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1t is shown that nanoscaled oxide In,0;:Sn is a promising material for thermoelectric applications. Thin
films prepared by spray pyrolysis due to their specific grain structure demonstrate the enlarged values of
thermo-power and ultra-low thermal conductivity at temperature range 600—700 K. These two factors pro-
vide a considerable increase of power factor and figure of merit of thermal conversion in comparison with
ordinary n-type semiconducting metal oxides. We have developed numerical models describing electron fil-
tering effect and reduced thermal conductivity in such films.
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Search of new n-type metal oxides, suitable for thermoelectric converters, is considered as a promising
way to improve the efficiency of thermoelectric conversion. The conversion efficiency is usually expressed
through the dimensionless factor of merit Z7, which is linearly dependent on the temperature:

ZT =S’ T/x = PF Tk, (1)
where S, 0, x and T are the Seebeck coefficient or thermopower, electrical conductivity, thermal conductivi-
ty, absolute temperature and PF is a power factor. So far studies of bulk indium tin oxide revealed low val-
ues of PF and ZT primarily because of high electron concentration » and therefore due to the low values of
thermopower S. This issue is in agreement with well-known general trend for S(n)~ n>” in degenerated sem-
iconductors when 1 exceeds values ~10*° cm™. A filtering of low energy electrons is one way to overcome
this circumstance and to increase the thermopower without any significant reducing of electrical
conductivity. Nanoscale structure of ITO allows achieving this under certain conditions of the film growth.
Furthermore, such structure leads to considerable decrease of thermal conductivity. Both a nature of
aforementioned effects providing the significant improving of thermoelectric parameters in nanoscale ITO
and their simulation are the aim of present report.

Our previous study [1] of In,O3:Sn films obtained by spray pyrolysis method for deposition tempera-
ture ~623 K and Sn content near 5 at.% with a growth rate ~0.5 nm/s showed abnormally high values of See-
beck coefficient and PF (4.5 mW-m'-K?) at operation temperature 600—700 K that by a factor of 4—S5
higher that in conventionally prepared ITO. Careful examination [1] of grain structure and morphology al-
lows to establish a cubic-like shape of the grains with (100) surface faceting and average grain size no more
than 20 nm. Combined XPS and Hall measurements confirm our hypothesis on specific Sn atoms segrega-
tion onto the (100) surface and upward band bending at the surface vicinity. DFT calculations of ITO (100)
surface confirm such Sn behavior. The physical reason of Sn segregation is in the decrease of surface tension
for this plane having own dipole moment and a gain in total crystallite energy. Next accompanying effect
consists in atomic oxygen chemisorption on such surface and it negative charging by electron capture from
conduction band. This ionosorbed charge is very stable at elevated temperatures (600—700 K). All this fac-
tors result in appearance of potential barrier at the intergrain boundaries. Barrier height Uy turns out to be
optimal for the filtration of electrons with low energies. Our simulation within modified filtering model [2]
based on the model of differential conductivity gives Us around 0.4 eV that exceeds the Fermi level position
by ~0.05—0.07 eV. The consideration included several mechanisms of electron scattering. The ionized im-
purity and polar optical phonons are mainly affected on electron scattering and are the mostly contributed to
electron relaxation time. A spatial criterion of modified filtering model applicability was established. This
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means existence of high limit for a distance between potential barriers or in other words a grain size when
the filtering effect does work. Above this limit the S and ¢ are approaching to their bulk values. On the basis
of experimental data the temperature dependence of effective intergrain potential barrier was calculated with-
in the filtering model. The value Us has a maximum near 650 K that indicates atomic nature of chemisorbed
oxygen.

Our recent efforts were directed on experimental elucidation of thermal conductivity of such films and
mechanisms responsible for low values of k. A series of thermal conductivity experiments of samples depo-
sited on silicon substrate were performed [3] using the laser flash method (Netzsch LFA) in conventional
cross-plane configuration. The measurements gave x = 0.84 + 0.12 W-m "-K ™' at room temperature that is
below the amorphous limit for ITO. This value is approximately by one order of magnitude lower than that
in bulk ITO. The simulation of phonon and electronic transport was done employing Boltzmann transport
equation approach and modified filtering model. Total phonon relaxation time was calculated taking into ac-
count a three-phonon Umklapp scattering and phonon scattering on grain boundaries. The calculation of
phonon part of x included consideration of 2D and 3D cases of phonon density of states. Using effective me-
dium approximation we have estimated the effect of the film porosity. Evaluation of porosity from refractive
index measurements yield values in the range 20—35%, depending on the film thickness. Optimal intergrain
barriers decrease the electronic part of thermal conductivity by a factor of 5—6 in comparison with bulk
ITO. However, even with all these features calculation gives a value of thermal conductivity by 30% more
than in the experiment. The lower values of experimental x can be attributed to irregularity and scattering in
size, shape and orientation of grains, resulting in possible trapping of phonon modes in grain segments. This
effect is similar to phonon modes trapping in segmented and cross-section modulated nanowires, leading to
the drastic reduction of phonon thermal conductivity.

The important part of the research is concerned with thermal stability of PF. The temperature stability
tests (up to 973 K) were carried out and showed some degradation of PF (~30%) from the initial values [4].
However the structure control did not reveal any fundamental morphology changes. Apparently the cause of
PF decrease is related to diffusion of some Sn atoms from the surface worsening the filtering effect.

Based on experimental values of PF and x at 7 ~ 573 K obtained in thermal stability tests we can
roughly estimate ZT ~ 1.9 for optimally doped and grown ITO films. This result shows that ITO films with
optimal nanogranular structure may be very prospective for thermoelectric applications.
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I[HoBblIeHHBbIE 3HAYEHUS] TEPMOIIEKTPUUYECKOT0 (PaKTOPa JOOPOTHOCTH B HAHOPA3MEPHBIX MJIEHKAX
ITO: 3xcniepuMeHT ¥ MOJIeJIMPOBAHUE

Ioxazano, umo Hanopazmepuwiti okcud Ha ochnoge Iny,03:Sn sensiemcs nepcnekmugHvlM Osi MepMo-
anekmpuyeckux npumenenutl. B memnepamyprnom ouanazone 600—700 K moukue nienxu, noayuyennvle me-
MOOOM CHpel-RUPOU3A, OEMOHCIPUPYIOM YEETUUEHHbIe 3HAUEHUS MEPMO-30C U YIbMPAHUSKUE BETIUYUHDL
MEeNnIONPO8OOHOCMU BCIeOCEUE UX CREYUDUUHOL CIMPYKMYpbl HaHO3epeH. Dmu 08a haxmopa obecneuusa-
10M 3HAYUMENbHBIL POCH KOIPhuyueHma MowHOCmY U 00OPOMHOCU MEPMONPe0dPA306AHUS NO CPAGHE-
HUIO € 00bIYHBIMU ROTYNPOBOOHUKOBLIMU OKCUOAMU N-mund. Pazpabomanvl uucienHvle MoOenu, Onucbleaioujue
Punempayuonnvlil 2ghghexm 3MEKMPOHOE U NOHUNCEHHYIO MEPMUHECKVIO NPOBOOUMOCb 8 MAKUX NIEHKAX.

Kniouoei cnosa: nanopasmepnwiti ITO, mepmosnexmpuueckue napamempsvi, QuibmpayuoHuvii s¢ggexm,
xemocopoyus.
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