, such as SnO and SnO,, being semi-
conductors, have p- and n-type conductivities, respectively [12,13].
SnO2 in its pure form is an n-type wide-gap semiconductor having the
bandgap with direct transitions of 3.6 eV at room temperature [14]. Its
electric conductivity is associated with oxygen vacancies and interstitial
tin atoms. SnO, is one of the most widely used materials from the fa-
mily of binary transparent conductive oxides [15]. The electron and
optical properties of SnO, can greatly vary using dopants. For these
purposes, for example, elements such as In, P, Sb, F are used [16]. A
large number of deposition methods, such as electron beam evaporation
[14], pulsed laser deposition [17], spray pyrolysis [18], vacuum eva-
poration [19], gas-phase deposition [20] and ion layering [21] are used
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for the obtaining of homogeneous thin SnO, films. Another widely
studied tin oxide is SnO, which has the p-type conductivity, mainly due
to Sn vacancies and interstitial oxygen atoms [22]. The bandgap in SnO
films varies from 2.5 to 3.4 eV [23]. Recently, a record mobility in SnO
films has been obtained and thin-film transistors with p-type SnO films
have been presented [23]. SnO films are prepared by various methods,
such as electron beam evaporation [24], magnetron sputtering [25],
sol-gel [26] and atomic layer deposition [27]. The structural, optical
and electron SnO, and SnO film properties are affected by both their
preparation conditions, and the formation technique. Despite a large
number of studies on SnO (x) films, there are only a few reports on the
formation of SnO and SnO2 phases by molecular-beam epitaxy (MBE)
[28,29]. The purpose of the article is to show the effect of annealing
temperature on the morphology, phase composition and the optical
properties of SnO(x) films obtained by MBE.

2. Experimental details

The SnO(x) film samples were obtained by the molecular-beam
epitaxy (MBE) method. The MBE chamber was equipped with an
electron-beam evaporator (EBE) for Si and an effusion cell for Sn. The
Sn films were deposited on the Si substrate with a 100 nm thick SiO,
layer at the Sn deposition rate of 0.28 A/c in the presence of oxygen.
The schematic structure of samples is demonstrated in Fig. 1. Molecular
oxygen was supplied into the chamber through a leak. The Si EBE was
used for the ionization of oxygen molecules. This process is to occur
since the electrons created in the EBE have a high energy of about
5 keV. The initial base pressure in the MBE growth chamber was about
10~8 Torr, whereas the process pressure during the growth was
107° Torr. The substrate temperature was about 200 °C. After the Sn
deposition, all samples were pulled out in the air and placed in a quartz
tube. Further, they were annealed at the atmospheric pressure in the
temperature range of 200-800 °C. The morphology and surface struc-
ture during the deposition in the MBE chamber was controlled by re-
flection high-energy electron diffraction (RHEED). The change of
RHEED patterns allowed identifying the phase surface state of growing
films. The crystalline structure and the phase analysis were performed
by X-ray Powder Diffraction (XRPD), which presents a powder X-ray
diffraction (XRD) system (Shimadzu XRD-7000, CuKa Radiation,
A = 1.54178 A, linear detector OneSight) in the 20 range from 10° to
65°. The indexing of diffraction patterns was carried out on the PDF
database (Powder Diffraction File, released in 2010, International
Center for Diffraction Data, Pennsylvania, USA). Raman spectroscopy
for the structural analysis of SnO(x) films was used. The Raman spectra
were obtained at room temperature under the excitation of an Ar laser
line (514.5 nm) using a T64000 Horiba Jobin Yvon spectrometer with a
micro-Raman setup. The spectrometer belongs to the Center of collec-
tive usage “VTAN” in Analytics and Technological Research Center of
the Novosibirsk State University. The laser beam diameter and radia-
tion power on the sample were 10 pum and 1 mW, respectively. There
was no strong local heating of samples under these conditions. The
spectral resolution was not worse than 2 cm™'. The scattered light
polarization was not analyzed. Furthermore, the film morphology was
analyzed by a scanning electron microscope (SEM) (Hitachi SU8220).

