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1. Introduction  

The interest in the surface structures with their special properties has increased considerably 

due to extensive applications in micro- and optoelectronics. It is known that the properties 

of films of submicron size can be different from those of structures having macroscopic 

dimensions. The parameters that change the properties of films, are the thickness, number of 

layers, uniformity of the films, the size of clusters and nanocrystals. The presence of small 

particles and nano-sized elements leads to changes in material properties such as electrical 

conductivity, refractive index, band gap, magnetic properties, strength, and others 

(Suzdalev, 2006; Kobayashi, 2005).  

One of the most promising materials in this regard is tin dioxide. Such advantages as high 

transparency in a visible range of wavelengths and high conductivity make SnO2 very 

suitable as transparent conductive electrodes in such devices as solar sells, flat panel 

displays, etc (Rembeza et al., 2001; Jarzebski et al., 1976; Das and Banerjee, 1987; Song, 1999). 

Wide-gap semiconductor SnOx films exhibit quantum confinement effect with decreasing of 

crystallite sizes, i.e. the band gap becomes size dependent and is increased from 3.6 to  

4.2 eV.  

Semiconductor gas sensors on the base of nanoscale SnO2 films are manufactured 

(Evdokimov et al., 1983; Buturlin et al., 1983b; Watson et al., 1993). The possibility of tin 

dioxide layers to change their electrical conductivity upon adsorption of gases due to the 

reactions of reduction and oxidation, is used (Bakin et al., 1997; Srivastava, R. et al., 1998a; 

Jiang et.al., 2002; Vigleb, 1989). An increase in adsorption possibilities of SnO2 films during 

the transition from single-crystal to nanocrystalline system (Srivastava, R. et al., 1998b) is 

one of the main directions of work to improve the sensitivity and reduce of response time 

(Bakin et al., 1997; Ramamoorthy et al., 2003; Karapatnitski et al., 2000; Xu et al., 1991; 

McDonagh et al., 2002). 

As is known, tin dioxide (SnǼ2) is a crystal of white color, the density is 7.0096 g/cm3, 

melting point is about 2000°C (Knuniants, 1964). The SnO2 films have predominantly 

amorphous or polycrystalline structure with a tetragonal lattice of rutile with parameters a = 

b = 0.4737 nm, c = 0.3185 nm, with two tin atoms and four oxygen atoms in the unit cell 

(Dibbern et al., 1986; Shanthi et al., 1981; Weigtens et al., 1991). Depending on the method of 
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film synthesis, the band gap varies in the range 3.35–4.3 eV and the refractive index – in the 

range 1.8–2.0 (Martin et al., 1986; Melsheimer et al., 1986; Nagamoto Takao et al., 1990). 

Under normal conditions in air, at the surface of tin dioxide, a layer of the adsorbed oxygen 
molecules is formed. Oxygen molecules carry out the electron trapping from the surface 
layer (Kaur et al., 2007). In the simpler schematization, in clean air the conductivity of SnO2 
is low because the conduction electrons are bound to surface oxygen, whereas in the 
presence of a reducing gas, electrons are no longer bound to the surface states and the 
conductivity increases. The transfer of electrons from SnO2 to oxygen leads to the creation 
near the surface of a crystal a space charge layer (depletion layer), the concentration of 
electrons in which is less than in bulk. The net charge at the surface generates an electric 
field, which causes a bending of the energy bands in the SnO2. A negative surface charge 
bends the bands upward, i.e. pushes the Fermi level into the band gap of the SnO2, 
effectively reducing the charge carrier concentration and resulting in an electron depletion 
zone. In other words, this is an electron trapping process at the surface, which leads to an 
increase in the electrical resistance (or decrease in conductivity) of the surface layer. When a 
reducing gas, e.g. CO (or ǻ2, СǼ, ǻ2S, NH3, etc.), reacts with the adsorbed oxygen to form 
CO2, the concentration of oxygen in layer is decreased. The electrons released in this 
reaction are injected into the conduction band of the SnO2, which results in a decrease in the 
electrical resistance (or increase in conductivity) of materials of n-type of conductivity (Kaur 
et al., 2007; Bakin et al., 1997; Andryeeva et al., 1993). According to barrier model, reaction of 
adsorbed oxygen species with reducing gases decreases the potential barrier heights, 
resulting in a huge decrease in resistance.  

Reduced tin dioxide is characterized by a deficiency of oxygen – SnO2-ǅ, where 10-5 <ǅ <10-3 - 
deviation from stoichiometry (Rumyantseva et al., 2003; Kaur et al., 2007). Vacancies of 
ionized oxygen are the main intrinsic defects and define the electrical properties of the 
material – n-type of conductivity and free carrier concentration. Energy levels of oxygen 

vacancies VǼ+ and VǼ2+ lie at a depth of 30−40 and 140−150 meV below the conduction band 
edge, respectively (Ryabtsev et al., 2008). The concentration of oxygen vacancies can be 
reduced by annealing of the material in an oxygen atmosphere. 

In the transition from single crystal to a polycrystalline system, each crystal grain is 
considered as a closed volume, near the surface of which is located a depletion layer. 
Reducing of the charge carrier concentration at the grain boundaries leads to a formation of 
intergranular energy barriers, the magnitudes of which determines the electrical 
conductivity of polycrystalline material as a whole. The greatest influence of the surface 
state on the electrical properties of the material occurs when the condition: l/2 ≤ L, where l is 

the size of the crystallites; L − length of the depletion layer, which for different oxides varies 

from 3 to 10 nm: 
2 2 2
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ππ
, where ǆ is the dielectric 

constant, VS – surface/Schottky potential, Nd is the concentration of the donor impurity, LD 
is the Debye length, k is the Boltzmann constant, T is the temperature. Wide range of sizes of 
the SnO2 crystallites (from several to several hundred nanometers) affects the mobility of 
charge carriers, which may vary from a few to 100 cm3/V·s. For example, Xu Chaonan et al. 
(1991) investigated the dependence of gas sensitivity of film on the diameter D of SnO2 

crystallites (in the range 5–32 nm) and the Debye length LD. For undoped SnO2 D increased 
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from 4 nm with increasing annealing temperature to 13 nm at 400ºC and 27 nm at 900ºC. The 
dependences of the electrical resistance of the films in air (Ra) and a mixture of hydrogen-air 
(Rg) at 300ºС on the crystallite sizes were presented. The values of Ra and Rg increase with 
decreasing D for D ≤ 6 nm, as well as increase with increasing D for D ≥ 10 nm. The value of 
D at the boundary between two regions is equal to 2L and the optimum value for L is 
obtained by 3 nm. The gas sensitivity of film was determined as Ra/Rg. For the both H2 and 
СǼ the sensitivity increases if the value D ≤ 2L (~6 нм). It follows, that the gas-sensitive 
properties of the tin dioxide films are determined by their nanostructure, formed during 
crystallization process. This makes it extremely important to study the processes of 
crystallization in tin dioxide films, depending on the conditions of their preparation and 
processing.  

Good quality SnO2 films have been grown by several techniques (Buturlin et al., 1983a). As 
is known, the method of preparation of SnOx films significantly influences on their 
characteristics (Bakin et al., 1997; Srivastava R. et al, 1998; Jiang et al., 2002; Srivastava R. et 
al., 1998b; Minami et al, 1989). Not all techniques of deposition are used for production of 
functional metal oxide films (Buturlin et al., 1983b; Jarzebski, 1982; Kholʹkin and Patrusheva, 
2006). The physical methods of obtaining films of metal oxides include the method of 
thermal evaporation of metal in vacuum with deposition on the dielectric substrate and 
oxidation in air (Buturlin et al., 1983b) at 720–770К. The particles of deposited material one 
can obtain also by evaporation in a gas. In an atmosphere of reactive gas material is heated 
to evaporation, then the atoms of substance reacts with residual gas atoms, resulting in 
formation of ultrafine particles of size in range 1–100 nm. The resulting film has an 
extremely developed surface and requires no further heat treatment (Buturlin et al., 1983a). 
During thermal sputtering of an oxide target (Das and Banerjee, 1987; Feng et al., 1979) an 
annealing is not required, too. The method is based on the sputtering of target made of 
pressed powder of desired oxide (Jarzebski, 1982) or in plasma at high frequency in a three-
electrode circuit, or by an ion beam. The spraying process is carried out in an plasma of 
argon of high purity with the addition of oxygen. Das and Banerjee (1987) show the relation 
between a structure and other physical properties of the films. For the deposited by electron-
beam evaporation SnOx films a change of x value by varying the substrate temperature TS 
was revealed. The films deposited at TS = 150°C were amorphous, but after annealing in air 
(TA = 550°C, 2h) the presence of SnO2 by X-ray diffraction was revealed. Films deposited at 
TS = 225°C were also amorphous, but after annealing under identical conditions consisted of 
a mixture of phases SnO and ǃ-SnO. These amorphous films are characterized by high 
electrical resistivity (1010 ohm·cm at room temperature), which sharply decreased after 
annealing in air (550°C, 2 h) to the values ρ = 9,5×10-2 ohm·cm at room temperature, 
seemingly, due to the formation of 0.015 eV donor level (TS = 150°C) and 0.26 eV (TS = 
250°C) below the bottom of the conduction band of tin oxide. For TS = 150°C the band gap 
Eg = 3.46 eV corresponds to SnO2 and decreases with increasing TS up to 225°C due to the 
presence of different oxide phases, and increases again at TS>225°C. Annealing in air (550°C, 

2h) leads to deterioration of the transmission T in the wavelength range of 400−850 nm for 
the films deposited at TS = 150°C and to the increase of transmission for films deposited at 
TS ≥ 250°C. At TA = 650°C the full transformation into the SnO2 phase with the dominant 
lines (101) and (200) is completed. The increase of the substrate temperature (TS = 350°C) 
causes a decrease in the resistance of the film, indicating that activation occurred because of 
donors at a depth of 0.26 eV.  
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In the method of ion-stimulated deposition (Song, 1999) flow of neutral Sn atoms was 
obtained in a high vacuum using partially ionizing radiation source, the flow of oxygen ions 
with energies in the range 0-1000 eV was obtained using ion gun with hollow cathode. The 
properties of SnO2 films on substrates of glass, amorphous SiO2/Si and Si (100) were 
studied. In films deposited on glass, with increasing of the energy of the ion flux both the 
surface grain size up to 7−10 nm and roughness are increased. The increase of energy of the 
oxygen ions led to the increase of crystal perfectness, stoichiometry, porosity of the films 
and their transmission in the shortwave region. All tin oxide films on the glass after 
deposition had very low optical absorption in the visible wavelength region and high 
absorption in the shortwave region. 

