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The paper presents the morphological, structural, and optical properties of nanostructured SnO (x) films 
obtained by molecular beam epitaxy using deposition of tin in an oxygen flux on an oxidized silicon substrate 
as a function of the annealing temperature of the synthesized structure. The effect of annealing temperature on 
the structural and phase state of the films is established. The orthorhombic phase of SnO2 was observed after 
annealing in air at 500°C. An increase in the annealing temperature up to 800°C leads to the appearance of 
small fraction of the tetragonal phase of SnO2. The effect of the crystal structure on the optical properties of tin 
oxide films is shown. Ellipsometry revealed a sharp change in the optical constants of the film near the 
annealing temperature of 500°C. The observed wide absorption band in the range 1.9–3.4 eV is apparently 
associated with small (approximately 1%) amount of unoxidized metal Sn clusters. Photoluminescence in 
a wide range of 450–850 nm with a maximum at ~600 nm is observed. An increase in the annealing 
temperature from 500 to 800°С leads to an increase in the PL intensity by almost a factor of 6. 
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INTRODUCTION 

Tin oxides belong to the class of materials that combine high electrical conductivity, optical transparency in the 
visible range and absorption in the ultraviolet range, as well as reflection of infrared light due to the plasma reflection 
edge. There are a large number of transparent conductive oxides (TCO). The most known are oxides based on such 
metals as In, Sn, Zn, Ga, and Cd [1, 2]. The main requirements to the transparent conductive films are low resistivity 
(<0.001 Ωcm), high optical transparency (>80%), and a wide band gap (>3.5 eV). To date, the most widely used is the 
tin doped indium oxide (In2O3). Indium, as the main element of oxide, is contained in the earth’s crust, but its content is 
only 0.00001% and it is a by-product of the Zn and Pb production. Therefore, the production of tin doped In2O3 films 
requires significant financial investments. Among all the TCO, tin oxide films are affordable, have attractive electronic, 
optical, and electrochemical properties [3], chemical stability to acids and bases, are thermally stable and mechanically 
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strong [4]. Compared to tin oxides, the known films of zinc oxide (ZnO) are unstable to acids and alkalis. Tin oxide 
films have a higher concentration of charge carriers and transmission in the visible range [5]. 

Recently, tin oxide films have attracted great attention of scientists and technologists in connection with their 
possible applications in solid state gas sensors, in electrodes for electroluminescent displays, in protective coatings, in 
solar cells, and in the transparent field-effect transistors [6, 7]. Two main tin oxides are being studied: SnO and SnO2. 
The existence of these two oxides is associated with the double valency of Sn with oxidation states of +2 and +4. Both 
of these oxides are known to be wide-gap semiconductors with a rutile structure (tetragonal lattice) for SnO2 and a PbO 
structure for SnO [6]. Tin dioxide is a wide-gap n-type semiconductor, has a band gap from 3.6 to 4 eV [8, 9] and 
a transparency of more than 85% [10]. SnO2 films were obtained by such methods as molecular beam epitaxy [11], 
pulsed laser deposition [12], electron beam evaporation [13], sputtering [14], and the sol–gel process [15]. In most 
works, SnO2 films are polycrystalline. Tin monoxide is a p-type wide-gap semiconductor, but there is little data on its 
band gap. It lies in the range from 2.7 to 3.4 eV [6]. The large absorption coefficient indicates predominantly direct 
optical transitions in the ultraviolet region. SnO films were formed by electron beam evaporation [16], pulsed laser 
deposition [17], magnetron sputtering [18], and atomic layer deposition [19]. In [20, 21], in addition to structural 
properties, optical and electronic properties are presented. It was shown that an increase in pressure leads to the 
formation of nanocrystalline orthorhombic SnO and an increase in transmission in the ultraviolet, visible, and near 
infrared regions of the spectrum. An increase in the substrate temperature leads to the formation of a hydrophilic 
coating containing the phases of orthorhombic SnO and tetragonal SnO2 and to the change in the type of conductivity to 
n-type. A shift in the absorption edge and an increase in the band gap were observed with increasing pressure or 
substrate temperature. 

The aim of this work is to study the transformation process of the morphology and structure of SnO2 and SnO 
films obtained by molecular beam epitaxy (MBE). The structural and phase states of the films will be established 
depending on the conditions of formation and subsequent annealing, and the effect of the crystal structure on the optical 
properties of tin oxide films will be shown. 