SnO(x)

SiO,, 100 nm

Si substrate

Fig. 1. Schematic structure of obtained samples with the SnO(x) film.
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The SEM system allows carrying out the elemental analysis of the
grown samples, since it additionally includes EDX (Energy-dispersive X-
ray spectroscopy) Bruker detectors. The XFlash 5060F QUAD detector
included in the SEM equipment was used for the analysis of the X-ray
spectrum emission energy of the structures obtained by the MBE tech-
nique and annealed in the furnace. The analysis of the material che-
mical state, both in its initial state and after annealing, was carried out
using a SPECS X-Ray photoelectron spectrometer (Germany). The
spectrometer consists of three main vacuum chambers: a loading
chamber, preparation chamber and an analyzer chamber equipped with
manipulators for the samples transfer. The base pressure in the pre-
paration chamber is 5 x 10~ ° mbar and is maintained by a turbo-
molecular pump. The analyzer chamber is meant to record photoelec-
tron spectra and is equipped with a hemispherical analyzer PHOIBOS-
150-MCD-9, FOCUS-500 X-Ray monochromator and the XR-50 M X-Ray
source with the double Al/Ag anode. The base pressure in the analyzer
chamber is about 5 x 107 1° mbar. In this work, the characteristic
monochromatic radiation AlKa, » (hv = 1486.74 eV, 200 W) was used
to excite the spectra. The studies of optical constants in the wavelength
range of 250-1000 nm were carried out by spectral ellipsometry. The
measurements were made on the ellipsometers of our own design [30].
The film optical constants restoration included several steps. Firstly, the
determination of the SiO, layer thickness and optical constants on the
masked sample areas, where the SiO, sublayer was not covered by Sn,
were made. Secondly, the determination of the SnO(x) layer thickness
and optical constants was carried out. An independent solution of the
inverse ellipsometry task was used at each stage for each wavelength
with multi-angle spectral measurements (VASE). The film was con-
sidered uniform in depth. Therefore, the reconstructed dielectric func-
tions and thickness are effective in case of a non-uniform layer struc-
ture. The processing on effective medium approximation (EMA) models
and the recovery of dielectric SnO(x) cluster functions, after accumu-
lating the sufficient amount of experimental data and comparing these
dielectric functions with the microscopy data on the film morphology,
are possible. The sample optical properties were studied by photo-
luminescence (PL) spectroscopy. To excite the PL, the HeCd laser with
the wavelength of 325 nm and the excitation power of 2 mW was used.
The PL was recorded by a spectrometer equipped with both a nitrogen-
cooled silicon CCD matrix and a cooled photoelectron multiplier with
an S-20 photocathode. The measurements were carried out at room
temperature.

3. Results and discussion

The structural and optical properties of SnO(x) films were in-
vestigated. The Sn film was deposited on the Si substrate with a 100 nm
thick SiO, layer at 200 °C. The oxygen flux was supplied into the MBE
chamber during the Sn growth. The growing film morphology and
surface structure were controlled in the growth process. The grown
films were found to be polycrystalline. This conclusion can be made by
the presence of rings on the RHEED patterns. After the growth in a
vacuum chamber, the samples were unloaded and annealed at the at-
mospheric pressure. The annealing temperature was changed from 200
to 800 °C. To identify the crystalline structure, crystallite size and phase
composition, it was necessary to apply the XRPD method. The X-ray
phase analysis was made on the series of samples, which include the
initial sample (as-grown) grown at 200 °C, as well as annealed samples.
The XRD patterns for the as-grown sample, for the samples annealed at
200 and 300 °C as well as 500 and 600 °C, are demonstrated in Fig. 2.
The range of angles 20 = 28°-29° from the measurements was ex-
cluded, since it contains an intense Si substrate peak. The calculated
XRD patterns for Sn, SnO and SnO, material phases are also shown in
Fig. 2 under the experimental XRD patterns. The as-grown sample dif-
fraction peaks at 20 = 30.6°, 32.0°, 43.9° and 44.9° correspond to the
(200),(101),(220)and (21 1) planes of the tetragonal Sn crystal (p-
Sn, PDF #010-75-9188). Further, the SnO phase formation takes place
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Fig. 2. Experimental XRD patterns of SnO(x) films: for the as-grown sample (a),
for the annealed film at 200 and 300 °C (b) and at 500 and 600 °C, as well as the
calculated XRD patterns of Sn, SnO and SnO, materials.