Method for production of SnO2 films by cathode sputtering of tin provides the creation of 
plasma in an inert gas (argon) at a pressure in the vacuum chamber from 50 to 10-2 Pa. A 
target is fixed to the cathode , substrate − to the anode. When the diode sputtering is used, 
between the anode and cathode DC voltage is applied, the growth rate of SnO2 films is small 
(~ 1.7 nm/min) and only conductive targets can be used. In the high-frequency sputtering, 
between the cathode and the anode an alternating RF voltage is applied. As a result, high-
speed deposition of the layer up to 800 nm/min is provided, depending on the voltage and 
the partial pressure of O2 and Ar. One can use a non-conductive target. Conductivity of 

SnO2 films varies in the range 10-9−102 ohm-1·cm-1. 

One of the most promising physical methods of production of the oxide films is the reactive 

magnetron sputtering of a metal target (Geoffroy et al., 1991; Kisin et al., 1999; Lewin et al., 

1986; Semancik and Cavicchi , 1991). As a result of the deposition process, a mixture of two 

phases - SnO and SnO2 - is formed. By changing the parameters of deposition (substrate 

temperature, chamber pressure, the rate of film growth) both amorphous and 

nanocrystalline films can be prepared. For example, Semancik S. and Cavicchi R.E. (1991) by 

this method have deposited the SnO2 films on substrates of sapphire and TiO2. It is shown 

that the use of substrates with perfect structure and an increase in their temperature up to 

500°C leads to the epitaxial growth of the film and the formation of a single crystal structure. 

Gas sensitivity of the films was close to sensors based on bulk single-crystal SnO2. Using a 

VUP-4 installation, Rembeza et al. (2001) have deposited polycrystalline SnO2 films with 

thickness of 1–5 microns on glass substrate by magnetron sputtering of tin target doped by 

antimony (3% vol.) in a gas mixture of Ar (25%) and O2 (75%). In the films has been revealed 

only a well-crystallized tetragonal phase of SnO2 with average grain size 11–19 nm after 

annealing. After annealing of the films (600°C, 4h) the concentration of electrons decreases 

with the increase of temperature up to 400°C in the range ~ 2×1018 – 3×1017 cm-3, and the 

mobility of free charge carriers increases from 70 to 150 cm2/(V·s) at 130ºC and further up to 

400ºC does not change. Stjerna and Granqvist (1990) studied the optical and electrical 

properties of SnOx films, obtained by magnetron sputtering of tin in a mixture of argon and 

oxygen. The optical properties show a transparency window in the wavelength range of ~ 

0.4–2 microns. It is noted that the behaviors of the curves of transmission and reflection 

strongly depend on the ratio of values of partial pressure of O2 and Ar during the growth of 

the films, and is particularly strong changed near ratio of ~ 4%. Near this point (from 4.1 to 

4.2% vol. O2) a sharp minimum of the surface resistance is observed. If the power discharge 

is increased from 10 to 60 watts, the position of minimum is shifted toward higher 

concentrations of oxygen – up to 11.6–11.8%. Kissin et al. (2000) gave a description of 
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dependence of the concentration of free electrons on the partial pressure of oxygen for the 

film deposited by rf magnetron sputtering of target, prepared from powder of SnO2 doped 

with CuO, followed by a two-hour annealing in a flowing oxygen at a temperature of 700°C. 

Polycrystalline SnO2 films with an average grain size of 100 nm and a thickness of 1 micron 

were monophasic and had a texture in the (110). In the range of partial pressure of oxygen in 

the chamber from 0.013 to 1.3 Pa a power dependence of the conductivity of the films on the 

pressure with an exponent of 0.6–0.8 is observed. Rumyantseva et al. (2001) showed that the 

effect of porosity on gas sensitivity of the film is more significant than the influence of the 

partial pressure of oxygen. Saturation by vacancies and the formation of pores in the gas-

sensitive layers was carried out by doping the initial loading of tin by volatile impurities - 

iodine and tellurium. The porosity of the material with a grain size comparable with the 

wavelength of the radiation manifests itself in the form of reducing the magnitude of the 

refractive index, averaged over the volume. 

Chemical methods of preparation of SnO2 films can be divided as obtained from the gas 

phase and from solution. Hydrolysis of chemical compounds in the gas phase occurs at 

relatively low temperatures. The chlorides and other compounds easily hydrolyzed in the 

vapor phase and are deposited as thin films of hydroxides (Suikovskaya, 1971). Obtaining of 

the corresponding oxides is carried out by annealing or by deposition on the heated 

substrate. Depending on the temperature of the substrate, the amorphous or polycrystalline 

films can be produced (Melsheimer and Teshe, 1986). In chemical vapor deposition (Kern 

and Ban, 1978), the laminar flow of an inert carrier gas completely covers the substrate in the 

reaction chamber, forming over it motionless boundary layer. The reagents are fed as a 

vapor-gas mixture, the deposition rate of which depends on the speed of their diffusion 

through the boundary layer. Growth of the SnO2 films (Kim and Chun, 1986) can occur in 

several modes. The optimal regime is the nucleation on the substrate surface and their 

growth by surface diffusion of the incoming material. This leads to the texturing of the film 

due to the formation of oriented nuclei on the surface.  

To obtain homogeneous films of SnO2 from solutions one must take into account the 
properties of precursors and solvents. As a precursor the tin chlorides are often used. 
Suitable solvents include ethanol and acetone containing a small amount of water 
(Suikovskaya, 1971). Aerosol methods of producing of tin oxide films are based on the 

decomposition at high temperature (720−970 K) of chloride or organometallic tin 
compounds on the surface of the substrate. At spraying under the influence of the inert gas, 
the solution was transferred to the substrate surface in the form of small droplets. The 
deposition rate of films is 100 nm/min. Dimitrov et.al. (1999) by the hydrothermal method 

(tsint = 130−250°С, τsint = 2−6 h) synthesized nanocrystalline samples of SnO2. Crystallite size 

of SnO2, synthesized by hydrothermal treatment of amorphous gel of tin acid is 4−5 nm and 
is virtually independent of temperature and duration of treatment.  

An actively developing chemical method of producing of SnO2 thin films is a sol-gel 
method. It is based on transfer of a substance in the sol and gel states. The method allows 
obtaining the multilayer films with a thickness of one layer of 2-3 nm, and it does not 
require a vacuum and complex installations. Deposition of the film can occur on a cold 
substrate. The main methods of film deposition are dip-coating, centrifugation (spin-on-
films) and spray pyrolysis (Kim and Chun, 1986; Aranowich et al.,1979; Sanz Maudes and 
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Rodriguez, 1980; Fantini and Torriani, 1986; Jitianu et al., 2003; Chatelon et al., 1997). It is 
one of the simplest and economic among known techniques. The advantages of the sol-gel 
process are the possibility of doping and its potential to fabricate films of large area 
substrates. The flexibility of the technological cycle management provides opportunities to 
obtain the necessary surface morphology and sizes of structural formations. One can obtain 
the films with a high degree of homogeneity and controlled stoichiometry by sol-gel method 
at a sufficiently low temperature of synthesis . Often (Suykovskaya NV, 1971; Zang and Liu, 
1999) salt volatile acids, such as chlorides, as film-forming substances are used. As a solvent 
mainly ethanol is used. Chlorine can be included in the formed SnO2 film or by replacing the 
oxygen, or by interstitial mechanism (Bosnell and Waghorne, 1973; Aboaf et al., 1973). The 
admixture of chlorine causes an increase in carrier concentration, leads to the stabilization of 
the parameters of the oxide layer, to a low density of surface states, and to high values of the 
lifetime of the major carriers. Growth of SnO2 crystallite size after annealing is noted by 
many authors (Asakuma et al., 2003; Brito et al., 1997). However, the introduction of 
additional components in the composition of the film-forming mixture (Torkhov et al., 2003) 
leads to a decrease in the rate of growth of crystallites of the both SnO2 and substance 
injected with increasing temperature. Torkhov et al. (2003) synthesized the nanocrystalline 
SnO2 and WO3 and nanocomposite Sn:W = 1:9, 1:1, 9:1 by ǂ-SnO2·n·H2O and WO3·H2O 
(series Х) gel deposition  and krizol-method (series K). For nanocomposites of Sn (X, K) and 

Sn9W1 (X, K) after annealing at Т ≥ 150°C a phase of tin dioxide SnO2 (cassiterite) was 
detected, the degree of crystallinity of which increases with increasing temperature. An 

increase in the crystallite size of SnO2 (2−15 nm) and WO3 (10−50 nm) is also observed. For 
SnO2 films the change of grain size in range from 10 to 6 nm is accompanied by increase of 
resistance from 2×104 up to 6×104 ohms. Anishchik et al. (1995) annealed the films obtained 
by centrifugation from an aqueous solution at temperatures of 400 or 500ºC for 30 minutes 
with further rapid cooling in air ("hardening of soft"). In SnO2 films, subjected to cooling 
from 400ºC, the SnO phase also found. Rapid cooling from 500ºC leads to an appearance of 
Sn3O4 phase, while at slow cooling this phase is not detected. Rapid cooling of the samples 
from temperatures of 400 and 500ºC leads to "freezing" on the surface of films of elemental 
tin and its oxides, as they do not have time to oxidize up to SnO2.  

