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FABRICATION OF NANOSIZE FILMS
ON THE BASE OF SCUTTERUDITE CoSb,
FOR THERMOELECTRIC DEVICES

The work is concerned with ascertainment of the regularities for thermostimulated
formation of the phase composition and structure of CoSb,-scutterudite-based films
deposited by the vacuum condensation method as well as the effect of the nanoscale
factor on their thermoelectric properties. The influence of the substrate temperature
and physical-technological parameters of heat treatment (temperature, duration,
environment) on the phase composition, structure, mechanical-stress level, and
thermoelectric properties of the CoSb, (30 nm) (1.8 < x < 4.2) (65-81 at.% Sb) films
is studied. As determined, the change in the substrate temperature during the
deposition of nanoscale Co—Sb films in the concentration range of 65—-81 at.% Sb
allows regulating the structural state. During the deposition on substrates at a room
temperature, an X-ray amorphous state with an extended region for existence of the
CoSb,-type phase at 75—80 at.% Sb after crystallization and further heating is
formed. When the substrate temperature increases up to 200 °C, a crystalline state
forms, and regularities of phase composition formation in Co—Sb films are charac-
terized by a sequence, which is analogous to the phase equilibrium diagram for the
bulk state of the Co—Sb system with the CoSb,-type phase formation at 75 at.% Sb.
As found, films based on CoSb, are thermally stable up to =300 °C. Thermal
treatment of Co—Sb films with an Sb concentration of 65-81 at.%, both in vacuum
and under nitrogen, at the temperatures above 300 °C, leads to the occurrence of
phase transformations and a change in the structure according to the schemes:
CoSb, + Sb — CoSb, (at 300 °C), CoSb, — CoSb, + CoSb, (at 400-500 °C), CoSb, —
— CoSb, + CoSb (at 500-600 °C) because Sb atoms get rise in an ability to sublimate
from the X-ray amorphous or crystalline states and cobalt antimonides, CoSb, and
CoSb,, if annealing temperature increases. As determined, the presence of the nano-
scale factor (i.e., the single-phase crystalline structure of CoSb, scutterudite with an
extended area of existence in the film form with increased structural imperfection
due to the sublimation of antimony and reduction in the grain size) causes an
increase in the thermoelectric efficiency coefficient of Co—Sb films in ~8 times as
compared to the bulk material. This has a practical importance when these materials
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are used for providing the autonomous power supply for low-power electronic devices
and creating film coolers in the elemental base of the nanoscale range for computer
equipment and infrared sensors.

Keywords: nanoscale film, heat treatment, CoSb, scutterudite, antimonide, thermo-
electric efficiency coefficient.

Introduction

Energy saving is an important component for the economic development
of countries. Most of the electric power is produced via the thermal machi-
nes with a low efficiency factor (less than 40%). That is more than half
of the energy dissipates as a heat for nothing. That is why the thermo-
electricity based on the Seebeck (direct conversion of thermal energy
into electrical one) and Peltier (reverse thermoelectric cooling) effects is
one of the priority trends in development of science and technology.

The efficiency of conversion of heat into electricity depends on the
properties of a material and defined by the dimensionless value ZT—
thermoelectricity efficiency coefficient proposed by A.F. Ioffe. The ZT
parameter can be calculated with the formula ZT = S?Tc/k, where S is
the Seebeck coefficient, ¢ is an electrical conductivity, T is a temperature,
k =k, + Ek, is a total thermal conductivity coefficient (k, and k&, are
electron and phonon components of thermal conductivity) [1, 2]. Modern
traditional materials (Bi,Te,, PbTe, Pb Sn, Te) possess a relatively low
thermoelectricity efficiency coefficient ZT ~ 0.6 [3, 4].

The problems arising in the search for new more efficient thermo-
electric materials are caused by the fact that such a material must have
simultaneously high electrical conductivity and low thermal conductivity.
These two characteristics commonly accompany each other and their inde-
pendent change remained practically unrealizable for a long time. A new
trend in the search for thermoelectric materials arose in 1995, when
G. Slack proposed a theory called as ‘the concept of Phonon-Glass Elec-
tron-Crystals’. This is a group of special materials that can well conduct
electrical energy (as a crystalline conductor) and poorly conduct thermal
energy (like a glass), such as Me—Sb antimonides and Me—As arsenides,
where Me is Co, Ir, Rh, Ni. Thus, a possibility to increase the energy
factor S2T'c, while decreasing the thermal conductivity &, appears [5].

