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Abstract 
The aim of the work was to establish a correlation between structural, electrical and thermoelectric 

properties of the disordered tin oxide films to study the possibility of their further applications as materials 
for thermoelectric converters. Disordered multiphase tin oxide films were synthesized by magnetron sput-
tering of tin onto glass substrates in argon plasma and subsequent two-stage annealing in air. The structural, 
electrical and thermoelectric properties of the films were varied by changing the temperature at the 2nd stage 
of annealing in the range of 350–450 °C. It was found that the films synthesized at a temperature of 350 °C 
during the 2nd stage of annealing procedure have an amorphous structure and are characterized by the highest 
value of specific electrical conductivity σ ≈ 28.5 S/m. Samples fabricated at temperatures 400 and 450 °C 
during the 2nd stage of annealing are characterized by polycrystalline multiphase structure with both stoi-
chiometric (SnO, SnO2) and non-stoichiometric (Sn2O3 and Sn3O4) phases of tin oxides in their composition 
(with prevailing of SnO2 phase for the samples annealed at 450 °C). It was found that these samples are char-
acterized by a higher value of the Seebeck coefficient S (–156 μV/K and –163 μV/K, respectively) compared 
to the amorphous films, for which the value S = –90 μV/K. It was found that the electrical conductivity of 
both amorphous and polycrystalline tin oxide films in the temperature range of ≈ 80–300 K can be described 
within the frame of a model that assumes the activation of electrons from impurity levels in the band gap asso-
ciated with oxygen vacancies in different charge states. It was demonstrated that for all types of the samples, 
the Pisarenko’s formula can be applied to evaluate the relationship between the Seebeck coefficient S and the 
position of the Fermi level EF  if the parameter r < –2.

Keywords: magnetron sputtering, tin oxide films, electrical conductivity, thermal activation, thermoEMF 
coefficient   

87



Devices and Methods of Measurements
2025;16(2):87–97 

V.K. Ksenevich et al.

Приборы и методы измерений 
2025. Т. 16. № 2. С. 87–97
V.K. Ksenevich et al.

Адрес для переписки:
Ксеневич В.К.
Белорусский государственный университет, 
пр. Независимости, 4, г. Минск 220030, Беларусь
e-mail: ksenevich@bsu.by

Address for correspondence:
Ksenevich V.K.
Belarusian State University, 
Nezavisimosti Ave., 4, Minsk 220030, Belarus
e-mail: ksenevich@bsu.by

Для цитирования:
V.K. Ksenevich, V.A. Dorosinets, M.A. Samarina, N.A. Poklonski,  
I.A. Svito, D.V. Adamchuk, G. Abdurakhmanov.
Disordered Tin Oxide Films for Thermoelectric Applications: 
Correlation between Microstructure, Electrical Conductivity and 
Seebeck Coefficient.
Приборы и методы измерений.
2025. Т. 16. № 2. С. 87–97.
DOI: 10.21122/2220-9506-2025-16-2-87-97

For citation:
Ksenevich VK, Dorosinets VA, Samarina MA, Poklonski NA, Svito IA, 
Adamchuk DV, Abdurakhmanov G.
Disordered Tin Oxide Films for Thermoelectric Applications: 
Correlation between Microstructure, Electrical Conductivity and 
Seebeck Coefficient.
Devices and Methods of Measurements.
2025;16(2):87–97. 
DOI: 10.21122/2220-9506-2025-16-2-87-97