The films to ensure maximum sensitivity are heated during operation of sensors. The 
temperature effect causes an increase in the crystallite sizes of SnO2. On the one hand, there 
is a reduction of the effective activation energy of the interaction of SnO2 with oxygen, and, 
on the other hand, increasing the concentration of electrons with sufficient energy to 
overcome the barrier created by the negatively charged surface (Rumyantseva et al., 2008). 
The degree of surface coverage by chemisorbed oxygen Ǽ-(ads), Ǽ2-(ads) is increased. The films 
with a fixed size of the crystallites SnO2 are required to ensure a long-term operation of the 
sensors. Kukuev and Popov (1989) used a SnO2 film in the manufacture of microelectronics 
devices in installations for heating of ultrapure deionized water, as well as in commercially 
available installations for infrared heat treatment of photo resist as heating elements. The 
most suitable as heaters are the films with grain size ~ 0.2-0.3 μm, in which such processes 
as crystallization, condensation and oxidation do not occur. Adamyan et.al. (2006) obtained 
high-quality films using sodium stannate as a precursor. 1 M of H3PO4 was added into 
Na2SnO3 solution with constant stirring to neutralize the solution (pH = 7). The transparent, 
stable sol, indicating the small size of its particles and the stability of their surface, was 
obtained.  
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One of the ways to improve the selectivity of sensors based on SnO2 and increase the 
contribution of molecules of this type in the gas phase to the total electrical signal is the 
introduction of alloying elements into highly dispersed oxide matrix (Rumyantseva et al., 
2003; Fantini and Torriani, 1986; Okunara et al., 1983 ; Bestaev et al., 1998). Dopants are 
usually divided into two groups: catalytic (Pt, Pb, Ru, Rh) and electroactive (In, Sb, Cu, Ni, 
Mn). Of considerable interest is also the effect of processing by plasma on the properties of 
films. Minami et al. (1989) placed the transparent conductive films of tin oxide (TCO) in a 
quartz tube filled with hydrogen gas. Films at high temperature treatment are completely 
painted in dark gray. Transmittance of ITO indium doped and undoped ТǼ films decreased 
rapidly during annealing above 300ºC for 30 minutes. Decrease the transparency and color 
of the films are attributed to the formation of the oxygen-depleted surface level due to 
chemical reduction of these films by hydrogen. The upper surface of the films passed into 
the metallic state, and then indium and tin were thermally evaporated at a higher 
temperature. Hydrogen glow discharge plasma was obtained at a pressure of 400 Pa in the 
installation with a capacitive circuit (frequency of 13.56 MHz or 2.45 GHz) and power of 300 
watts. Transmittance and film thickness are greatly reduced when exposed by hydrogen 
plasma at 250ºC. ECR hydrogen plasma was obtained in the volumetric resonator cavity at a 
pressure of 6.5×10-2 Pa, microwave power (2.45 GHz) 300 watts when a magnetic field was 
8.75×10-2 T. Indium containing (ITO) film and undoped (TO) SnO2 were stained even when 
treated for 2 and 5 minutes. 

An analysis of published data shows that in papers a great attention is paid to influence of 
the structure of the synthesized tin dioxide films on their sensitivity to different gases and 
transparency in a wide range of wavelengths. Usage of different methods of preparation, as 
well as modification of the films by different types of treatments leads to a change of phase 
composition and microstructure of the films causing a change in their optical, electrical and 
gas-sensitive properties. It is of considerable interest to study the effect of the concentration 
component, nanoclusters, the composition of films and their heat or plasma treatment on the 
crystallization processes and clustering, the size of the nanocrystals and, consequently, the 
physical properties of the films. 

In this paper we consider the influence of composition and structure on the optical and 
electric characteristics of SnOx thin films deposited on glass substrates by sol-gel technique. 
For comparison, the data for films prepared by magnetron sputtering, are presented. Using 
various techniques the effect of both thermal and plasma treatments on the structure and 
properties of the SnOx films were studied. 

2. Experimental 

A solution to obtain the nanostructured films by sol-gel technique (the method of spreading) 
was prepared from crystalline hydrate of tin tetrachloride (SnCl4.5H2O) by dissolution in 
pure ethanol. SnO2 sol of desired concentration was obtained under strong stirring to obtain 
a colorless and transparent solution. Freshly prepared solution has a neutral pH value of ~ 
7. After maturation of the solution, which lasted more than six hours, pH was equal about 
0.88, indicating the release of HCl during the dissolution of SnCl4. To study the effect of 
concentration of components in the solution on the film properties were obtained the 
solutions with a concentration of tin atoms: 0.82, 0.41, 0.30 and 0.14 mol/L. Aliquots of these 
solutions with volumes of 0.04 ml, 0.08 ml, 0.11 ml, 0.23 ml, respectively, using 
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micropipettes were deposited on the cleaned surface of the microscope glass slides. It was 
assumed that the number of tin atoms in the films will be identical (~ 3.25 × 10-5 mole), and 
the film thickness is ~ 350 nm. After the deposition, the films were dried for 1 hour at 80ºC. 
Then the samples were annealed at 100, 200 or 400ºC for 1 hour. The thickness of the films, 

estimated from the change in mass of the sample, was 360±40 nm. 

The SnO2 films with thickness of 300 nm were also fabricated by method of centrifugation. A 
solution was obtained by dissolving of anhydrous SnCl4 in 97% ethanol. The solution was 
deposited onto a glass substrate located on a table of centrifuge rotor, the rotation speed of 
which was ~ 3800 rpm. Centrifugation time was 3–5 s. Substrate with a layer was dried 

using an infrared radiation at 80°C for 3−5 minutes, and then in a muffle furnace at 400°C 
for 15 minutes. After cooling, the cycle repeats. Number of deposited SnO2 layers ranged 
from 12 to 15. 

The SnO2 films with thickness of 300 nm were also deposited on cleaned microscopy glass 
slides by magnetron sputtering. The magnetron sputtering mode parameters were: cathode 
voltage Uc = 470 V, the ion beam current Iion = 35 mА, the argon-oxygen mixture pressure 

inside the chamber ~ 1−2.7 Pa, the oxygen concentration in the Ar-O2 mixture ~10%, 

deposition rate of films ~ 0.05 nm/c, the temperature of the substrate ~ 200°С. 

The SnO2 film’s structure was investigated by X-ray diffraction using a narrow collimated 

(0.05×1.5 mm2) monochromatic (CuKα) X-ray beam directed at an angle of 5º to the sample 
surface. The average crystallite size was estimated from the width of X-rays lines by Jones 
method. The surface of the layers was analyzed by Atomic force microscopy (JSPM 5200, 
Jeol, Japan) using AFM AC technique. The optical transmittance spectra of SnOx films were 
measured in the wavelength range from 190 to 1100 nm by means of the SF-256 UVI and 
from 1100 to 2500 nm by means of the SF-256 NIR spectrophotometers (LOMO, Russia). 
Electrical resistance of the films was measured by a four probe technique at room 
temperature. For the measurements of electrical characteristics and parameters of gas 
sensitivity of the thin films in a wide temperature range was used a specialized 
experimental setup. 

The glow discharge hydrogen plasma was generated at a pressure of 6.5 Pa with a capacitive 

coupled radio frequency (r.f.) power (27.12 MHz) of about 12.5 W. The temperature of 

processing did not exceed 100°С. The processing time was 5 min. 

3. Results and discussion 

3.1 Physical properties of tin oxide thin films obtained by sol-gel technique  
(the method of spreading) 

Fig. 1 shows the transmission spectra of SnOx films deposited on a glass substrate by 
spreading method. Transparency of films lies in the range of 80-90% and increases over the 
entire range of wavelengths with the increase of temperature up to 400°C. 

X-ray diffraction studies of the SnOx films, obtained at various concentrations of tin ions in 
the colloidal solutions, led to the following results. 

a. In the case of high tin concentration 0.83 mol/L (~ 0.04 ml aliquot) immediately after 

deposition and drying at 80°С, the film structure is similar to the amorphous (Fig. 2a) 
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and remains practically unchanged after annealing for 1 hour at 100°С (Fig. 2b). 
Separation of the broad band into two SnO2 lines, indicating the formation of 

crystallites, visually observed only after annealing at 200°С (Fig. 2c). Crystallite size in 
the planes (110) and (101) of SnO2 is ~ 1.5 nm, i.e. the crystallites are small and have an 
imperfect structure. 
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Fig. 1. The transmission spectra of tin oxide film synthesized by sol-gel technique: 1 − glass 

substrate, 2 − SnO2 film after annealing at 100°C, 3 − SnO2 film after annealing at 400°C. 

b. A similar pattern after the deposition and annealing at 100°С is observed for films of 
SnO2, produced at lower tin concentrations of 0.41 mol/L (~ 0.08 ml aliquot) and 0.30 
mol/L (~ 0.11 ml aliquot). After annealing at 200°С the differences are appeared, which 
manifest themselves in increasing intensities of SnO2 lines with decreasing of tin 
concentration in the colloidal solution. 
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Fig. 2. X-ray diffraction patterns and intensity curves for the SnOx films on glass substrates 
obtained by the sol-gel technique (0.04 ml solution with tin concentration of 0.83 mol/L,  

d = 320 nm) after: a) deposition and drying at a temperature of 80°С, and b) annealing at 

100°С; c) annealing at 200°С. 
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c. In case of the minimum concentration of 0.14 mol/L (~ 0.23 ml aliquot), the formation 

of a SnO2 polycrystalline film (Fig. 3a) with a crystallite size of 2.5−3.5 nm (Table 1) was 

observed immediately after deposition and drying. Annealing at 400°С led to the 
improvement of the crystallite perfection (4 lines) and an increase in their size up to ~ 5 
nm (Fig. 3b). 
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Fig. 3. X-ray diffraction patterns and intensity curves for thin SnOx films on glass substrates 
obtained by the sol-gel technique (0.23 ml solution with tin concentration of 0.14 mol/L, 
d = 400 nm): a) after deposition and drying at a temperature of 100°С, b) after annealing at 

400°С. 

SnO2 plane Crystallite size after annealing, nm 

100°С 400°С 

SnO2 (110) 2.5 5.5 

SnO2 (101) 3.0 5.0 

SnO2 (211) 3.5 3.0 

Table 1. Results of measurements of SnO2 crystallite sizes by X-ray diffraction 

Thus, the SnO2 polycrystalline film immediately after deposition and drying without 
additional annealing at elevated temperatures by the sol-gel technique was derived. This 
may be due to better conditions for the processes of SnO2 crystallization and evaporation of 
HCl in the case of a lower concentration of tin atoms (0.14 mol/L) in solution. Additional 
annealing at 400°С leads to the formation of SnO2 crystallite with size of about 5 nm, ie close 
to optimal (6 nm) for high gas-sensitive films (Xu et al., 1991). 