RESULTS AND DISCUSSION 

Samples with nanostructured SnO (x) films were obtained on the Katun-C MBE setup. The chamber is 
equipped with an electron beam evaporator (EBE) for silicon and an effusion cell for tin. The Sn films are deposited on 
a Si(111) substrate with a 100 nm thick SiO2 layer at a Sn deposition rate of 0.28 Å/s in the presence of oxygen. The 
pressure during growth was 10–6 Torr. The temperature of the substrate was chosen below the melting temperature of Sn 
(approximately 180°C). A silicon EBE was used to ionize oxygen molecules. The electrons in the EBE had a high 
energy of about 5 keV and the electron emission current ranged from 0 to 85 mA. The obtained structures were 
annealed at atmospheric pressure in the temperature range of 200–1000°С. Temperature control was carried out using 
a chromel-alumel thermocouple, as well as a double laser infrared thermometer. The surface morphology and structure 
during growth in the MBE chamber were controlled by the reflection high-energy electron diffraction (RHEED). In 
addition, the film morphology was analyzed using a scanning electron microscope (SEM) Hitachi SU8220. The SEM 
system allows elemental analysis of the grown samples, since it additionally includes the EDX (Energy Dispersive X-
ray Spectroscopy) technique with a Bruker detector. The XFlash 5060F QUAD detector, which is part of the SEM 
equipment, was used to analyze the radiation energy of the X-ray spectrum. The crystal structure and phase analysis 
were performed by X-ray diffraction (XRD) method using a powder X-ray diffraction system (Shimadzu XRD-7000, 
CuKradiation, λ = 1.5416 Å, and OneSight linear detector) in the range of 2θ from 10 to 65°. Diffraction patterns were 
analyzed by powder diffractometry (PDF) (Powder Diffraction File database, 2010 edition of the International Center 
for Diffraction Data, Pennsylvania, USA). Optical constants in the wavelength range of 250–1000 nm were studied by 
ellipsometry using instruments developed and manufactured at the Institute of Semiconductor Physics SB RAS [22]. 
The film was considered uniform in depth. Therefore, the reconstructed dielectric functions and thickness are effective. 
To excite photoluminescence (PL), a HeCd laser with a wavelength of 325 nm and an 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 
photoelectronic multiplier with an S-20 type photocathode. The measurements were carried out at room temperature. 
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The RHEED control of the tin film deposition process showed that the film is polycrystalline. Such 
a conclusion is indicated by the presence of characteristic rings in the diffraction pattern. Next, the samples were 
annealed at atmospheric pressure. To determine the crystal structure and phase composition, X-ray powder diffraction 
(XRD) was used. The angle range 2θ = 28–29° in the diffraction measurements was excluded, since it contains 
an intense peak from the Si(111) substrate. Diffraction curves (X-ray diffraction patterns) for the initial sample, as well 
as for samples annealed at 300 and 600°C, and the tabular (calculated) diffraction patterns for the Sn, SnO, and SnO2 
phases are shown in Fig. 1. The annealing of all films lasted 1 h. The diffraction peaks of the initial sample at 2θ = 30.6, 
32.0, 43.9, and 44.9° correspond to (200), (101), (220), and (211) planes of the tetragonal Sn crystal (β-Sn, PDF # 010-
75-9188). According to the RHEED data, the Sn film is polycrystalline. An increase in the annealing temperature leads 
to the appearance of the SnO phase. The sample annealed at 300°C contains mainly a SnO phase (Romarchite Tin 
Oxide, PDF # 000-55-0837) with a tetragonal structure. In addition to the SnO phase, the peaks (002) and (021) are 
observed, which are due to the appearance of SnO2 at this temperature. The transformation of the film crystalline 
structure into tin oxide (SnO2) occurs at 500°C. The diffraction peaks at 2θ = 29.9, 31.3, 34.2, 35.8, and 38.2° 
correspond to the planes (111), (020), (002), (021), and (200) of orthorhombic SnO2 crystals (o-SnO2, PDF # 010-75- 
9495) and are shown in Fig. 1c for the sample annealed at 600°С. A similar result with orthorhombic SnO2 was 
obtained for tin oxide nanowires [23]. The data of X-ray phase analysis indicate a transition from a tetragonal SnO to 
an orthorhombic SnO2, which is single-phase. The orthorhombic phase of SnO2 was observed at annealing temperatures 
above 500°C. A further increase in temperature to 800°С did not change the SnO2 phase. Nevertheless, in addition to 
the orthorhombic SnO2, a small tetragonal part of SnO2 was found. 

To determine the surface morphology and structure of the grown films, atomic force microscopy (AFM) and 
SEM studies were performed. It was established that SnO (x) films are nanostructured. The SEM images of the SnO (x) 
film surface after annealing at temperatures of 400 and 800°С are shown in Figs. 2a, c. Figures 2b and 2d show the 
histograms of the amount distribution over the base size, which indicate the formation of a bimodal island distribution at 
low annealing temperature (Fig. 2b). The density of islands and their average size reach 7.2109 cm–2 and 87.5 nm, 
respectively. It is important to note that in the region of 70 and 100 nm, two maxima are observed. An increase in the 
SnO (x) film annealing temperature to 800°С leads to the formation of a more uniform size distribution of islands. The 
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Fig. 1. Experimental diffraction reflection curves and bar charts from the PDF database 
for the initial sample (a) and for samples annealed at 300°C (b) and 500°C (c). 
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ratio of the maxima corresponding to 70 and 110 nm, shown in Fig. 2d, increases with respect to the value obtained at 
400°С (Fig. 2b). At an annealing temperature of 800°C, the average size of islands is 76.5 nm. An analysis of the 
surface morphology of the films was additionally carried out by the AFM method. The AFM data on the surface 
morphology of the obtained films are in good agreement with the SEM data. The islands contained in the 
nanostructured SnO (x) film begin to decompose into the smaller nanoclusters during annealing at 1000°С. However, 
the original islands still retain their boundaries. Changes in the morphology observed during film annealing can affect 
both optical constants and optical properties of the obtained SnO (x) films. Elemental analysis of the grown samples 
was performed by EDX spectroscopy. Based on the map of elements, it can be concluded that the islands are enriched 
with Sn and O. Therefore, the X-ray diffractometry signal is formed from these elements. 