at the annealing temperature of 200 °C (Romarchite Tin Oxide, PDF #
000-55-0837), as shown in Fig. 2(b). Stannous tin oxide (SnO) is of
tetragonal structure. However, the peaks, which correspond to (-Sn,
still take place (these peaks are pointed out by the arrows). The tem-
perature increase to 300 °C results in the single SnO phase formation.
The phase transition to the crystalline film structure of stannic tin oxide
(Sn0,) is observed at 500 °C. The diffraction peaks at 26 = 24.4°,29.9°,
34.2°, 35.8° and 38.2°, 58.8°, corresponding to the (1 1 0), (1 1 1),
(002),(021),(200) and (1 1 3) planes of orthorhombic SnO, (o-
Sn0O,, PDF #010-75-9495), are pointed out in Fig. 2 (c) for the sample
annealed at 500 °C. The further temperature increase to 800 °C does not
result in the change of the SnO, phase. However, the small tetragonal
SnO, part was additionally appeared in the 0-SnO, phase.

In order to carry out the structural analysis of SnO(x) films, Raman
spectroscopy was used as well. The Raman spectra of both as-deposited
and annealed SnO(x) films are shown in Fig. 3. The vertical scale is
shown on the logarithmic scale for convenience. Since the films are
semitransparent, the Raman signal originating from the Si substrate can
be observed in the studied spectral region. The narrow peak at
520.6 cm~ ! appearing due to the scattering on long-wave optical
phonons in monocrystalline Si can be seen in all spectra. For the first
time, this peak was observed by Parker with coauthors [31]. This peak
is seen even in the as-deposited film spectrum, but its intensity is re-
latively low; so, one can suppose that this film is less transparent. It can
be due to presence of Sn clusters in the as-deposited film. The frequency
of Sn-Sn bond vibrations in Sn clusters is about 200-210 cm ™! (see [32]
and references in it). However, one can see another feature with a
position of approximately 114 cm ~ . It is known that, in SnO, the Sn—0O
bonds have Eg, A;, and By, vibration modes with frequencies 113, 211
and 350-370 cm ™}, respectively [33-38]. Therefore, it is not possible
to clearly identify the presence of Sn-Sn bonds in the as-deposited film.
But anyway, due to the fact that the film is barely transparent, one can
assume that it contains Sn clusters that are highly light-absorbing. One
can see a broad low-intensive band from 350 to 700 cm ™' in the as-
deposited film spectrum. It is known that in the monocrystalline rutile
tin dioxide (SnO,), there are several Raman-active vibration modes
with the frequencies from 313 to 774 cm ™! [39]. It can be supposed
that, in polycrystalline SnO(x) films, these modes can form a broad
band.

One can see that the annealing at 200 °C leads to the growth of E,
and A;, mode intensities and the appearance of a weak B;, mode. It can
be due to the film oxidation of and SnO phase growth. There are also
some features between Eg (113 cm ™) and A (211 cm ™) modes. It
can be due to the presence of the SnO(x) phase [34,37]. The low-
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Fig. 3. Raman spectra of as-deposited and annealed SnO(x) films.

intensive feature at ~360 cm ™' can be associated with the B;, mode
[38]. It should be noted that Guo and coauthors studied monocrystal-
line SnO [38]. We study thin films, but, nevertheless, we have some
signal from the B;; mode. The subsequent annealing (600 °C) leads to a
further film oxidation. One can see only the peculiarities between 200
and 450 cm ~ ! and also the peak at 620 cm ~ ', which are due to the two-
phonon scattering in the Si substrate [40,41].

The SEM technique was applied to observe the grown film mor-
phology. The SEM images of the SnO(x) film at the annealing tem-
perature of 400 °C are demonstrated in Fig. 4(a). Observing the SnO(x)
film surface on the SEM image, one can see that the film is nanos-
tructured. The elemental analysis of the samples was investigated by
EDX spectroscopy, since the SEM system additionally includes the EDX
detectors. The elemental distribution maps for the SnO(x) film are de-
monstrated in Fig. 4 (b) and (c). Fig. 4 (b) includes the data on the
morphology, since the mapping for Sn, O, Si and C overlaps the in-
formation obtained from secondary electrons. The Sn, O and Si ele-
ments correspond to yellow, green and blue colors, respectively. The
data of EDX analysis allow concluding that the islands are enriched by
Sn and O, whereas the area between the islands contains the high Si
content related to the Si substrate.