Gas sensitivity was determined from the expression
0

0 0

100% 100%
gR R R

R R
γ

− ∆
= ⋅ = ⋅ , where 

R0 is the resistance of gas-sensitive layer in the clean air, Rg is the resistance of the layer in 
the mixture of air with detectable reducing gas. Fig.4 shows the temperature dependence 
of the sensitivity of SnO2 film for a given concentration of ethanol vapor in the 
atmosphere. Since the temperature range of sensitivity to different gases is different, it is 
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necessary to determine the temperature at which a maximum sensitivity of the film to the 
test gas is observed. 
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Fig. 4. Temperature dependence of the sensitivity of the SnO2 films (obtained from a 
colloidal solution with concentration of tin ions 0.14 mol/L) to the ethanol vapors of various 

concentration: 1 − 15 mg/L of ethanol in the air; 2 − 0.7 mg/L of ethanol in the air. 

The greatest sensitivity of films to ethanol is observed at a temperature of 230°С. Adsorbed 

oxygen ions create a space charge region near the surface of SnO2 grains by extracting 

electrons from the material. Ethanol, being by nature a reducing gas, reacts with adsorbed 

Ǽ- ions and removes them from the surface of the grains, re-injecting electrons back into the 

material and thus lowering the resistance of the film. Peak sensitivity at 230°С shows that at 

this temperature, the amount of chemisorbed oxygen ions, which react with the molecules of 

ethanol, is maximal. 

In Fig. 5 the sensitivity of the SnO2 films at 230°С as a function of the concentration of 

ethanol vapor is presented. Figs.4 and 5 show that sensitivity increases significantly with 

increasing of ethanol concentration. At low concentrations of ethanol vapor (0.1−1 mg/L), 

the dependence of the film sensitivity on the concentration is linear (Fig. 5), as is likely, 

there is a sufficient number of oxygen ions that react with molecules of ethanol. Linearity 

of sensitivity at low concentrations of ethanol can be used to create sensors basing on this 

film, which are sensitive to ethanol vapor in exhaled human. A visible sensitivity of the 

film is evident even when the concentration of ethanol vapor is about 0.05 mg/L (25 

ppm). 

The films obtained by deposition of a colloidal solution with a concentration of tin atoms 

0.83 mol/L (Fig. 5, curve 1), have higher gas sensitivity in comparison with films deposited 

from a solution with a concentration of tin atoms 0.14 mol/L (Fig. 5, curve 4 ). This may be 

due to the cluster structure of the film synthesized from a solution with a concentration of 

tin atoms 0.83 mol/L. Indeed, the average size of the crystallites in these films is much 

smaller (1.5 nm). 
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Fig. 5. The dependence of the sensitivity of the SnO2 films on the concentration of ethanol 

vapor at 230°С: 1 − film synthesized from a solution with a concentration of tin ions 0.83 

mol/L, 2 − 0.41 mol/L, 3 − 0.30 mol/L; 4 − 0.14 mol/L. 

To measure the response time, the changes of resistance  are recorded as a function of time 

beginning from the moment when ethanol vapors are introduced into the chamber. The 

concentration of ethanol wondered equal to 1 mg/L (500 ppm) at T = 230°С. As a response 

time of the sensor was taken the time duration for which the sensor resistance dropped by 

90%. Response time and recovery time of resistance to the initial value for the film deposited 

from a colloidal solution with a concentration of tin atoms 0.83 mol/L (Fig. 6, curve 1) are ~ 

3 and 30 seconds, respectively, in contrast to the second film (0.14 mol/L), where response 

time and recovery time were twice as much − ~ 6 and 65 seconds, respectively. 
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Fig. 6. The dependence of the response time of SnO2 layer at 230°С  
(concentration of ethanol vapors 1 mg/L) on concentration of tin atoms  in colloidal 
solution: 1 - 0.83 mol/L, 2 - 0.14 mol/L. 

Figs 7a and 7b show the atomic force microscopy and scanning electron microscopy images, 

respectively, of the surface of tin oxide film, obtained by deposition of a colloidal solution 

with a tin concentration 0.83 mol/L on a glass substrate. Areas, protruding above the 

surface, have a light color, areas below the surface have a dark color (Fig.7a), and counting 

the height begins from the bottom point. In the process of drying, the SnO2 film, obtained by 
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the method of spreading, is transformed into a structure with an undulating surface, the 

wave amplitude of which is comparable to the thickness of the film. The heterogeneity of the 

thickness of the films may be the main reason for the lack of interference in the transmission 

spectra. Consequently, in order to obtain uniform thickness of the films with relatively 

smooth surface the centrifugation method was used, when under the centrifugal force 

during the sample rotation the alignment of the surface is reached. 

   
b)

  

500 nm 

a)

10 mkm 

 

Fig. 7. Surface topography of tin dioxide film synthesized by sol-gel technique (a method of 
spreading, a colloidal solution with a tin concentration 0.83 mol/L): a) atomic force 
microscopy; b) scanning electron microscopy 

3.2 Optical, electrical, structural and sensory properties of the SnOx films, prepared 
by the sol-gel technique (centrifugation method) 

The films were made by centrifugation in order to reduce their electrical resistance. Scheme 
of the synthesis and study of the SnO2 films is shown in Figure 8. A solution of the desired 
tin concentration for producing of SnO2 film with thickness ~ 300 nm was obtained by 
dissolving of anhydrous SnCl4 in 97% ethanol. Kinematic viscosity of the solution was ~ 1.9 
mm2/s. The radius of sol particles in solution, determined by the turbidimetric method 

according to formula 3
3

4

V
r =

π
, was 5.4 nm. The solution was deposited on a glass substrate, 

located on a table of centrifuge rotor. Rotational speed of the centrifuge was ~ 3800 rpm. 

Centrifugation time was 3−5 seconds. The deposited films were dried by an infrared emitter 

at 80°C for 3−5 minutes and also in a muffle furnace at 400°C for 15 minutes. 

As shown above, the films obtained by spreading, in the case of high concentration of tin 

atoms (0.83 mol/L) had higher gas sensitivity and lower response time and recovery time 

compared to films with a low concentration of tin atoms (0.14 mol/L). However, the films 

obtained by centrifugation from solution with a high concentration of tin atoms (0.83 

mol/L) were susceptible to detachment due to poor adhesion of the film and had a greater 

thickness. Therefore, preference was given to films obtained from solution with low 

concentration of tin atoms (0.14 mol/L). Thin layers were obtained. By subsequent 

deposition of additional layers the multilayered films were obtained with good adhesion to 

glass substrate, acceptable optical properties and resistance of about 200 ohms. 

Characteristics of tin oxide films deposited by magnetron sputtering (pressure Ar-O2 mixture 

in the chamber −1 Pa) and sol-gel technique were compared. It was found that the relative 
resistance of films prepared by sol-gel technique, much faster decrease with increasing 
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temperature (Fig. 9), and the increase of their resistance associated with a decrease in carrier 
mobility due to scattering by impurities occurs at higher temperatures (> 270°C). 
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Fig. 8. Scheme of the synthesis and study of nanostructured SnO2 films (sol-gel technology) 
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The absolute values of the resistance of films, prepared by magnetron sputtering, changed in 
the temperature range 20-230°C from 69 to 11 kohm, while for the sol-gel films from 192 to 
2.3 kohm. Low resistance of films obtained by magnetron sputtering at room temperature 
may be due to the presence of particles of tin, whose resistance increases with increasing 
temperature. On the other hand, the alleged occurrence of dielectric inclusions of tin 
monoxide may be the cause of the increased resistance of these films at 230°C in comparison 
with the sol-gel films. 

Fig. 10 shows the optical transmission spectra of films obtained in two ways. Transparency 
of films was about 90%. At long wavelengths there is a reduction of the transmission 
coefficient for the film SnOx obtained by magnetron sputtering. The absence of a similar 
reduction for the films prepared by sol-gel technique indicates a lack of tin particles in films 
and, consequently, a better stoichiometry of the films of tin dioxide. 

Table 2 shows the optical parameters determined from the transmission spectra by ways 
described in papers (Mishra et al., 2002; Ryzhikov et al., 2002). Films prepared by the sol-gel 
technique have high porosity, which is considered a positive factor contributing to increase 
of their gas sensitivity. 

The method of 
film deposition 

n, 
refractive 

index 

D,
film 

thickness, 
nm

Eg, 
band gap,

eV 

ρ, 
density, 
g/cm3 

k,
absorption 
coefficient, 

1/cm

V, 
porosity,

% 

Magnetron 
sputtering 

1.81 282 4.05 5.76 1.67×103 17 

The sol-gel 
technique 

1.73 318 4.10 5.35 2.49×103 23 

Table 2. Optical parameters of SnOх film  

SnOx film prepared by magnetron sputtering (pressure of Ar-O2 mixture in the chamber 1 
Pa), after the deposition had an amorphous structure. Annealing in the temperature range 
400−550°C led to the formation of polycrystalline phases of SnO2, SnO, Sn2O3 (Fig. 11a). The 
results help to explain the slow decrease in the resistance of these films with increasing 
annealing temperature (Fig. 9) by the dielectric properties of the SnO crystallites. The SnOx 
film obtained by sol-gel technology had a polycrystalline structure after deposition and 
short-term annealing at 400°C for 15 minutes, included in the process of drying the film. X-
ray diffraction patterns and intensity curves of these films indicate the presence of only 
polycrystalline SnO2 phase (Fig. 11b). The crystallites sizes were of the order of 3−5 nm 
(Table 3), that is more optimal to obtain the gas-sensitive films. 

The method of film 
deposition 

SnO2 plane Crystallite sizes, nm 

Magnetron sputtering 

SnO2 (101) 11.4 

Sn2O3 (021) 8.5 

SnO (101) 10.0 

The sol-gel technique 

SnO2 (110) 5.2 

SnO2 (101) 5.1 

SnO2 (211) 3.0 

Table 3. Average crystallite sizes of SnO2 films  
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Fig. 9. Temperature dependences of resistivity of the SnOx films: 1 − film deposited by 

magnetron sputtering, 2 − by sol-gel method. 

Research of gas sensitivity of the deposited films was conducted in two stages. In the first 
stage, the temperature dependences of film resistance in both pure air, R0(T), and at a given 
concentration of the test gas, Rg(T), were measured. It was determined the temperature at 
which a maximum sensitivity of film to test gas observed. In the second stage, the effects of 
different concentrations of the gas at this temperature are measured. 