DOI: 10.21122/2220-9506-2025-16-2-87-97

Неупорядоченные плёнки оксидов олова  
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Цель работы – установление взаимосвязи между структурными, электрическими и 
термоэлектрическими свойствами неупорядоченных плёнок оксидов олова для определения  
возможности дальнейшего их применения в качестве материалов для термоэлектрических 
преобразователей. Неупорядоченные многофазные плёнки оксидов олова синтезированы методом 
магнетронного распыления олова на стеклянные подложки в плазме аргона c последующим 
двухстадийным отжигом на воздухе. Структурные, электрические и термоэлектрические свойства 
плёнок варьировались посредством изменения температуры на 2-й стадии отжига в диапазоне 
350–450 °C. Установлено, что плёнки, синтезированные при температуре 350 °С на 2-й стадии 
отжига, имеют рентгеноаморфную структуру и характеризуются наибольшей величиной удельной 
электропроводности σ ≈ 28,5 См/м. Структура образцов, полученных при температурах 400 и 450 °С 
на 2-й стадии отжига, является поликристаллической многофазной, с наличием в их составе как 
стехиометрических (SnO, SnO2), так и нестехиометрических (Sn2O3 и Sn3O4) фаз оксидов олова 
(с преобладанием фазы SnO2 при отжиге при 450 °С). При этом эти образцы характеризуются 
большей величиной коэффициента Зеебека S (–156 мкВ/К и –163 мкВ/К соответственно) по 
сравнению с рентгеноаморфными плёнками, для которых величина S = –90 мкВ/К. Установлено, 
что электропроводность как аморфных, так и поликристаллических плёнок оксидов олова  
в диапазоне температур ≈ 80–300 К может быть описана в рамках модели, предполагающей  
активацию электронов с примесных уровней в запрещённой зоне, связанных с кислородными 
вакансиями в различных зарядовых состояниях. Показано, что для всех исследованных образцов  
для оценки взаимосвязи между коэффициентом Зеебека S и положением уровня Ферми EF может  
быть применена формула Писаренко при условии, что параметр r < –2.

Ключевые слова: магнетронное распыление, плёнки оксидов олова, электропроводность, термическая 
активация, коэффициент термоЭДС 
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Introduction

Thermoelectric (TE) generators are used for 
recovery of electrical energy from waste heat. Re-
search in this field has grown significantly over the 
past decades due to fossil energy resource depletion. 
Solid-state thermoelectric energy converters are used 
as sources of electricity in portable devices, as well 
as in electronic, medical, scientific equipment, on 
spacecraft, etc. [1, 2].

The efficiency of TE devices is estimated by the 
dimensionless parameter of thermoelectric figure of 
merit:

ZT = S2σT/κ,		  (1)

where S, σ and κ are the Seebeck coefficient, electri-
cal and thermal conductivity of the TE material, re-
spectively; T is the operating temperature or average 
temperature (T1 + T2)/2 of the TE converter; T1 and 
T2 are the temperatures of its hot and cold contacts, 
respectively [3].

Parameters of Seebeck coefficient S and elec-
trical conductivity σ in the numerator of Eq. (1) 
are determined only by the electronic properties of 
materials, therefore they are often combined into 
the quantity PF = S2σ, called "Power factor". The 
value of thermal conductivity κ in the denominator  
of Eq. (1) can be considered as a sum of 2 terms [3]:

κ = κL + κe,			   (2)

where κL and κe are the contributions from the lattice 
and electronic component of heat conductivity.

According to (1), it is obvious, that for high effi-
ciency of heat to electricity conversion TE materials 
should have a high electrical conductivity σ, a high 
Seebeck coefficient S, and a low thermal conductiv-
ity κ.

Increasing the value of thermoelectric figure of 
merit of thermoelectric materials is a rather compli-
cated task, requiring the fulfillment of contradictory 
conditions (increasing electrical conductivity while 
simultaneously reducing thermal conductivity).

In order to achieve maximum figure of merit 
value highly doped semiconductors and semimet-
als are usually used as a thermoelectric materials 
due to optimal relations between values of electrical 
conductivity σ, thermal conductivity κ and Seebeck 
coefficient S in them [4]. However, non-degenerate 
electronic materials can be characterized by high fig-
ure of merit value as well [4].

Possibility of high values of Seebeck coeffi-
cient and figure of merit in disordered materials near 

metal–insulator transition is demonstrated in [5]. In 
such materials electrical conductivity is explained by 
transfer of localized electrons in the vicinity of the 
Fermi level.