The study of the chemical state of SnO(x) films was performed by X-
Ray photoelectron spectroscopy (XPS). The photoelectron spectra of the
Sn3ds,» region for the initial sample (as-grown) and the sample an-
nealed at 500 °C are shown in Fig. 5 (a) and (b), respectively. The de-
composition of the Sn3ds,, region, shown in Fig. 5 (a), reveals the
presence of peaks corresponding to different Sn oxidation degrees of 0
(metal), +2 (SnO) and +4 (SnO,). Since B-Sn, in the polycrystalline
phase, takes place for the initial sample based on the results of the X-ray
phase analysis, the SnO and SnO, phases obtained from the photo-
electron spectra are in the amorphous state, and it arises due to the
removal of samples into the ambient atmosphere. Therefore, this phase
mixture was not identified in the XRPD method. The difference between
the Sn®* state and Sn** state equals about 0.9 eV. It is in good
agreement with the result published in [42]. The analysis of Sn3ds >
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Fig. 4. The SEM image (a) and the map of elemental composition (b and c), obtained by energy dispersive X-ray (EDX) spectroscopy. Figure (b) includes the data on
the morphology, since the mapping for Sn, O, Si and C overlaps the information obtained from secondary electrons. The Sn, O and Si elements correspond to yellow,

green and blue colors, respectively.

photoelectron spectrum for the sample annealed at 500 °C demonstrates
the existence of only single SnO, phase. Furthermore, the XPS survey
spectra were recorded for series of samples. Besides the Sn peaks, O 1s
and C 1s core level peaks were determined. Based on the survey scan,
the separation between O 1s and Sn 3ds,, core level peaks was iden-
tified to be approximately 44 eV corresponding to the value obtained by
Lau and Wertheim [43]. For further clarity, the analysis of valence band
photoelectron spectra was performed. The valence band (VB) may be
used for the determination of different phases present on the surface.
The valence bands were successfully applied in [43] to elucidate the
phase composition of tin oxide films. The valence band XPS spectrum
for the SnO(x) film annealed at 500 °C is displayed in Fig. 6. This
spectrum demonstrates the three main peaks, which are consistent with
earlier XPS results [44]. The peaks appearing at about 5 eV are related
to the O 2p level [44]. However, the peak in the region of 2-3 eV bound
up with the mixing of Sn 5s and Sn 5p states, is not observed. The 5s-5p
hybrid state was observed in the valence band XPS spectrum of SnO
[45] or SnO,, which is oxygen depleted. The states around 7.5 eV are
attributed to the Sn 5p orbitals hybridized with O 2p orbitals, whereas
the peak observed at about 11 eV is due to the Sn 5s — O 2p interacting
orbitals [45]. Thereby, it was shown that these three features are the
fingerprints of SnO,. Furthermore, the valence band XPS spectrum al-
lows restoring the band structure of the investigated material. Since the
tail is observed in the bulk bandgap of Fig. 6 in the range of 0-3 eV, it is
necessary to identify the exact position of the valence-band edge. Based
on a simple extrapolation technique, the valence-band edge equals
about 3.2 eV binding energy relative to the Fermi level of the spec-
trometer. Knowing the material bandgap and the electron work func-
tion from the metal with which the sample is in contact, one can de-
termine the electron affinity. These data will be useful, in the future.
The optical constants of the obtained SnO(x) film were studied by
spectral ellipsometry. The refractive index for the initial sample and
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several annealed samples are shown in Fig. 7(a). The anomalous dis-
persion type, which is characteristic for metals with high absorption
values in the entire visible range, and a sharp course of the refractive
index curve are observed. This indicates the presence of high Sn content
in the film in the metal phase. Tin is oxidized at the temperature in-
crease, and the transition to the normal dispersion occurs to the typical
refractive index values for dielectrics at the level of 1.5-2.6 for the
visible part of the spectrum. This is consistent with the published data
on tin oxides [46]. A characteristic absorption incidence in the region of
3.6 eV is observed for the high-temperature annealing at 700 °C (Fig. 7
(b)), which can be related to the SnO, bandgap. The absorption edge
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Fig. 5. Photoelectron spectra of the Sn 3ds,, regions for the as-grown sample (a) and for the sample annealed at 500 °C (b).
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shifts toward lower energies at lower annealing temperatures. It is
observed at 2.85 eV for the annealing temperature of 400 °C. Taking
into account [47], it can be concluded that the stannous oxide (SnO) is
formed at this temperature. By the way, the results of X-ray phase
analysis confirm this inference as well. The edge becomes unexpressed
with the characteristic incidences in the regions of 2 eV and 2.6 eV at
the annealing temperature of 300 °C. These values point out the critical
points for the SnO(x) structure, where x, according to other methods, is
close to 1. According to [37], the monoxide bandgap is varied in the
region of 2.35-2.47 eV, which is close to the value of 2.6 eV observed in
our case.