Optical constants of nanostructured SnO (x) films were studied by ellipsometry under various growth and 
annealing conditions. The dependence of the absorption coefficient for the SnO (x) film on the temperature of 
atmospheric annealing is shown in Fig. 3. 

High absorption coefficients correspond to a high content of metallic Sn. The absorption edge shifts from 
3.76 eV at 550°С to 3.9 eV at temperatures of 700°С and higher. In addition, absorption occurs in the visible range of 
the spectrum. It is inherited from the initial film and may indicate a low concentration of unoxidized metal Sn clusters. 
This concentration is approximately 1%. The film thickness varies nonmonotonously during the annealing process. 
First, it grows from 45 to 65 nm, since active oxidation continues up to 500°C. Then, at temperatures higher than 
600°C, the film thickness begins to decrease. Annealing of the film at temperatures of 900–1000°С leads to its 
compaction. Optical constants track the phase and morphological changes in the film. It is important to note a sharp 
change in the behavior of optical constants near the temperature of 500°C. Apparently, this temperature is characteristic 
of the oxidation process. The pronounced absorption edge observed in the short-wavelength region at higher 
temperatures disappears at temperatures below 500°C. Energies of 3.7–3.9 eV correspond to the band gap of SnO2 [24]. 

a c

N
um

be
r o

f i
sl

an
ds

0

10

20

30

40

50

40 80 120 160 200
Base size, nm

b

0

10

20

30

40

50

40 80 120 160 200
Base size, nm

d

N
um

be
r o

f i
sl

an
ds

n
R
 = 7.2 10  

< > = 87.5 
 cm

nm

-28 n
R 
 = .2 10  cm

< = 76.5 
9

nm
 -29

 

Fig. 2. SEM image of the surface of SnO (x) films and the corresponding size distribution 
after annealing at: 400C (a, b) and 800C (c, d). 
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According to our estimates, the film porosity can reach 40%. This indicates the island character of the film, which is 
confirmed by the results of scanning electron microscopy and atomic force microscopy. 

Optical properties of the films were studied by photoluminescence (PL). Figure 4 shows the PL spectra 
obtained for the SnO (x) film. The numbers indicate the spectra corresponding to some film annealing temperatures. 
A wide PL region is observed in the range 450–850 nm with a PL maximum at ~ 600 nm. Usually, PL in this range is 
associated with the crystal defects or defect levels that appear during film growth or annealing. An increase in the 
annealing temperature from 500 to 800°С leads to an almost 6-fold increase in intensity. As shown in Fig. 4, absorption 
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Fig. 3. Dependence of absorption coefficient for the SnO (x) film on the 
annealing temperature at atmospheric conditions: initial (1), 500C (2), 
550C (3), 800C (4), and 1000C (5). 
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Fig. 4. PL intensity spectra obtained at room temperature and an excitation 
wavelength of 325 nm: 800C (1), 700C (2), and 500C (3). 
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in the visible range is associated with a small concentration of tin crystallites. Therefore, an increase in PL with 
increasing annealing temperature can occur as a result of further oxidation of the film and the formation of tin islands 
several nanometers in size, which contribute to the radiative recombination. 

CONCLUSIONS 

Nanostructured SnO (x) films with a polycrystalline structure were obtained by molecular beam epitaxy using 
deposition of tin in an oxygen flux on an oxidized silicon substrate. It is found that their structural state depends on the 
temperature of the subsequent annealing in atmospheric conditions. It is shown that at annealing temperatures higher 
than 500°С, the phase state of the films changes with the transformation of their crystal structure from a tetragonal SnO 
to an orthorhombic SnO2. Their optical properties, especially the absorption coefficient, change, and it was found that 
the absorption edge shifts from 3.76 eV at 550°C to 3.9 eV at temperatures of 700°C and above. In the obtained films, 
a wide PL region is observed in the range of 450–850 nm with a PL maximum at ~ 600 nm. Photoluminescence may be 
associated with the formation of nanosized Sn islands during the SnO (x) film oxidation, which contribute to the 
radiative recombination. 

This work was supported in part by the RFBR grants Nos. 18-32-20064, 18-42-540018, and 18-52-41006. 
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