Currently, the most promising material is a cobalt antimonide CoSb,
(scutterudite). In so doing, one of the ways to increase the thermoelectric
efficiency coefficient of CoSb, scutterudite is associated with application
of nanoscale materials, such as nanofilms. According to theoretical calcu-
lations, the conversion to nanoscale materials makes it possible to in-
crease ZT up to several times due to a decrease in the thermal conductivity
as a result of an increase in phonon scattering by the structural defects—
grain and layer boundaries that can be of nanoscale size [6—8].
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Nowadays, the topical material science problems in the field of
thermoelectricity are as follows. First, it is the creation of new materials,
including nanomaterials with ZT > 1 at high operating temperatures.
Second, it is the establishment of a connection between the phase
composition, structure, properties, functional stability and operational
reliability during the conversion to nanoscale materials to enhance
competitiveness with other methods of generating electricity. In this
case, heat treatment is a key technological operation in the creation of
a new functional material with high thermoelectric properties and
performance characteristics. In addition, there are practically no studies
on the formation of CoSb, scutterudite-based films by the physical
deposition methods.

The goal of the paper is to ascertain the behaviour characteristics
for the processes of thermally stimulated formation of the phase
composition and structure in the 30 nm CoSb, films (1.8 < x < 4.2; Sb
concentration belongs to the range of 65—81 at.% ) obtained by molecular
beam deposition on a SiO, substrate (100 nm)/Si(001).

Experimental Part

The samples for the study were obtained at the Department of Surface
Physics and Interfaces on the MBSI equipment of SGC600 series due to
the cooperation within the framework of international DAAD projects
according to L. Euler programs (ID No. 08/01145 in 2008-2009 and
No. 50744282 in 2010-2011). Measurements of thermoelectric parame-
ters were carried out by our German partner side [9, 10].

The CoSb, (1.8 < x <4.2) (65—81 at.% Sb) films with thickness of
30 nm were obtained by molecular beam deposition under ultrahigh
vacuum (~7-10"° Pa) on the substrates of single-crystal Si(001) with a
100 nm thick layer of SiO, dioxide. An ultrahigh vacuum allowed elimi-
nation of the influence of the polluting atoms of the residual atmosphere
(N,, O,, Ar, etc.) on the phase composition and structure during deposition
and heat treatment of nanoscale films. The presence of SiO, oxide layer
served as a barrier preventing the interdiffusion of the CoSb film with
substrate silicon and silicide formations.

The substrate was rotated in order to reach the uniform deposition.
The main physical and technological parameters, the change of which
allows to obtain films with different phase composition and structure
(crystalline and X-ray amorphous), were as follows: the deposition rate
of elements, the substrate temperature, the medium, the temperature
and the duration of their subsequent annealing. The substrate temperature
(T,) was either room temperature or 200 °C. Antimony (Sb) was precipi-
tated with an effusion (using a Knudsen cell) heated to the temperature
of 470 °C at a constant rate of 0.3 A/s. Cobalt (Co) was vaporized by the
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electron beam method. The change in the chemical composition was
achieved by varying the deposition rate Co in the range of 0.027-
0.049 A/s at a constant deposition rate of Sb. The deposition rate Co
was measured with a vapour flow density sensor.

To calibrate the Sb deposition rate at different temperatures of
substrate and obtain required thickness, the Rutherford backscattering
(RBS) data were used. The film thickness was additionally controlled by
X-ray reflectometry along with quartz resonator. The statistical error
value during measuring the film thickness was +1 nm. After the preci-
pitation, the samples were annealed in a vacuum or in a nitrogen at-
mosphere. Annealing of the samples was carried out on a VUP-5 equip-
ment in a vacuum (~1073 Pa) in the temperature range 100—700 °C with
a holding time of 30 s, 0.5 hour and 1 hour. Annealing in a nitrogen
atmosphere was performed on a high-speed heat treatment unit AST
SHS 10 within the temperature range 300—700 °C during 30 seconds. To
determine the thermal stability of Co—Sb films, the long-time annealing
in a vacuum during 2-5 hours was carried out.

To study the phase composition and structure of the films, we appli-
ed a set of methods of the physical materials science. They are X-ray
diffraction phase analysis, the Debye—Scherrer method with photo-
graphic X-ray registration on the URS-55 equipment (A,,-Co radiation,
exposure time up to 30 hours), survey on the DRON UM-1 diffractometer
(Ag,-Fe radiation), and Rigaku Ultima IV (A, -Cu radiation). The survey
was performed for an angle range 20 € [10-80°] with a step of 0.02° and
a waiting time of 2 s at one point. Measurements of the mechanical
residual stresses in the samples were carried out using X-ray tensometry—
the sin?y method by the diffraction reflex (310) of the CoSb, phase. The
average size of the coherent scattering regions (CSR) was calculated via
the Debye—Scherrer formula. The chemical composition was determined
by the Rutherford backscattering methods with an accuracy of +1 at.%,
using He* ions accelerated by an energy of 1.7 MeV. The layer-by-layer
chemical analysis was performed by the method of mass spectrometry of
secondary neutrals (MSSN) on the Specs INA-X device. Electroconducti-
vity properties were measured by a four-probe method. To study the
morphology of the surface of nanosized films, we used both scanning
electron microscopy (SEM, REMMA-106I) and atomic force microscopy
(AFM, Dimension 3000). Two methods for determining the quantitative
phase composition were used. The first one is the metallographic method
of ‘secants’ using the Image-Pro Plus v.7.0 software based on the results
of analysis of images obtained by the scanning electron microscopy. The
second method is based on A.A. Rusakov’s technique using the ratio of
the intensities of the diffraction maxima on diffractograms for the
films with a two-phase composition.
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Results and Discussions

The CoSb, films (30 nm; 1.8 < x < 4.2; 65-81 at.% of Sb) deposited on
the substrate at room temperature are in the X-ray amorphous state
since it is confirmed by X-ray diffraction analysis data, namely, there
no diffraction maxima on the diffractograms (Fig. 1). The heating of
X-ray amorphous films in the temperature range of ~140-200 °C results
to their crystallization (Fig. 2).