The disadvantage of using non-degenerate semi-
conductors as TE materials is related to their low 
electrical conductivity. From the other side these ma-
terials are characterized by higher value of Seebeck 
coefficient S and low value of electronic term of the 
thermal conductivity κe . For these materials value of 
lattice term of heat conductivity κL can be compara-
ble or even higher than the parameter κe . That is why 
one of the efficient methods to increase the figure of 
merit of TE materials is to reduce their lattice term of 
the thermal conductivity κL , characterizing the trans-
fer of heat energy by phonons.

One of the most successful strategies for fabrica-
tion of TE materials with low value of the lattice ther-
mal conductivity is the synthesis of structurally inho-
mogeneous samples [3, 6, 7]. Nanostructured mate- 
rials (quantum wires, quantum dots, quantum wells) 
as well as materials with different types of nanoscale 
inclusions can be used as a materials with low κL  
value. For example, it was found that κL  value of Si 
nanowire is much times less than lattice thermal 
conductivity of bulk Si (2 W/m∙K vs 87.3 W/m∙K  
respectively) [8]. However, for the fabrication of 
ordered low-dimensional structures a complicated 
and expensive technological equipment is required. 
Therefore, technologies based on the synthesis of 
non-homogeneous semiconductors as well as on the 
introducing of different types of point, linear and pla-
nar defects into the film and bulk semiconductors are 
considered as effective methods for the fabrication 
of TE materials with low lattice thermal conductivity 
value [9]. Mean free path of phonons can be reduced 
due to the scattering by point defects, dislocations, 
crystallite boundaries and nanoparticles of various 
phases [9]. It was found, for example, that nanocrys-
talline Si have much lower value of κL  = 6.3 W/m∙K 
in comparison with the bulk Si [10].

Widely used at present time commercial TE 
generators contain either expensive (Bi, Te, Ag and 
Se) or toxic (Pb, Hg) elements [11–13]. Besides 
that, chalcogenides are unstable in air and can be 
decomposed at relatively low temperatures. There-
fore, protection from the influence of atmosphere 
for TE generators based on chalcogenides is re-
quired. As a result, manufacturing technology of 
such devices becomes more complicated and their 
price is increased.
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As one of possible alternative to chalcogenides 
the metal oxides are considered [14, 15]. These ma-
terials are characterized by low cost, wide availabil-
ity, environmental friendliness and stability at high 
temperatures. This explains their wide application 
in optoelectronics, photovoltaics, sensorics etc. One 
of the most widely used metal oxide is tin dioxide 
SnO2. In the stoichiometric composition SnO2 is a 
wide band gap (Eg = 3.6 eV) semiconductor charac-
terized by very low electrical conductivity σ [16]. 
Increasing of parameter σ can be achieved not only 
by doping, but by means of introducing of oxygen 
vacancies as a source of electrons during synthesis 
process. It is known that oxygen vacancies introduce 
shallow donor levels in the band gap of SnO2 [17]. 
It is possible to synthesize tin dioxide samples with 
high concentration of electrons only by means of 
variation of technological procedure parameters 
resulting in fabrication of electrically degenerate 
semiconductors without need for additional atomic 
doping [18]. Tin oxide thin films have advantages in 
comparison with bulk oxide materials due to possi-
bility to tune concentration of necessary defects by 
more controllable way.

Previous studies of thermoelectric proper-
ties of tin monooxide SnO [19–21] and tin dioxide 
SnO2 [20–26] films have shown that these materi-
als can be considered as perspective candidates for 
development of thermoelectric converters on their 
basis. A major challenge in producing efficient ther-
moelectric generators using these materials is their 
high lattice thermal conductivity (κL ), arising from 
the strong ionic bonds in oxides and the low atomic 
mass of oxygen atoms.

Analysis of thermoelectric properties of tin 
monoxide and tin dioxide was carried out in [21]. In 
particular, the similarity of the electronic vibrational 
states of SnO and SnSe (characterized by high value 
of ZT = 2.6 at 923 K) was noted. Such high value of 
ZT in SnSe can be explained by extremely low value 
of the electron component of thermal conductivity 
κe = 0.23 W/m·K due to strong lattice anharmonic-
ity caused by the bound chemically active electron 
pairs arising as a result of the interaction of the 
Sn(5p) state and the antibonding state Sn(5s)-Se(p) 
[27]. Similar to selenium, oxygen is also in group 6 
of the periodic table, which suggests that SnO con-
tains a similar bound electron pair as found in SnSe. 
As a thermoelectric material, SnO presents several 
advantages compared to SnSe, particularly consider-
ing selenium’s high toxicity and limited production 

volumes. Research [20] shows the feasibility of de-
veloping thermoelectric touch sensors using p-type 
SnOx films.