Fig. 12 shows curves of temperature dependences of the sensitivity for films synthesized by 
both sol-gel method and magnetron sputtering, at an ethanol concentration of 1 mg/L. 
Maximum sensitivity of the sol-gel films to the ethanol vapors is shifted to lower 
temperatures (230°C), relative to films prepared by magnetron sputtering (270°C). This may 
be due to smaller crystallites, higher porosity and homogeneity of the phase composition of 
the sol-gel SnO2 films. 
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Fig. 10. Optical transmission spectra of SnOx films: 1 − glass, 2 − film, deposited by the  

sol-gel technique, 3 − film deposited by magnetron sputtering. 
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Fig. 11. X-ray diffraction patterns for thin SnOx films on glass substrates: a) films obtained 
by magnetron sputtering, and b) by the sol-gel technique. 
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Fig. 12. Temperature dependence of the sensitivity of tin dioxide films to ethanol 

(concentration 1 mg/L): 1 − film deposited by magnetron sputtering, 2 − by sol-gel 
technique. 

The listed above factors also affect the dynamic performance. To measure the response time 

of gas-sensitive film, in the volume of the reactor a certain number of identified gas for the 

time of the order of tenths of a second was introduced. Fig. 13 shows the response time for 

the presence of ethanol vapor with a concentration of 1 mg/L (500 ppm), for which the film 

resistance dropped by 90%. For the films obtained by sol-gel method and magnetron 

sputtering, the response time was ~ 3 and 16 s, recovery time of resistance to the initial value 

was 70 and 90 s, respectively. 

Fig. 14 shows the dependence of sensitivity of the SnO2 films synthesized by both sol-gel 

technique and magnetron sputtering, on the concentration of ethanol vapor at a temperature 

corresponding to the maximum of sensitivity. There is a sensitivity to trace amounts of 

ethanol vapor of films synthesized by sol-gel technique. In addition, the films have a linear 

sensitivity to small concentrations of ethanol. 
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Fig. 13. The dependence of the response time of SnO2 layer on ethanol vapors (concentration 

1 mg/L): 1 − film deposited by magnetron sputtering, 2 − by sol-gel technique. 
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Fig. 14. The dependence of sensitivity of SnO2 films to the concentration of ethanol vapors:  

1 − film deposited by magnetron sputtering, 2 − by sol-gel technique. 

Fig. 15 shows the atomic-force microscope images of the surface microstructure of the glass 

substrate and SnOx film deposited by magnetron sputtering and sol-gel technique. The film 

deposited by magnetron sputtering, consists of large agglomerates, and the film synthesized 

by sol-gel technique has a fine-grained structure of the surface. 
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 а) b) c) 

 

Fig. 15. Surface topography of the SnOx films on glass substrates: a) glass, b) SnOx film, 
deposited by magnetron sputtering, c) by sol-gel technique. 

Table 4 presents data on the film surface structure obtained using the processing software to 

an atomic force microscope, where: Ra is average roughness; Rzjis − average roughness of 10 

points; S − area of the image; Rq − RMS roughness; Rz − the difference between maximum 

and minimum height of an image; Sratio − the ratio of the image area S to the area of flat 

surface S0. 

 

Parameters 
Microscope slides 

(glass) 

SnǼх films 

Magnetron sputtering The sol-gel method 

Ra, nm 2.31 3.58 0.66 

Rzjis, nm 17.7 27.1 5.67 

S, nm 2 264632.0 259867.1 251484.2 

Rq, nm 2.92 4.69 0.842 

Rz, nm 19.0 35.6 7.02 

Sratio 1,06 1.04 1.01 

Table 4. Parameters of the surface structure of SnO2 films on glass 

3.3 Influences of thermal and plasma treatments on phase composition, 
microstructure and physical properties of the SnOx films deposited by sol-gel 
technique and magnetron sputtering 

To modify the properties of SnO2 films, different ways of their treatment are widely used. Of 

particular interest is the study on the influence of thermal and plasma treatments on optical 

and structural properties of the SnOx films, deposited by the sol-gel techniques. 

As is known, the crystallization of SnO2 films on glass substrate takes place most intense at 

temperatures of 400−600°C. Heat treatment for 1 hour at temperatures of 550−600°C on 

energy costs can be equivalent to several hours of treatment at 400°C. However, the changes 

of the structural and sensory properties of the films may be non-equivalent in these 

conditions. Analysis of the influence of the duration of isothermal annealing on the 

properties of the films is of a separate scientific and practical interest. 

In recent years, the plasma treatment for modifying the properties of SnO2 films is used 
(Karapatnitski et al., 2000). It has been reported about the influence of plasma on the 
sensitivity of the sensors. An analysis of changes in the optical parameters determined from 
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transmission spectra in combination with changes of structural characteristics on the basis of 
X-ray diffraction and atomic force microscopy, may help to better understand the dynamics 
of the physical and structural properties of thin films of tin dioxide. 

This section presents the results of the study of the effect of isothermal annealing (15 min, 3 

hours, 6 hours and 12 hours at T = 400ºC) and processing by hydrogen and oxygen glow 

discharge plasma on the microstructure, optical and electrical properties, thickness, porosity 

and gas sensitivity of SnO2 films, deposited by the sol-gel technique (the method of 

centrifugation) on a glass substrate. The results are interpreted by comparing with recent 

data on the effect of plasma treatment on the properties of films obtained by magnetron 

sputtering or ion implantation. 

3.3.1 Influence of thermal and plasma treatment on phase composition, 
microstructure and physical properties of the SnOx films deposited by magnetron 
sputtering 

Fig. 16 shows the dependence of sensitivity on the concentration of ethanol vapor for thin 

SnO2 film, obtained by magnetron sputtering, after treatment by oxygen plasma (27.12 MHz, 

12.5 W, 6.5 Pa, 100ºС, 5 or 20 min). The SnO2 film acquires a high sensitivity (> 50%) to 

ethanol vapor with concentrations below 0.2 mg/L after treatment by oxygen plasma for 5 

and 20 min. The short-term treatment for 5 min was more effective for increasing the 

sensitivity of the SnO2 films (~70%). This significant effect of plasma treatment on the gas-

sensitive properties of the SnO2 films, probably, is caused by changes in the structure of the 

films during processing. 
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Fig. 16. Dependence of the sensitivity on the concentration of ethanol vapor for SnO2 film:  

1 − after deposition, 2 − after treatment by oxygen plasma for 5 minutes, 3 −  for 20 minutes. 

As shown in Fig. 17, immediately after the deposition by magnetron sputtering (cathode 

voltage is 470 V, discharge current − 35 mA, the pressure in a Ar-O2 mixture in the chamber 

− 2.7 Pa, oxygen concentration 10%, the rate of deposition of films ~ 0.05 nm/s, substrate 

temperature 200ºС) the films have a nanocrystalline structure and contain SnO2 crystallites 

with sizes about 4 nm. In this case there are clear reflections from the systems of planes of 

SnO2 with Miller indices (110), (101), (211) and (112). After oxygen plasma treatment for 5 
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minutes (Fig. 17b) and 20 minutes (Fig. 17c) the intensities of SnO2 lines are greatly reduced. 

This may occur due to destruction of crystallites of tin oxide under the influence of oxygen 

plasma to form a cluster structure of the film. Clustering is not accompanied by appreciable 

sputtering of the film, since after annealing at 550ºС for 1 h the structure of SnO2 crystallites 

is restored and the intensity of lines on X-ray Debye patterns almost restored (Fig. 17d). 

Table 5 shows the optical parameters of the films, calculated by standard methods (Song, 

1999). It is seen that the thickness of the film after oxygen plasma treatment decreases 

slightly. 

If the deposition of SnOx film is carried out in condition of a lack of oxygen at reduced 

pressure ~ 1 Pa in a Ar-O2 mixture in the chamber, an increase of the concentration of excess 

tin in the film results the formation of tin (ǃ-Sn) crystallites with an average size of ~ 30 nm 

(Fig. 18a) during treatment by hydrogen plasma. So, that demonstrates a segregating effect 

by hydrogen plasma on the film structure. After annealing of these films in air at 550°C for 1 

h, both as-treated and not treated by H-plasma, the appearance of X-ray lines of SnO2 (6 

lines), Sn2O3 (5) and SnO (1) phases (Fig. 18b), is observed. Crystallite sizes are in the range 

of 8–18 nm. Processing of annealed samples by hydrogen plasma led to a blurring of line 

sections in the angle range of 15º < θ < 20º (in the region between arrows 1 in Figs. 18c and 

19), corresponding to reflection from the plane systems of SnO(101), SnO2 (101) and (200), 

Sn2O3 (021)  and (030) . Since the X-ray lines on the Debye photograph are a consequence of 

a number of specular reflections from the set of crystallites which are in reflecting position 

in accordance with the equation of Bragg 2 sind ⋅ θ = λ , the blurring of line sections can 

occur when selective destruction (amorphization and clusterization) only those crystallites 

which are oriented to reflect in the area of blurring (between arrows 1). This assumes such 

orientation of SnOx film towards the movement of the plasma particles, that the symmetry 

and arrangement of atoms in the systems of planes of the crystallites SnO(101), SnO2(101) 

and (200), Sn2O3 (021)  and (030)  (plane A in Fig. 19) are disordered. The estimation of the 

angles ǂ between the projection onto a plane perpendicular to the incident X-ray beam, of 

normals to the sample surface and to the planes A of crystallites which were in the reflecting 

position before clustering by hydrogen plasma treatment. Angle ǂ for the plane systems 

SnO(101), SnO2(101) and (200), Sn2O3 (021)  and (030)  lies in the range of 15–45º, and the 

angle θ in the range of 15–20º. 

 

 
Sample 

n, 
refractive 

index 

D, 
film 

thickness, 
nm 

Eg., 
band gap, 

eV 

k, 
absorption 
coefficient, 

1/cm 

V, 
porosity,

% 

ρ, 
density, 
g/cm3 

Magnetron 
sputtering 

1.830 280 4.05 1.65.103 15.5 5.89 

O-plasma 1.750 276 4.05 1.68.103 21.0 5.45 

H- plasma 1.805 294 4.05 2.25.103 17.0 5.75 

Table 5. The parameters of SnOх films deposited by magnetron sputtering at a pressure of 

Ar-O2 mixture inside the camera − 2.7 Pa, after deposition and treatment by a glow 
discharge plasma 
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Fig. 17. X-ray diffraction patterns and intensity curves for the thin SnO2 film after deposition 
by magnetron sputtering (pressure 2.7 Pa in Ar-O2 mixture) on a glass substrate (a), after 
treatment by a glow discharge oxygen plasma for 5 min (b), 20 min (c) and annealing at 
550ºС for 1 h (d). 

