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Nanoscaled In2O3:Sn films as material for thermoelectric conversion:
achievements and limitations
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Abstract. In this paper, thermoelectric properties of nanoscaled In2O3:Sn films are considered. The limitations
that may appear during the usage of such materials in devices developed for the market of thermoelectric genera-
tors and refrigerators are also analysed. It is shown that nanoscaled In2O3:Sn is a promising material for thermo-
electric applications. It is also established that insufficient thermal stability of nanostructured materials is the
main limitation of these materials application in high-temperature thermoelectric converters. Optimization of grain
boundary parameters and the usage of specific surrounding atmosphere can significantly improve the efficiency of
thermoelectric conversion of nanostructured materials in the region of intermediate temperatures.
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1. Introduction

There is a huge amount of waste heat such as heat from the
cars, different technological processes and humankind activ-
ities, which can be converted into useful energy, helping to
increase the production efficiency and improve living con-
ditions [1]. Therefore, the development of different types
of energy conversion technologies, including thermoelec-
tric energy conversion, is currently one of the most pursued
directions of research. The main objective of this research
was to improve the efficiency of thermoelectric conversion.
Search and study of new n-type metal oxides, suitable for
thermoelectric converters, is considered as a promising way
to improve the efficiency of thermoelectric conversion [2–6].
As it is known, the conversion efficiency is usually expressed
through the dimensionless factor of merit ZT, which is
linearly dependent on the temperature:

ZT = α2 · σ · T/κ = PF · T/κ, (1)

where α is the Seebeck coefficient; σ the conductivity; κ the
coefficient of thermal conductivity; T the absolute tempera-
ture and PF is a power factor, electric component of thermo-
electric conversion efficiency. This means that an increase
in operating temperature is the easiest method to increase
ZT. As compared with conventional thermoelectric materi-
als, such as PbTe, Bi2Te3, etc., metal oxides have conside-
rably better chemical and thermal stabilities, and therefore
they are able to operate at temperatures above 1000◦C. In
addition, the increase in the operating temperature is accom-
panied by increase in electroconductivity and decrease in
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thermal conductivity of metal oxides [7–9]. These changes
should lead to a further increase in ZT. However, experi-
ments have shown that devices based on n-type conductive
metal oxides prepared using high temperature sintering, had
low efficiency of thermoelectric conversion [4,6–11], which
made their utilization in thermoelectric generators, econom-
ically unprofitable. It should be noted that the search of
new metal oxides of p-type conductivity, which are also in
demand for thermoelectric module production, is less rel-
evant, since such materials with the required value of ZT
(ZT ∼ 1) are already found [5,6]. For example, NaCoO2 at
800 K has a ZT value of ∼1.2 [12]. Materials with a ZT
value exceeding 1 are, in general, considered as acceptable
for thermoelectric applications.

Experimental studies [3,8] and theoretical calculations
[13–16] showed that there is another fundamental possibility
to increase ZT. This possibility is associated with utilization
of nanostructured materials with a characteristic size of the
order of a few nanometers.

It was established that because of using the low-
dimensional materials, the increase in ZT may come through
a combination of two mechanisms: (1) a reduction in the lat-
tice thermal conductivity due to the scattering [14], or the
refraction [15] of phonons at the physical boundaries of the
nanoscale structure, and (2) an increase in the power factor
PF, or at least the avoidance of a decrease in power factor
with the decrease in κ , through size quantization in the
structures with lower dimensionality (1D and 2D structures)
or through energy filtering of the electrons involved in the
charge transport [13,16].

Based on this, there is a task of both reviewing the effec-
tiveness of this approach in relation to the n-type metal
oxides, and evaluating limitations which may appear while
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using nanoscaled materials in thermoelectric applications. In
the present study, this problem has been solved in relation
to nanoscaled In2O3:Sn films. For these purposes, specifics
of the electrical and thermoelectric properties of In2O3:Sn
films have been studied. According to refs [17,18], In2O3:Sn
is among the most promising n-type metal oxides for
thermoelectric applications. Doping with tin, which is a
donor to In2O3, provides necessary increase in the conductivity
of the films.

2. Experimental

ITO film deposition on polished alumina and silicon sub-
strates was performed by spray pyrolysis method [19]. For
this purpose, a mixture of 0.2 M water solution of InCl3 and
SnCl4·5H2O was used for deposition of thin films with dif-
ferent thicknesses (in the range of 100–400 nm) and Sn/In
ratios at pyrolysis temperature of 350–520◦C.