It should be noted that amorphous tin oxides 
show promise as potential thermoelectric materi-
als [15]. These materials exhibit high electron mo-
bility due to the overlapping of spherically symmet-
ric Sn 5s orbitals. Consequently, amorphous SnOx 
samples can achieve higher electrical conductivity 
σ compared to their crystalline counterparts. More-
over, the disordered structure of amorphous samples 
results in lower thermal conductivity κ than that ob-
served in crystalline materials of identical chemical 
composition.

While the thermoelectric parameters and their 
relationship with electrical conductivity in crystal-
line materials are described by well-known formu-
las [28], structural disorder significantly affects both 
the electrical conductivity and the Seebeck coeffi-
cient S of thermoelectrical materials. Our efforts in 
this work were focused on the investigation of the 
electrical conductivity and Seebeck coefficient S 
of undoped tin oxides films with different disorder 
degree and various phase composition. Previously, 
we developed a method of fabrication of tin oxide 
films [29–33] that allows control over their crystal-
line structure (ranging from amorphous to polycrys-
talline, including various stoichiometric and non-
stoichiometric phases) and electrical conductivity σ 
spanning from near-insulating values to those char-
acteristic of degenerate disordered semiconductors 
and disordered metals.

The aim of this work was to establish the cor-
relation between the structural properties, electrical 
conductivity σ and Seebeck coefficient S in disor-
dered tin oxides films and to test the feasibility of 
the relationship between thermoelectric and electri-
cal parameters inherent for crystalline materials for 
the case of tin oxide based semiconductors with a 
disordered crystalline lattice.

Experimental details 

AC magnetron sputtering of tin target (with pu-
rity 99.99 %) in argon plasma followed by two-stage 
oxidative annealing in air of deposited onto the glass 
substrate tin films was used for synthesis of disor-
dered tin oxide films [34]. The following parameters 
were used during magnetron deposition process: the 
tin target diameter was 10 cm, the target-substrate 
distance was 4 cm, the voltage applied to the target 
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was 380 V, the pulse repetition rate of AC power sup-
ply was 70 kHz. Тwo-stage oxidative annealing of 
the deposited tin films was carried out at 200 °C for 
2 hours at the 1st stage, followed by an increase in 
temperature to 350, 400 or 450 °C and isothermal an-
nealing for 1 hour at the 2nd stage. The temperature 
of the 2nd stage of annealing was varied in order to 
change the structure, electrical conductivity σ and 
thermoelectric coefficient S of the films.

The structural properties of disordered tin oxide 
films were characterized by X-ray diffraction analy-
sis using an Ultima IV RIGAKU X-ray diffractom-
eter in a sliding beam geometry (α = 3°) using mono-
chromatic CuKα copper radiation (λ = 0.154178 nm) 
and a high-speed D/teX X-ray detector.

The Raman spectra of tin oxide films were mea-
sured using a spectral-analytical system Nanofinder 
HE with excitation by a laser with a wavelength 
λ = 532 nm. Measurements were carried out at room 
temperature in the backscattering configuration. The 
resolution of spectrometer was 3 cm−1, the diam-
eter of the beam spot was about 1 μm, and the input 
power was about 0.6 mW.

Indium contacts were soldered to the samples 
using an ultrasonic soldering for possibility to study 
the electrical and thermoelectric properties of the 

films. The temperature dependences of the electrical 
conductivity σ(T) were measured in the nitrogen ves-
sel in the temperature range of ≈ 80–300 K using the 
four-probe measurements technique. The Seebeck 
coefficient S measurements were carried out at tem-
peratures in the range 298–300 K in a thermoelec-
tric power cell with a temperature gradient varied 
from 0.2 to 7 K between the cold and hot ends of 
the film.