In other directions, areas of X-ray lines not subjected to blur (in the region between the 

arrows 2 in Figs. 18c and 19), the crystallites were solid and even increased their size, 

demonstrating segregate effects of hydrogen plasma. The order of arrangement of atoms in 

the systems of planes of SnO(101), SnO2 (101) and (200), Sn2O3 in these crystallites (plane B 

in Fig. 19) is intact. Angle ǂ for these planes lies in the range of 15–(-45)º, and the angle θ in 

the same range of 15–20º. Therefore, the possibility of obtaining by treatment in glow 

discharge hydrogen plasma of crystal-amorphous nanostructures in which high-quality 

nanocrystals of tin oxide alternate with nanosized clusters of tin oxides, is shown. 

Repeated annealing for 1 h at 550°С (Fig. 20, curve 7) causes the restoration of the integrity 
of the X-ray lines of SnO(101), SnO2(101) and (200), Sn2O3 (021) and (130) (Fig. 18d). 

It follows from the optical transmission spectra (Fig. 20, curve 2), low pressure of Ar-O2 

mixture in the chamber (~ 1 Pa), which leads to an increase in the concentration of excess tin 

in the film, leads to a significant deterioration of its transparency. The presence of significant 

amounts of tin clusters after deposition is probably the reason for the lack of transparency of 

the films at low wavelengths (<500 nm) and low transparency in the region above 500 nm, 

as ǃ-Sn crystallites yet not observed on X-ray patterns. The formation of tin (ǃ-Sn) 

crystallites with an average size of ~ 30 nm (Fig. 18a) after treatment by hydrogen plasma 

leads to a further reduction in the transparency of the film (Fig. 20, curve 3) over the entire 

considered range of wavelengths (500−1100 nm). The decomposition and oxidation of tin 

crystallites at the subsequent annealing in air at 550°C for 1 h (Fig. 18b) leads to significant 

increase of film transparency (Fig. 20, curve 4) both in range of > 500 nm, and at small length 

waves ~ 350−500 nm (T(λ) from 0 to ~ 80%), for which the film was not transparent. This 

may be caused not only by oxidation of the ǃ-Sn crystallites, but also tin clusters. At the 

same time the transparency of these films is higher than the transparency of untreated by H-

plasma films after annealing under the same conditions (Fig. 20, curve 5). This may be due 
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to more intense oxidation processes in the plasma-treated films in the annealing process due 

to their higher porosity (11.8 instead of 7.7 according to Table 6). As seen from Fig. 20 (curve 

6), the processing by H-plasma of the annealed polycrystalline films, leads to a marked 

deterioration in transmittance in the wavelength range 300−1100 nm. This may be due to 

disordering of the structure and the formation of crystal-amorphous structure containing 

opaque inclusions of SnO, in accordance with (1): 

   

 

Fig. 18. X-ray diffraction patterns and intensity curves for the SnOx films after deposition by 
magnetron sputtering (pressure of 1 Pa in Ar-O2 mixture) and H-plasma treatment  
(a), deposition and annealing at 550°С for 1 h (b), the subsequent processing of H-plasma  
(c) and re-annealing at 550°С (d). 

Further annealing at 550°C (1 h) permits to maximize the transparency of the films produced 
under low pressure in Ar-O2 mixture in the chamber (~ 1 Pa). This is due to the restoration 
of the structure of microregions, disordered during plasma treatment. It is assumed that the 
transformation of these areas during the oxidation into SnO2 crystallites with a higher 
density than Sn3O4, increases the porosity of the films (Table 6), which is important for the 
gas sensitivity of films. 

The obtained data allows us to interpret the transmission spectra of SnOx films, obtained by 
magnetron sputtering under higher pressure in Ar-O2 mixture in the chamber ~ 2.7 Pa (Fig. 
21). X-ray data show the presence of polycrystalline SnO2 phase immediately after the 
deposition and the absence of ǃ-Sn crystallites (Fig. 17a). As is seen in the figure 21 (curves 3 

and 4), a significant drop in Т(λ) in range of 1200−2500 nm after processing of the SnOx films 

  +ǻ2       +ǻ2  
     SnO2  SnO  Sn 
  -ǻ2Ǽ        -ǻ2Ǽ  

(1) 
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for 5 min by O-plasma or H-plasma is observed. The decrease of the transmission of these 
films, consisting mainly of SnO2 crystallites (Fig. 17a), can occur as a result of increase of the 
concentration of free charge carriers due to segregation of excess atoms of tin and the 
formation of tin clusters with sizes of tenths of a nanometer. It should be noted that the 
phenomenon of reducing of the transparency due to the presence of nanoparticles in the 
films is less pronounced in the case of oxygen plasma treatment, because the process of 
segregation of tin nanoparticles is accompanied by a process of oxidation of some part of 
them up to SnO2. 

 

Fig. 19. Illustration of the blurring of X-ray line sections (using SnO2(101) and SnO(101) as an 
example) in the angle ranges 15º < θ < 20º and 15º < ǂ < 45º (in the region between arrows 1) 
after treatment of the annealed samples by H-plasma. The X-ray beam paths as follows: X1X2 
is the X-ray beam incident at an angle of ψ = 5º to the sample surface, Х2Х3 is the direction of 
the transmitted beam, Х2Х4 is the X-ray beam reflected from the SnO2 (101) plane system of 
crystallite B (Plane B), Х2Х5 is the beam reflected from the plane system SnO2 (101) of 
crystallite A before its destruction by plasma treatment (Plane A). Ǽ1Ǽ2 is the straight line 
lying in the A plane and making an angle θ with Х2Х3 and Х2Х4. ǂ is the angle between the 
projections onto the plane (perpendicular to the incident X-ray beam) of the normals to the 
sample surface and to the A plane. 
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Thus established that the short-term treatment (5 min) by O- or H-plasma on the deposited 

at a pressure of 2.7 Pa SnO2 film results in the formation of Sn clusters, which reduces the 

transparency of the film from 80% to 50% and 40%, respectively, in the near infrared region 

(1200-2500 nm). 

 

5 

 

Fig. 20. Optical transmission spectra of glass substrate and thin SnOx films, deposited by 
magnetron sputtering (pressure 1 Pa of Ar-O2 mixture) and treated by H-plasma and 
annealing: 1 is a spectrum of substrate (glass), 2 – after deposition of SnOx film on glass,  
3 – deposition + H-plasma; 4 – deposition + H-plasma + annealing at 550°С (1 h);  
5 – deposition + annealing at 550°С; 6 – deposition + annealing at 550°C + H-plasma;  
7 – deposition + annealing at 550°C + H-plasma + annealing at 550°C.  

 

Sequence of 
operations 

n, 
refractive 

index 

D, 
film 

thickness, 
nm 

Eg., 
band gap, eV 

ρ, 
density, 
g/cm3 

V, 
porosity,

% 

Annealing 1.94 330 4.00 6.42 7.70 

Plasma - 
annealing 

1.88 341 4.01 6.13 11.8 

Annealing - 
plasma - 
annealing 

1.82 296 4.05 5.82 16.2 

Table 6. Optical parameters of SnOх film deposited by magnetron sputtering at a pressure of 

Ar-O2 mixture in the chamber − 1 Pa 
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Fig. 21. Optical transmission spectra: the glass substrate (1); thin SnOx films on a glass 
substrate after deposition by magnetron sputtering (2) and treatment by oxygen (3) and 
hydrogen (4) plasma.  

3.3.2 Influence of isothermal annealing and plasma treatment on phase composition, 
microstructure and physical properties of the SnOx films deposited by sol-gel 
technique 

Colloidal solution for preparation of tin dioxide films was deposited on glass substrate. 
Rotational speed of the centrifuge was 3800 rpm. Centrifugation time was 3−5 s. The 
substrates with the deposited films were dried by an infrared emitter at 80°C for 3−5 min. 
Low temperature annealing was maintained to prevent the occurrence of cracks on the SnO2 

films. Then the sample is placed in a muffle furnace and dried at 400°C for 15 min. The 
number of deposited layers of SnO2 was 15. The thickness of the deposited film was 
estimated from the weight of the film and was about 300 nm. 

As shown earlier (Fig. 11b), X-ray diffraction study of SnO2 films after drying at 400ºC for 15 

minutes showed that the films have a polycrystalline structure. The structure of SnO2 

crystallites is sufficiently advanced, it contributed to recording X-ray reflections from 6 

plane systems with Miller indices SnO2 (110), (101), (200), (211), (220), (112). The increase of 

the duration of isothermal annealing leads to an increase in the average size of SnO2 

crystallites in the films: 15 minutes − 6 nm, 3 and 6 hours − little more than 6 nm, 12 hours − 

more than 10 nm. 

Fig. 22 shows the spectra of optical transmission of tin dioxide films after annealing at 400ºС 

for 15 min, 3, 6 and 12 hours. Fig. 23 shows the spectra of optical transmission after 

treatment by oxygen and hydrogen plasma. 

The prepared films have high transparency (~90%). With increasing of annealing time the 

transparency at short wavelengths is increased, which indicates the improvement of the 

stoichiometry of tin dioxide films and the removal of residual solvent (Fig. 22). As shown in 

Table 7, the increase of isothermal annealing time to 6 and 12 h leads to compaction of the 

film, reducing its thickness, porosity and absorption coefficient. 

The treatment by glow discharge hydrogen plasma resulted in a decrease in the 

transparency on 3−15% in the short- wave range (Fig. 23, curve 4), while the oxygen plasma 
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treatment resulted in a slight decrease of 1−5% (Fig. 23, curve 3). Noticeable decrease in the 
transparency of the thin film after hydrogen plasma treatment can be attributed to the 
formation of opaque compounds such as SnO or Sn, formed by reducing properties of 
hydrogen in accordance with the reaction (1). 

However, X-ray diffraction data do not confirm the presence of crystallites of SnO and Sn in 

the films treated by hydrogen plasma (Table 7). Nevertheless, the presence of SnO 

inclusions in the amorphous state or in the form of clusters is possible that leads to an 

increase in the absorption coefficient from 2.5·103 up to 5.91·103 cm-1 (Table 7). The presence 

of metal clusters of tin in appreciable amounts is unlikely, since there is no reduction of the 

transmission coefficient Т(λ) in the range 1200-2500 nm, associated with an increase in the 

concentration of free charge carriers. 