X-ray diffraction (XRD), scanning electron microscopy
(SEM) and atomic force microscopy (AFM) were used for
structural characterization of deposited films. XRD analy-
sis was carried out by a Siemens D5000 diffractometer and
Rigaku Rotaflex X-ray diffractometer with a rotating anode
source, working with CuKα. For structural characterization,
we used θ /2θ mode of measurements. The size of crystal-
lites forming the film was evaluated by Scherrer’s formula.
For SEM measurements, we used the scanning electronic
microscopes Jeol JSM840, Philips XL30 and Stereoscan
JS360 Cambridge Instruments with structural resolution of
∼3–4 nm. AFM images were obtained using multimode
scanning probe microscope with Nanoscope IIIa Controller
of Digital Instruments. These measurements have been car-
ried out in contact scanning mode using an AS-0.5 scanner
(scan rate 2 Hz; resolution 2–3 nm).

Thermoelectric properties, i.e., the conductivity and the
Seebeck coefficient, were studied over a temperature range
of 20–450◦C. Measurements were conducted in the condi-
tions of linear temperature gradient �T /�x along one axis
and in the mode of slow heating (∼10◦C min−1). Two ther-
mocouples in the vicinity of the each electrode were used
for the measurement of sample temperatures and their differ-
ence, �T between electrodes. An accuracy of �T /�x mea-
suring was better than 5%. Temperature difference did not
exceed 20◦C in the whole temperature range. Electrodes of
silver paste were applied to the samples with deposited films
on alumina substrate (dimensions of 10 × 4 × 0.5 mm).
All experimental samples were annealed for stabilization of
film’s parameters at Tan = 550◦C for 0.5 h.

3. Results and discussion

Studies showed that nanostructured In2O3:Sn films
(d ∼ 90 nm) with a grain size of 25–30 nm had much higher
efficiency of thermoelectric conversion (figure 1a) in com-
parison with In2O3 prepared using conventional approach
based on synthesis and high temperature sintering. If the

best In2O3:Sn samples densified during high-temperature
annealing at T = 1000–1500◦C and having a crystallite size
of tens of micrometers had a power factor of 0.4–0.5 mW
m−1K−2 [7,10,11], then our nanoscaled In2O3:Sn films had
PF reaching 4–5 mW m−1K−2. At the moment, this is the
best result obtained for the n-type metal oxides designed for
thermoelectric applications (figure 1b). This demonstrates
that nanoscale metal oxides are promising materials for
thermoelectric convertors, because observed increase in the
efficiency of converting heat into electricity makes the use
of thermoelectric generators cost-effective.

The analysis of the In2O3:Sn films properties showed that
such values of PF cannot be explained by specific electro-
physical parameters of the films studied, since the electrical
conductivity of the In2O3:Sn films did not exceed the value
usually observed for In2O3-doped with different impurities
(figure 2).

A more detailed examination of the reasons of such
behaviour of thermoelectric properties of the In2O3:Sn films
led to the conclusion that the increase in the efficiency
of thermoelectric conversion occurred due to nanoscaled
structure of the films studied. Research results reported in
refs [3,16] and our calculations for In2O3:Sn with opti-
mal doping [20] showed that a so-called filtering effect was
possible in such nanoscaled structures and at a certain ratio of

Figure 1. (a) 1, 2—In2O3:Sn deposited by spray pyrolysis: 1—
Tpyr = 350◦C; 2—Tpyr = 450◦C; 3—In2O3:Sn prepared using solid
reaction route and then sintered (Tsint = 1400◦C, t = 48 h, air) [10];
(b) In2O3:Me samples were prepared using standard solid reaction
route and then sintered: 1—In2O3:Ti (Tsint = 1400◦C, t = 48 h,
air) [10]; 2—In2O3:Ge (Tsint = 1300◦C, t = 48 h in air) [11]; 3—
In2O3:Ce (Tsint = 973 K for t = 2 h) [7]; 4—In2O3:Zr (Tsint =
1400◦C, t = 48 h, air) [10].
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the Fermi level and band bending, Ub, this effect could give
the rise in power factor to more than five times. The calcu-
lations and their results are shown in figure 3. They indicate
that this growth in the PF can be achieved in semiconduc-
tors of n-type conductivity if the band bends upwards and the
height of potential barrier, Ub exceeds only on a few kT at the
position of the Fermi level in the conduction band. Band dia-
grams showing the change in current transport mechanism
on changing Ub are shown in the same figure. We believe
that the formation of the surface depletion region or space
charge region (SCR) in the In2O3:Sn grains is a result of
combined action of the following two factors. The first one is
the segregation of the tin atoms in the surface layer, which is
accompanied by the accumulation of charged defects in the
structurally distorted surface region, and the second one is
oxygen chemisorption on the surface of the In2O3:Sn grains,

Figure 2. 1—In2O3:Sn deposited by spray pyrolysis (Tpyr =
350◦C); 2, 3—In2O3:Sn and In2O3:Ti prepared using solid reac-
tion route and then sintered (Tsint = 1400◦C, t = 48 h, air)
[10]; 4—In2O3:Ge samples were sintered in air at Tsint = 1300◦C
(t = 48 h) [11].

which is accompanied by the capture of electrons from the
conduction band. According to our estimates, the filtering
effect starts affecting the thermoelectric properties when the
crystallite size becomes smaller than 50–70 nm, and this
influence increases with decrease in the grain size.