Experimental results and discussion

The influence of the 2nd stage annealing tem-
perature on the crystalline structure and phase com-
position of synthesized tin oxide films was studied 
using X-ray diffraction analysis and Raman spectros-
copy [34]. The XRD patterns of the tin oxide films 
samples fabricated at various 2nd stage annealing 
temperatures (350, 400 and 450 °C) are shown in 
Figure 1.

The diffraction patterns of the studied samples 
demonstrate that the applied synthesis method al-
lows the formation of amorphous or polycrystalline 
multiphase films of tin oxides (including tin monox-
ide SnO of tetragonal structure, tin dioxide SnO2 of 
tetragonal structure of the rutile type, as well as non-
stoichiometric phases Sn2O3 and Sn3O4) [30, 33–36].

Figure 1 – XRD patterns of the tin oxide films deposited by magnetron sputtering of tin onto glass substrates in an 
argon atmosphere, followed by two-stage annealing in air: at 200 °C for 2 hours (1st stage) and at 350 °C (1), 400 °C (2)  
or 450 °C (3) for 1 hour (2nd stage) 
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In particular, as one can see from Figure 1, films 
fabricated at 350 °C are characterized by amorphous 
structure. Tin oxide films synthesized at the tempera-
ture 400 °C on the 2nd stage of the annealing proce-
dure exhibited a polycrystalline structure containing 
both stoichiometric (SnO, SnO2) and nonstoichio-
metric (Sn2O3, Sn3O4 ) phases. X-ray diffraction pat-
terns of these films showed predominant reflections 
corresponding to the SnO2 phase. The most intense 
peaks near 26.6°, 33.9° and 51.8° can be assigned to 
the X-ray reflections from the (110), (101) and (211) 
planes of the SnO2 tetragonal rutile structure, re-
spectively. The peaks observed around 29.9°, 33.3°, 
50.7° and 57.4° correspond to the reflections from 
the (101), (110), (112) and (211) planes of the te-
tragonal structure of tin monoxide SnO, suggesting 
incomplete oxidation of tin films annealed at 400 °C. 
Increasing of the annealing temperature to 450 °C 
leads to the formation of tin oxide films with pre-
vailing of SnO2 tetragonal rutile structure. However, 
broadening of the peaks near 26.6°, 33.9° and 51.8° 
related to the X-ray reflections from (110), (101) 
and (211) planes of this structure indicates the for-
mation of more disordered crystalline structure.

The sizes of SnO2 crystallites for films annealed 
at 400 and 450 °C were estimated from the full-
width at half-maximum (FWHM) intensity of the 
observed peaks using the Debye–Scherrer equation 
in the form [35]:

D = Kλ/βcosθ,					     (3)

where K is the shape factor which is usually equal 
to 0.89; λ is the radiation wavelength of CuKα equal 
to 0.154178 nm; θ is the Bragg diffraction angle;  
β is the full-width at half maximum (FWHM) of dif-
fraction peak. It was found that crystallites sizes for 
films annealed at 400 °C are ranging from 10.4 to 
13.6 nm, approximately twice the size of crystallites 
in films annealed at 450 °C (5.6–6.9 nm).

Thus, XRD analysis demonstrated that increas-
ing of the temperature on the 2nd stage of the anneal-
ing procedure leads to the essential change of the 
crystalline structure of the synthesized samples. By 
means of variation of this technological parameter we 
can fabricate both amorphous and polycrystalline tin 
oxide films. Moreover, content of SnO, SnO2, Sn2O3 
and Sn3O4 phase and crystallites size can be tuned as 
well by adjusting the 2nd stage annealing temperature.