The treatment by oxygen plasma does not result the formation of SnO, and the slight change 

in the transparency of the film is caused by the damaging effects of plasma on the structural 

perfection and crystallite size. Reducing the size of the SnO2 crystallites is caused by the 

destructive influence of the massive oxygen ions on the structure of the crystallites (Table 7). 

The increased density of the film in proportion to the reduction of its thickness is 

presumably caused by the filling of intergranular voids by SnO2 clusters. The increase of the 

SnO2 crystallites sizes during processing by hydrogen plasma is caused by the segregating 

effect of light hydrogen ions of plasma, under the influence of which the alteration, 

destruction, and merging of the crystallites are taken place. Reducing the thickness by 10% 

while maintaining the density of the film can be occur through the formation and desorption 

of H2O molecules and the formation of oxygen vacancies. The formation of SnO molecules 

on the surface of SnO2 crystallites is taken place; thereby the stoichiometry and transparency 

of the film are reduced. 

70

75

80

85

90

95

0 500 1000 1500 2000 2500

λ, nm

Ɍ,
 %

1

2

3

4

5

 

Fig. 22. Optical transmission spectra of SnO2 films after isothermal annealing at 400ºC: 

1 − glass substrate, 2 − the film after deposition and annealing for 15 minutes,  

3 − 3 hours of annealing;  4 − 6 hours of annealing, 5 − 12 hours of annealing. 
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Fig. 23. Optical transmission spectra of SnO2 films after plasma treatment: 1 − substrate,  

2 − after film deposition, 3 − after treatment by oxygen plasma, 4 − after treatment by 
hydrogen plasma. 

 

Optical and structural 
parameters 

Isothermal annealing Plasma treatment 

400ºС,
15 min

400ºС,
3 h 

400ºС,
6 h 

400ºС,
12 h 

400ºС,
15 min

O- 
plasma 

H- 
plasma 

n, refractive index 1.72 1.76 1.81 1.81 1.74 1.81 1.73 

D, film thickness, nm 319 312 304 304 316 297 288 

Eg, band gap, eV 4.1 4.1 4.1 4.1 4.1 4.1 4.0 

Ρ, density, g/cm3 5.29 5.53 5.76 5.76 5.40 5.80 5.36 

k, absorption coefficient, 1/cm 2.4·103 2.3·103 1.6·103 0.6·103 2.5·103 3.05·103 5.91·103 

V, porosity, % 23.9 20.5 17.2 17.1 22.3 16.5 22.8 

Average size ǆ of 
crystallites, nm 

SnO2 (110) 5 7.5 6 8 5 5.5 6.5 

SnO2 (101) 6.5 7 6.5 10 6.5 6 9.5 

SnO2 (211) 6 6 6 14.5 6 4.5 10 

Table 7. Optical and structural parameters of SnO2 films  

The surface resistance of SnO2 films after deposition and annealing at 400ºС for 15 minutes 
by four-probe method is measured, and it was 16 ohm· cm (Fig. 24). The surface resistance 
of the SnO2 film increases linearly with increasing duration of isothermal annealing (400ºC). 
Resistance measurements were performed at room temperature (22ºC). It is seen that each 
hour of annealing leads to an increase in surface resistance of ~ 24 kOhm· cm (Fig. 24). This 
may be due to a decrease in the number of oxygen vacancies as a result of improving of the 
crystallite structure and stoichiometry during the long process of annealing in air. 

After treatment in oxygen plasma, the film sheet resistance increased from 16 to 133 
kohm·cm, apparently due to reducing the number of oxygen vacancies. In contrast, after 
treatment by hydrogen plasma, it decreased from 16 to 0.7 kohm·cm, presumably due to 
increase in the number of oxygen vacancies. 
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Fig. 24. The dependence of sheet resistance (22ºC) of the SnO2 film on the duration of 
isothermal annealing at 400ºC. 

Fig. 25 shows the temperature dependence of the resistance of the films after isothermal 

annealing, and Fig. 26 - after treatment by hydrogen and oxygen plasmas. The substrate 

with the film placed on a heated table, located in a cylindrical chamber. The resistance of the 

deposited films decreases rapidly with increasing temperature (Figs. 25 and 26, curves 1). 

Increase of the duration of isothermal annealing has little influence on the temperature 

dependence of resistance (Fig. 25, curves 2−4). 

The processing of the film by hydrogen plasma leads to an increase in the number of oxygen 

vacancies and, correspondingly, a decrease in resistance from 192 kohm to 3.1, resulting in a 

decrease to 1.6 kohm of resistance with increasing temperature is smooth and the relative 

resistance decreases slowly (Fig. 26, curve 3). Treatment by oxygen plasma leads to 

occurrence of excess oxygen in the film and, accordingly, to increase resistance from 192 to 

640 kohm, resulting in a decrease to 1.9 kohm of resistance with increasing temperature is 

faster due to the desorption of excess oxygen (Fig. 26, curve 2). 
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Fig. 25. Temperature dependences of the resistance of the SnO2 film after annealing at 400ºC 
for 15 minutes (1 - �), 3 hours (2 - □), 6 hours (3 - ∆) and 12 hours (4 - ○). 
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Thin films of SnO2, subjected to isothermal annealing and plasma treatment, were 
investigated for sensitivity to ethanol vapor. Gas sensitivity in this case defined as the ratio 

 0

g

R

R
γ =  ,  (2) 

where R0 is resistance of gas-sensitive layer in the clean air, Rg is the resistance of the layer 
in the mixture of air with detectable gas. 

Fig. 27 shows the temperature dependence of the sensitivity for films synthesized by sol-gel 
technique at concentration of ethanol 1 mg/L after isothermal annealing (a) and treatment 
by plasma (b). Maximum sensitivity of the sol-gel films to the vapors of ethanol takes place 
at a temperature of 235ºС (Fig. 27, curves 1). There is a significant increase in sensitivity of 
the films both after annealing and after treatment by plasmas. The maximum sensitivity of 
the films is observed after annealing at 400ºC for 6 hours. A significant decrease in 
sensitivity after annealing for 12 hours in comparison with annealing for 3 and 6 hours may 
be due to a significant increase in the crystallite size from ~ 6.5 to ~ 11 nm. As shown by Xu 
et al. (1991), optimal crystallite size for good gas sensitivity should be ~ 6 nm. 
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Fig. 26. Temperature dependences of the resistance of the SnO2 film after deposition (1) and 
glow discharge oxygen (2) and hydrogen (3) plasma treatment for 5 min. 

After processing by plasma, the sensitivity increases without increase of the operating 
temperature. The observed increase in sensitivity can be caused by an increase in the size of 
pores and cracks during the bombardment by ions of oxygen or hydrogen. The sensitivity of 
the films increases linearly (Fig. 28), if the concentration of ethanol vapor increases from 0.05 
to 0.8 mg/L and above, after which saturation occurs. The growth of sensitivity is more 
intense after annealing or plasma treatment. The most intensive growth was observed after 

annealing for 3−6 hours. A marked sensitivity of the film is evident even when the 
concentration of ethanol vapor is less than 0.05 mg/L. Response time of sensor to ethanol 
with concentration of 1 mg/L is decreased from 5 to 2 sec both with the increase of 
annealing time and when exposed to plasma (Table 8). The recovery time of resistance to the 
initial value increases from 90 up to 140 s, except the 12-hour annealing (75 s). 
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Fig. 27. Temperature dependence of sensitivity to the vapors of ethanol (1 mg/L) of the 
SnO2 films: a) after annealing at 400ºC for 15 minutes (1), 3 hours (2), 6 hours (3) and 12 
hours (4); b) after annealing at 400ºC for 15 minutes (1) and treatment by oxygen (2) and 
hydrogen (3) plasmas for 5 minutes. 

The parameters of 
sensitivity of SnO2 films 

Isothermal annealing (400ºС) Plasma treatment 

15 min 3 h 6 h 12 h 
400ºС, 15 

min 
O-

plasma 
H-

plasma 

Response time, s 5 3 2 2 5 2 3 

Recovery time, s 90 140 130 75 90 110 100 

Table 8. Response time and recovery time of SnO2 films 
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Fig. 28. The dependence of sensitivity on the concentration of ethanol vapor of SnO2 film:  
a) after isothermal annealing at 400ºC for 15 min (1), 3 h (2), 6 h (3) and 12 hours (4); b) after 
annealing at 400ºC for 15 min (1) and treatment by oxygen (2) and hydrogen (3) plasmas for 
5 min.  

AFM images of the surface of tin dioxide multilayer film of size 500 × 500 nm (Fig. 29), 
annealed at 400ºC for 15 minutes, 3, 6 and 12 hours, suggest a fine-grained structure of the 
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film surface. It turned out that after annealing at 400ºС for 15 minutes about 80% of the areas 

of film surface lies at elevations of 1.8−3.7 nm, after annealing for 3 hours – in the range 

2.4−4.9 nm, for 6 hours – in the range of 2.7−4.9 nm and 12 hours – in the range of 3.2–6.4 
nm. After annealing for 3 and 6 hours on the film surface are observed pronounced granules 
(Fig. 29b, c). After annealing for 12 hours the surface contains a large number of projections. 

  ɚ) ɛ) 

ɜ) ɝ) 

a) b) 

c) d) 

 

Fig. 29. Surface topography of the films of tin dioxide of 500×500 nm after annealing at 
400ºC for 15 min (a), 3 h (b), 6 h (c) and 12 h (d). 

Treatment by oxygen plasma (Fig. 30b) leads to the disintegration of the granular structure 

of the film, confirming the assumption about the clustering of structure. Treatment by 

hydrogen plasma (Fig. 30c) leads to the formation of agglomerates of sizes up to 200 nm. 

The dimensions of the agglomerates is much greater than the dimensions of the SnO2 

crystallites (~ 9 nm), ie the agglomerates are composed of SnO2 crystallites. 