The important role of the crystallite size in thermoelec-
tric effects is confirmed by the fact that the increase in
the pyrolysis temperature up to 450◦C, which was accom-
panied by an increase in the crystallite size to 40–50
nm, resulted in a decrease in PF to 1.0–1.5 mW m−1K−2

(figure 1a, curve 2). The increase in the power factor with
the grain size decreasing was also observed by Lan et al
[8]. The grain size decrease from 600 to 50 nm in the
In1.92(ZnCe)0.08O3 samples was accompanied by an increase
in PF from 0.45 to 0.8 mW m−1K−2. Importantly, the reduc-
tion in the grain size also helped to reduce the thermal
conductivity of In1.92(ZnCe)0.08O3 samples [8], another
parameter whose reduction is required to increase ZT.

Our studies also showed that the real use of nanostructured
films in thermoelectric generators and refrigerators might be
accompanied by difficulties that could lead to limitations in
their use. First of all, it concerns the stability of nanoscaled
film’s parameters. As it was mentioned before, to increase
the efficiency of thermoelectric conversion, it is necessary
to operate at high temperatures up to 1000◦C and more.
This means that the parameters of thermoelectric materi-
als designed for use in such devices must be stable for a
long time even at extremely high temperatures. Our study,
however, showed that nanoscaled In2O3:Sn films did not pos-
sess such stability. Despite the fact that the addition of tin
inhibits the growth of the In2O3 crystallites during high-
temperature annealing [21], our studies showed that long-
term exposure of the In2O3:Sn films already at 700◦C led
to a noticeable decrease in PF. The results of these tests are
shown in figure 4.

Analysis of possible reasons for power factor decrease
during long-term thermal annealing of the In2O3:Sn films
revealed that these changes could be so big due to an increase

Figure 3. Modelled power factor of ITO as function of potential barriers at the intergrain interface at
various temperatures (1—T = 100◦C, 2—300◦C, 3—500◦C). Fermi level position EF = 0.35 eV.
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in the crystallites size caused by their coalescence. The effect
of annealing on the crystallite size in the In2O3 films is shown
in figure 5. It is seen that significant changes in the crystallite
size are observed after annealing already at T = 500–600◦C.
With increase in the film thickness, these changes increase.
This is an important result because the increase of the ther-
moelectric generator power will require significant increase
in the thickness of the metal oxides used in these devices.
In the nanocrystalline In2O3 pellets from the powder syn-
thesized by sol–gel method, the process of solid state sintering
(densification) starts in the same temperature range [21].
According to ref. [21], the grain size in the In2O3 pellets prepared
from synthesized powders increased from 25 to 180 nm, when
the annealing temperature increased from 600 to 1000◦C.

Numerous studies have shown that the stability of the pro-
perties of polycrystalline materials depends on the crystallite
size. The larger the grain size is, the higher is the temperature
at which the transformation of the structural properties of

Figure 4. Instability of the power factor measured for In2O3:Sn
(5% Sn) during thermal treatment in air at Tan = 700◦C. In2O3:Sn
films were deposited at Tpyr = 350◦C.

the materials begins. In this regard, it is quite obvious that
when working with nanoscaled materials, it will be neces-
sary to make a choice, either to increase the crystallite size
to improve the stability at high temperature or to reduce the
operating temperature. Only future study will show which
approach is more effective.

Generally, an improvement in the structural stability of the
metal oxide is being solved by introducing a second compo-
nent in the metal oxide, which is due to segregation at the
surface of the crystallites that prevents interaction between
crystallites and their coalescence. However, the experiment
showed that the introduction of the second component can-
not completely prevent the growth of crystallites during high
temperature annealing. Doping only reduces the possible
structural changes in metal oxides.

Furthermore, the range of impurities which may be used
in thermoelectric materials is very limited. First, these impu-
rities must be donor or isoelectronic, i.e., electrically inac-
tive. Second, the second metal oxide phase, which is formed
during doping by these impurities, must be highly conduc-
tive. Third, the oxides formed by these elements must have a
high melting temperature and these doping impurities should
not form liquid phases due to eutectic reactions. Otherwise,
the introduction of these elements will be accompanied by
strong decrease in the conductivity or will stimulate struc-
tural changes in the film during the heat treatment. According
to the available experimental results, the impurities that are
contraindicated for use in thermoelectric In2O3 include Mg,
Nb, Y, Mn, Si, Al, Lu and Fe.