Strong influence of the annealing tempera-
ture on the structural properties of the synthesized 
tin oxide films is confirmed by the Raman spectra 
of the samples shown in Figure 2. Raman spectra 

of films prepared during the 2nd annealing stage at 
350 °C showed no characteristic peaks associated 
with the vibrational modes of either stoichiometric 
(SnO, SnO2) or non-stoichiometric (Sn2O3, Sn3O4) 
crystalline tin oxide phases. Only two broad bands 
are observed in the Raman spectra of these samples.  
It is possible to distinguish only some low-intensive 
lines, for example, near 76, 172 and 470 cm−1 (re-
lated to the pairs of Ag and Bg vibrational modes  
of Sn3O4), near 204 cm−1 (related to the A1g vibra-
tional mode of SnO), near 299 cm−1 (related to the vi-
brational modes of Sn2O3) [16, 34, 36, 37]. For films 
obtained at temperatures of 400 and 450 °C at the 2nd 
stage of annealing, the Raman spectra exhibit charac-
teristic lines of stoichiometric phases SnO (near 204 
and 350 cm−1) and SnO2 (near 630 cm−1), as well as the 
non-stoichiometric phases Sn2O3 (near 76, 299 and 
470 cm−1) and Sn3O4 (near 172 and 700 cm−1) [37]. 
These features of Raman spectra correlate with the 
XRD patterns typical for amorphous and polycrystal-
line structures, confirming significant structural dis-
order of these samples.

It was found that the temperature of the 2nd stage 
annealing procedure of the samples affected not only 
their structural but also the electrical properties. The 
measurements of electrical conductivity σ demon-
strated that the highest value σ ≈ 28.5 S/m is inherent 
to the amorphous tin oxide films. This fact can be ex-
plained by high mobility of charge carriers μ due to 
the overlap of spherically symmetric 5s orbitals of Sn 
atoms [15] and by high concentration of oxygen va-
cancies [18], which form donor energy levels in the 
forbidden band of SnO2 phase, the most electrically 
conductive phase of the samples. The lowest value of 
σ, equal to 2.1 S/m, observed for films synthesized 
at 450 °C is associated with the low concentration 
of oxygen vacancies due to more effective oxidation 
processes at high temperatures. Structural analysis 
further confirms that these polycrystalline films are 
characterized by small crystallite sizes, which en-
hances electron scattering at grain boundaries.

It should be noted that all types of the samples 
are characterized by n-type of electrical conductivity 
as indicated by the negative sign of the Seebeck coef-
ficient measurements. Polycrystalline films annealed 
at 400 and 450 °C during the 2nd annealing stage ex-
hibit higher Seebeck coefficients (S = –156 μV/K and 
–160 μV/K, respectively) compared to the most con-
ductive sample annealed at 350 °C (S = –90 μV/K).

Temperature dependences of the electrical con-
ductivity of all 3 types of the films are shown in Fig-
ure 3 in the scale σ(1/T). As one can see in Figure 3, 
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in spite of the differences in the values of specific 
electrical conductivity σ of the samples synthesized 
at different temperatures at the 2nd stage of the an-
nealing procedure, the temperature dependences of 
the electrical conductivity of all films can be approx-
imated using the same standard equation that takes 
into account the presence of two donor levels in the 
band gap of films [38, 39]:

where A and B are temperature independent pa-
rameters; kB is Boltzmann constant, ε1 and ε2 are  
the energy of activation of electrons from the donor 
levels.

Table below lists the key electrical and thermo-
electrical parameters of the tin oxide films: specific 
electrical conductivity (σ), Seebeck coefficient (S), 
activation energies (ε1 and ε2), and power factor (PF). 
Activation energies ε1 and ε2 in our samples can be re-
lated to the donor impurity levels formed by oxygen 
vacancies in two different charge states in SnO2 [40]. 
Based on the analysis of the σ(T) dependences of tin 
oxide films, we can conclude that the primary mecha-
nism of electrical conductivity in both amorphous and 
polycrystalline samples within the temperature range 
of approximately 80–300 K is the thermal activation of 
electrons from impurity levels. These levels can be as-
sociated with oxygen vacancies in two different charge 
states within the SnO2 structure.
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Figure 2 – Raman spectra of the tin oxide films deposited by magnetron sputtering of tin onto glass substrates in an 
argon atmosphere, followed by two-stage annealing in air: at 200 °C for 2 hours (1st stage) and at 350 °C (1), 400 °C (2) 
or 450 °C (3) for 1 hour (2nd stage) 
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It is known that for crystalline semiconduc-
tors with activation type of σ(T ) dependence the 
relationship between the Seebeck coefficient S and 
the position of the Fermi level EF in the forbidden 
band is described by the Pisarenko’s formula [28, 
41, 42]:

where kB is the Boltzmann constant; е is the elemen-
tary charge; η = EF  /kBT is the reduced Fermi ener-

gy. For crystalline semiconductors with a dominant 
mechanism of electron scattering on acoustic pho-
nons, the parameter r = −1/2.

The Fermi level position calculated using Eq. 
(5) with r = −1/2 was found to be inconsistent with 
the measured temperature dependence of electrical 
conductivity σ(T) for our multiphase films. For ex-
ample, for a film annealed at 350 °C, the Fermi level 
should be located above the bottom of the conduc-
tion band according to Eq. (5). The best correlation 
between the results of measurements of the σ(T)  
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Figure 3 – Temperature dependences of the electrical conductivity in the scale σ(1/T) of the tin oxide films deposited  
by magnetron sputtering of tin onto glass substrates in an argon atmosphere, followed by two-stage annealing in air:  
at 200 °C for 2 hours at the 1st stage and at 350 (1), 400 (2) or 450 °C (3) for 1 hour at the 2nd stage. Solid lines are the 
results of the approximation of the experimental data by Eq. (4)

Table

Values of specific electrical conductivity σ, Seebeck coefficient S, activation energies ε1 and ε2 and power factor 
PF of the tin oxide films deposited on glass substrates by magnetron sputtering of tin in argon atmosphere with 
the following annealing in air at 200 °C for 2 hours at the 1st stage and at Ta2 = 350, 400 and 450 °C for 1 hour at 
the 2nd stage

Ta2,°C Crystalline structure σ, S/m S, μV/K ε1, meV ε2, meV PF, mW/m∙K2

350 Amorphous 28.5 –90 4.7 34.6 2.31·10−4

400 Polycrystalline 11.5 –156 30.3 84.6 2.80·10−4

450 Polycrystalline 2.1 –163 39.9 97.2 5.6·10−5
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dependences and the Seebeck coefficient was 
achieved with parameter values r < −2.

The calculated values of the Fermi level posi-
tion in the band gap of our samples were found to 
be equal to −13.6, −32.7 and −34.8 meV in the case 
of parameter r = −2 and Seebeck coefficient S (mea-
sured at temperature T ≈ 300 K) equal to −90, −156 
and −163 μV/K for the tin oxides films annealed at 
350, 400 and 450 °С, respectively. These Fermi level 
positions determined within the band gap of our sam-
ples show good agreement with the results obtained 
from electrical conductivity measurements. We as-
sume that parameter r in Eq. (5), for amorphous and 
polycrystalline tin oxide multiphase samples with 
prevailing of SnO2 phase, may differ from that of 
crystalline tin dioxide films due to additional charge 
and heat scattering mechanisms beyond acoustic 
phonons scattering.

Conclusion

The possibility of synthesis of disordered tin 
oxide films with amorphous and polycrystalline 
structure characterized by various values of elec-
trical conductivity σ and Seebeck coefficient S by 
changing the annealing temperature during fabrica-
tion procedure was demonstrated.

Activation of electrons from impurity levels as-
sociated to the oxygen vacancies in different charge 
states in the band gap of tin oxide films was proposed 
as main charge transport mechanism both in amor-
phous and in polycrystalline samples. The activation 
energy of electrons from these impurity levels was 
estimated. It was demonstrated that for all types of 
the samples, the Pisarenko’s formula can be applied 
to evaluate the relationship between the Seebeck 
coefficient S and the position of the Fermi level EF  
if the parameter r < –2.

These results can contribute to the develop-
ment of thermoelectricity theory in disordered and 
heterogeneous materials, as well as to the design of 
thermoelectric energy converters utilizing disordered 
semiconductors.
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