 (c) (b) (ɚ) 

 

Fig. 30. Surface topography of SnO2 film after after deposition and annealing (400ºC, 15 min) 
(a) and treatment by O-plasma (b) and H-plasma (c) for 5 min. 
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Table 9 presents data on the effect of isothermal annealing and treatment by plasma on the 
roughness of the SnO2 films, where Ra is average roughness; Rzjis - average roughness of 10 
points; Rq - RMS roughness; Rz - the difference between the maximum and minimum height 
of an image. The roughness of the SnO2 films is increased both after isothermal annealing 
and after the plasma treatment. This increases the gas sensitivity of film (Figs. 27b and 28b, 
curves 2 and 3) because the growth of roughness increases the surface area of the film. 
However, after isothermal annealing roughness varies slightly, but sensitivity is increased 
more significantly. 

 

Sample Rа, nm Rzjis, nm Rz, nm Rq, nm 
Glass substrate 2.31 17.7 19.0 2.92 
400°С, 15 min 0.66 5.67 7.02 0.84 
400°С, 3 h 0.79 6.32 6.93 0.98 
400°С, 6 h 0.74 6.49 7.14 0.93 
400°С, 12 h 1.02 9.06 10.0 1.27 
400°С, 15 min 0.66 5.67 7.02 0.84 
O- plasma 1.15 12.3 13.6 1.58 
H- plasma 2.04 16.5 19.7 2.61 

Table 9. Analysis of the surface topography of SnO2 films (500 × 500 nm) 

The essential differences in the films deposited by magnetron sputtering and sol-gel 
technique, include the composition, structure and stoichiometry influencing the properties 
of the films after deposition as well as after treatment. The comparison of the effect of 
treatment by hydrogen or oxygen plasma on the individual properties of the SnO2 films, 
obtained by these methods, is of particular scientific and practical interest. 

Sensitivity to ethanol vapor of films prepared by sol-gel technique, exceeds the sensitivity of 
the films obtained by magnetron sputtering (Fig. 31, curves 4 and 1). The maximum 
sensitivity of the sol-gel films at temperature ~ 235ºC reaches up to 53%. Treatment by both 
H-and O-plasma (Fig. 31, curves 5 and 6) increases the sensitivity of the film up to 66% at  
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Fig. 31. Temperature dependence of sensitivity to the vapors of ethanol (1 mg/L) of the 
SnOx films after deposition by magnetron sputtering (1), H-plasma treatment (2) and  
O-plasma (3); deposition by sol-gel method (4), H-plasma (5) and O-plasma (6) treatment. 
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the same operating temperature. For the films synthesized by magnetron sputtering, at an 
operating temperature of 270ºC sensitivity is about 45% (Fig. 31, curve 1). Treatment of  
H-plasma increases the sensitivity to 52% at the same operating temperature, the same 
treatment on oxygen plasma increases the sensitivity up to 78% with a decrease in operating 
temperature to 255ºC (Fig. 31, curves 2 and 3). 

Thus, the regularities of the influence of treatment by H- or O-plasma on growth of the gas 
sensitivity of SnO2 films were established. The plasma treatment of SnO2 films, obtained by 
the sol-gel technique, does not alter their phase composition, resulting in gas sensitivity 
growth does not depend on the type of plasma. Treatment by O-plasma of films prepared 
by magnetron sputtering, leads to a more significant increase in gas sensitivity than by H-
plasma, due to the oxidation of SnOx film. 

4. Conclusion 

The problem of modifying the structural properties of the SnOx films by treatment in glow 
discharge plasma is studied. Treatments by hydrogen and oxygen plasma permit 
significantly improve the transparency and gas sensitivity of the SnOx films. The 
conditions of film synthesis were revealed, which allow by sol-gel technique (400ºС, 6 h) 
to synthesize the SnO2 films with high gas sensitivity, the minimum response time (2 
seconds) and the optimum crystallite size (6 nm); by magnetron sputtering (10% of O2 in 
ArO2 mixture, 2.7 Pa) to deposit the SnO2 films with optimum properties (average grain 
size ~ 4 nm, the transparency ~ 90%, band gap ~ 4.0 eV, the refractive index ~ 1.8) without 
annealing. 

1. A method of formation of the cluster structure of film deposited by a way of 
spreading, and decrease the average SnO2 crystallite size up to 1.5 nm by increasing 
the concentration of tin ions in the film-forming solution from 0.14 to 0.83 mol/L, was 
developed. This leads to an increase in film sensitivity to the ethanol vapors on 20% 
(for 1 mg/L), decrease of response time in half (up to 3 seconds) and to appearance of 
sensitivity to the presence of micro-amounts of ethanol vapor (~ 0.05 mg/L). If the 
concentration of tin atoms in solution is low (0.14 mol/L), the SnO2 nanocrystals in 
film after deposition, drying (100ºС, 2.5 nm) and annealing (400ºС, 5 nm) were 
formed. 

2. The surfaces of films produced by sol-gel technique (centrifugation method) and 
magnetron sputtering are fine-grained and in the form of large agglomerates, have an 
average roughness of 0.6 and 3.6 nm, respectively. The maximum sensitivity of films to 
the vapors of ethanol is observed at temperatures of 230 and 270ºС, the response time is 
~ 3 and 16 s, recovery time ~ 70 and ~ 90 s, respectively. The differences may be due to 
smaller crystallites, higher porosity and the absence of SnO crystallites in the films 
prepared by sol-gel technique. The treatment by hydrogen plasma of these fine-grained 
films leads to the formation of large agglomerates. The same treatment by oxygen 
plasma leads to the disintegration of the granular surface structure and a partial 
clustering of the film. Isothermal annealing at 400ºC for 3–6 h leads to the formation of a 
pronounced granular surface structure. Treatment by hydrogen plasma of coarse 

grained (~ 60−120 nm) films, synthesized by magnetron sputtering, leads to a slight 
decrease in the size of the agglomerates, whereas the treatment by oxygen plasma leads 
to the destruction of the grains and the film clusterization. 
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3. The lower resistance at room temperature of films deposited by magnetron 

sputtering is caused by the presence of tin particles, and a smoother decrease of 

resistance with increasing temperature is caused by the inclusions of SnO. Films 

synthesized by the sol-gel technique are composed entirely of SnO2 phase, have 

optimal crystallite sizes (3-5 nm) and high values of porosity for higher gas 

sensitivity. There is no decrease in transmittance at long wavelengths due to 

absence of tin particles. After treatment by oxygen plasma the excess oxygen atoms 

increases the film resistance, and its rapid decrease is caused by the desorption of 

excess oxygen with increasing temperature and absence of SnO inclusions. The 

treatment by hydrogen plasma results in formation of oxygen vacancies and a 

decrease of film resistance. 

4. It is shown that tin dioxide films synthesized by sol-gel method, after isothermal 

annealing at 400ºС for 15 min, 3, 6 and 12 h have a high transparency (~ 80–90%). The 

optimum mode of thermal annealing (400ºC, 6 h) of SnO2 films is identified, which 

permits to achieve the maximum of gas sensitivity and minimum of response time  

(2 seconds) due to the better structure and optimal sizes (6 nm) of the crystallites. 

5. Treatment by glow discharge hydrogen plasma of tin dioxide films synthesized by sol-

gel technique resulted in a decrease in the transparency of 3–15% in the visible 

wavelength range due to the formation of opaque inclusions of SnO. Treatment by 

oxygen plasma resulted in a slight decrease in the transparency of 1−5% due to the 

damaging effects of plasma on the structural perfection of the SnO2 crystallites. 

6. For nonstoichiometric SnOx films (x<2), deposited by magnetron sputtering in 

condition of a lack of oxygen (pressure ArO2 mixture 1–2 Pa), the formation of 

polycrystalline ǃ-Sn phase after treatment by H-plasma is shown. Both the segregation 

of Sn particles at temperatures of 150–200ºС and the formation of oxides SnO, Sn2O3 

and SnO2 at temperatures of 50–550ºС, are taken place. The short-term treatment (5 

min) by O- or H-plasma of deposited at a pressure of 2.7 Pa SnO2 film leads the 

formation of Sn clusters, which reduces the transparency in the near infrared region 

(1200–2500 nm) from 80% to 50% and 40%, respectively. 

7. The possibility of obtaining of the crystal-amorphous nanostructures in which 

crystallites of tin oxides alternate with clusters obtained by selective amorphization of 

SnO, SnO2 and Sn2O3 crystallites during treatment by glow discharge H-plasma, is 

shown. In this case, the order of the atoms in those (hkl) planes of crystallites is 

violated, along which there are variations of the plasma particles.  

8. The regularities of the influence of treatment by H- or O-plasma on growth of gas 

sensitivity of SnO2 films were studied. The plasma treatment of SnO2 films, obtained by 

the sol-gel technique, does not alter their phase composition, and gas sensitivity growth 

does not depend on the type of plasma. Treatment by O-plasma of films prepared by 

magnetron sputtering, leads to a more significant increase in gas sensitivity than by H-

plasma, due to the oxidation of SnOx film. 

9. The phenomena of self-organization of matter in SnOx layers were identified, consisting 
in the intensive formation of SnO2 crystallites with sizes of 4 nm in the process of film 
deposition by magnetron sputtering (pressure in the Ar-O2 mixture is 2.7 Pa), and SnO2 
crystallites with sizes of 3 nm at the deposition of films by the sol-gel technique 
(concentration of Sn 0.14 mol/L in a solution). 

www.intechopen.com



 
Advances in Crystallization Processes 

 

254 

5. Acknowledgement 

The authors are very grateful to Dmitriyeva E.A. for preparation of the films and Mit’ K.A. 
for AFM measurements. 

6. References 

Aboaf, J.A., Marcotte, V.C., Chou, N.J. (1973). Doping of tin oxide films and analysis of 
oxygen content. J. Electrochem. Soc., Vol. 120, p. 701.  

Adamyan, A.Z., Adamyan, Z.N., Arotyunyan, V.M. (2006). Zolʹ–gelʹ tehnologiya 
polucheniya chuvstvitelʹnykh k vodorodu tonkikh plenok (Sol-gel technology for 
producing hydrogen sensitive thin films). Alʹternativnaya energetika i ekologiya 
(Alternative Energy and Ecology), Vol. 40, №8, pp. 50–55. In Russian. 

Andryeeva, Ye.V., Zilberman, A.B., Ilʹin, Yu.L., Makhin, A.V., Moshnikov, V.A., Yaskov, 
D.A. (1993). Vliyanie etanola na elektrofizicheskie svoĭstva dioksida olova (Effect of 
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