The optical properties of SnO(x) films were studied by photo-
luminescence (PL) spectroscopy. The PL spectra obtained from the SnO
(x) films demonstrated in Fig. 8. The numbers in Fig. 8(a) indicate the
spectra corresponding to several annealing temperatures. A wide PL
region is observed in the range 450-850 nm with a PL maximum at
about 600 nm. A similar PL was observed in the case of SnO, nanor-
ibbons obtained by laser ablation [48] and SnO, nanorods synthesized
from a solution [49]. Usually, the PL in this range is associated with
crystal defects or defective levels that appear during a film growth or
annealing. Defective levels are expected to be created by either oxygen
vacancies or interstitial tin atoms. The increase in the annealing tem-
perature from 500 °C to 800 °C leads to an almost 6-fold intensity in-
crease. As shown in Fig. 7(b), the visible absorption was associated with
the small concentration of Sn crystallites. Therefore, the rise of the PL
intensity with the annealing temperature increase can occur as a result
of a further film oxidation and the formation of Sn islands of several
nanometers in diameter, which contribute to the radiative recombina-
tion. Moreover, if the electron emission current in the electron-beam
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evaporator is increased from 50 mA to 65 mA, the elevation of the PL
intensity is observed by a factor of 2 (Fig. 8(b)). The increase in the
electron emission current should increase the oxygen ionization and,
hence, the oxidized part of the initial film. Thus, the cluster size sur-
rounded by the oxide matrix and obtained in the case of higher emis-
sion current values decreases faster during the annealing. They make a
larger contribution to the PL increase, as shown in Fig. 8(b).

4. Conclusion

The SnO and SnO, films were obtained on the SiO, surface by the Sn
deposition from a molecular beam in the oxygen flux. The initial films
are in the polycrystalline phase, as shown by the reflection high-energy
electron diffraction technique during the film deposition by MBE. The
annealing of SnO(x) films at the temperature of 300 °C resulted in the
formation of the tetragonal SnO phase (romarchite tin oxide). It was
demonstrated by the x-ray phase analysis. Three vibration modes Eg,
A, and By, with the frequencies of Sn—O bond vibrations 113, 211 and
~360 cm™?, respectively, which correspond to the SnO phase, were
first observed by the Raman spectroscopy method. The annealing
temperature increase to 500 °C created the orthorhombic SnO, phase.
The analysis of the Sn3ds,, photoelectron spectrum for the annealed
sample at 500 °C demonstrates the existence of only single SnO, phase.
Furthermore, three features on the valence band XPS spectrum with the
binding energy approximately 5 eV, 7.5 eV and 11 eV, which are fin-
gerprints of SnO,, were shown. The optical properties of the SnO(x)
films were studied by the ellipsometry and photoluminescence methods
before and after the annealing in the atmosphere in the temperature
range of 200-800 °C. The high absorption coefficients correspond to the
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Fig. 8. Photoluminescence spectra: (a) from the sample annealing at the different temperatures; (b) from samples annealed at 800 °C and grown the different

emission currents.
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high metallic Sn content. The film dielectric properties appear at the
annealing temperature increase. The refractive index values for di-
electrics at the level of 1.5-2.6 for the visible region of the spectrum
were obtained. The pronounced absorption edge in the visual range at
2.85 eV, corresponding to the stannous oxide (SnO), was observed for
the annealing temperature of 400 °C. The absorption edge shifts to
3.6 eV at the temperature of 700 °C. This value is in a good agreement
with the literature data on the SnO, bandgap. The PL spectra were
obtained from the SnO (x) films at room temperature. The annealing
temperature increase from 500 °C to 800 °C results in the PL intensity
increase. The PL intensity rise with the annealing temperature increase
can be related to the Sn nanoislands.
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