In addition, the effect of crystallite size stabilization is
usually observed at concentrations exceeding the solubility
limit of these additives in the main metal oxide. Unfortuna-
tely, these concentrations are unacceptable for thermoelectric
materials, since at these concentrations, there is an increase
in resistance due to the increase in the concentration of
structural defects [22] and a decrease in electron mobility.

Another factor that must be considered when choosing
additives is the impact of these additions on the height of

Figure 5. Dependences illustrating the influence of annealing on the average crys-
tallite size in the In2O3 films deposited by spray pyrolysis at T = 520◦C, and AFM
images of these films after deposition and after annealing at 1100◦C: 1—d ∼ 50 nm,
2—d ∼ 200 nm.
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Figure 6. Experimental values of power factor as a function of
temperature for (1) In2O3:Sn (5%) and (2) In2O3:Ge (5%) films.
In2O3:Sn (5%) were deposited at Tpyr = 350◦C. In2O3:Ge samples
were prepared using standard solid reaction route (Tsint = 1300◦C,
t = 48 h in air) [12].

the potential barrier at the interface between crystallites. As
shown earlier, exactly this parameter determines how effec-
tively the filtration effect influences power factor. It seems
that the In2O3 doping with tin allows the implementing
of optimal parameters of the intergrain interface, providing
maximum optimizing influence of the filtration effect on the
power factor. The behaviour of the interface of crystallites
after introduction of new additives is not known.

In the nanoscaled materials, it is also necessary to take
into account the height of the potential barrier at the inter-
grain interface, which controls the conductivity of the film,
depends on the concentrations of oxygen and water chemi-
sorbed on the surface of the crystallites. As is known, the
concentration of oxygen and water chemisorbed on the metal
oxide surface is controlled by the surface processes and is
dependent on both temperature and surrounding atmosphere
including air humidity [23,24]. As a result, power factor of
nanoscaled materials can have fundamentally different tem-
perature dependences compared to sintered materials, where
the influence of the surface effects on the value of PF is mini-
mized (figure 6). Unlike a monotonic increase in power fac-
tor with increasing temperature observed for the sintered
In2O3 films (figure 6, curve 2) [4,11], for nanoscaled In2O3

films, the appearance of a maximum at T ∼ 250◦C is obser-
ved in PF = f (T ) dependences (figure 6, curve 1). This
means that when using the nanoscaled materials, there are
additional factors that require control. On the other hand,
in this case, there are additional opportunities to influence
the efficiency of thermoelectric conversion. In particular,
through changes in temperature and the surrounding atmo-
sphere, we see the possibility to influence the height of the
potential barrier between the crystallites and thereby achieve
maximum impact of the filtration effect on the thermoelec-
tric conversion. For example, according to refs [23,24], at
∼250◦C temperature, a maximum power factor is observed,
which corresponds to the temperatures at which desorption

of water from the surface of In2O3 and a slight decrease
in Ub take place. Considering the strong optimizing influ-
ence of filtration effect on the efficiency of thermoelec-
tric conversion (figure 3), one can suggest that by control-
ling the surface state of the In2O3 crystallites, values of PF
and ZT, acceptable for practical use, may be achieved at
temperatures which are significantly below 1000◦C. This will
allow exploiting nanoscaled materials in thermoelectric con-
vertors without the threat of degradation of their structural
and electrophysical properties. It should be noted that the
achievement of acceptable values of PF and ZT at decreased
temperature gradient significantly reduces the requirements
for materials and designs used in thermoelectric genera-
tors and greatly expands opportunities for their applications.
Typically, thermal sources have a temperature, not exceeding
500–600◦C.

4. Conclusions

The studies have shown that the use of nanoscaled In2O3:Sn
films for thermoelectric conversion is promising direction.
However, for successful commercial application of these
materials, it is necessary to solve the problems associ-
ated with improving either stability of nanoscaled material’s
parameters at high temperatures or efficiency of thermoelec-
tric conversion at intermediate temperatures. This means that
it is necessary either to find impurities, which could stabi-
lize the structure of nanoscaled materials, while maintaining
their thermoelectric characteristics, or to create conditions to
ensure maximum influence of the filtering effect on the effi-
ciency of thermoelectric conversion. Taking into account that
the chemisorption mechanism controls the formation of a
potential barrier on the surface of metal oxides in the temper-
ature range of 200–550◦C, it is clear that the band-structure
engineering becomes of particular importance for thermo-
electric materials designed to operate at higher temperatures.
In this context, clarification of the role of ‘segregation mech-
anism’ in the formation of a potential barrier on the surface of
metal oxides at high temperatures is of considerable interest.
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