The process of transformation into a crystal state in the CoSb,
(2.6 <x <£4.1) 30 nm films is accompanied with an abrupt (jump) in-
crease in electrical conductivity (Fig. 3, a, b). As established using the
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Fig. 1. X-ray patterns of as-deposited CoSb, . film on substrate at a room tempera-
ture and after heating (hy,-Fe)

Fig. 2. Changing of a lattice parameter a for CoSb, phase after heating of Co—Sb
films up to 200 °C
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Fig. 3. Dependence of electrical resistance of CoSb, , (a) and CoSb,, (b) films on heat-
ing temperature (substrate temperature T, = 20 °C)
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Fig. 4. Influence of Sb content on a crystal-

lization range for Co—Sb films

X-ray structural phase analysis
and resistometry, if the Sb con-
centration increases, the tempe-
rature range of crystallization
of the investigated films shifts
toward higher temperatures and
amounts 140-200 °C (Fig. 4).
Electrophysical properties of
the films depend on their che-
mical and phase compositions.
Phase composition affects a tem-
perature dependence of the re-
sistivity R = f(T). After crystal-
lization from X-ray amorphous

state in CoSb,, film, the dependence R = f(T) has a semiconductor
character with ionic conductivity type (Fig. 3, a). In CoSb, ; film with
an abundant Sb concentration (more than 75 at.%), the temperature
dependence of conductivity has a metallic behaviour (Fig. 3, b).

X-ray structural phase analysis showed that after crystallization of
X-ray amorphous films, a single-phase composition corresponding to

Table 1. Phase composition after heating of X-ray amorphous 30 nm
thick CoSb, (2.4 < x < 4.1; 72—80 at.% Sb) films

Concentration of Sb (cg,) in the film, at.%
T, °C
72 75 78 80
Phase composition of nanosize Co—Sb films after heating
100 X-ray amorphous state
200 CoSb, + CoSb, | CoSb, | CoSb, | CoSb,
Phase composition of Co—Sb in a bulky state after heating
200 CoSb, + CoSb, CoSb, CoSb, + Sb CoSb, + Sb

Table 2. Phase composition of the as-deposited CoSb, 30 nm thick films,

where 1.8 < x < 4.2 (65—81 at.% Sb)

Concentration of Sb (cg,) in the film, at.%
T, °C
65 | 71 | 72 75 76 | 78 | 81
Phase state after as-deposition
20 X-ray amorphous state
200 | CoSb, | CoSb,+ | CoSb,+ CoSb, | CoSb, + Sb | CoSb, + Sb | CoSb, + Sb
+CoSb, | +CoSb,
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Fig. 5. X-ray diffraction (a) and Debye powder (b) patterns for Co—Sb films after
deposition on SiO, (100 nm)/Si(001) substrates at T, = 200 °C (radiation: A, -Cu (a),
Aiop=Co (D))
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Fig.6. A change in a ratio of diffraction reflection intensities as a function of Sb
content: (a) I(210)CoSb/I(310)CoSb, and I(310)CoSb,/I(210)CoSb, in the films
with ¢, <75 at.%, (b) 1(012)Sb/I(310)CoSb, and 1(310)CoSb,/I(012)Sb in the films
with ¢g, > 75 at.%

CoSb, scutterudite was observed in a wide concentration range of 75—
80 at.% Sb. The large values of the lattice parameter a for the CoSb,
phase as compared to those for a bulk state of the material indicate that
atoms of abundant antimony occupy voids in the unite crystal cell
(Fig. 2). These results indicate that region of existence of scutterudite
CoSb, (75—80 at.% Sb) broadens by 5% (Table 1).
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Fig. 8. Dependence of the roughness for
Co—Sb films on the Sb concentration

After deposition on a sub-
strate at a temperature of 200
°C, the CoSb, (1.8 < x < 4.2)
films had a crystal structure
(Fig. 5). The diffraction maxi-
mum intensities for the films
coincide with those values for
the bulky material; this fact
indicates that films are in a
non-textured polycrystalline state.
In the film containing 75 at.%
Sb, the scutterudite CoSb, crys-
tallizes during the deposition.
In the films with Sb concentra-
tion less than 75 at.%, the CoSb,
antimonide is formed additio-
nally to the CoSb;. In the
samples with abundant Sb con-
centration (more than 75 at.%),
two phases appear: CoSb, and
Sb (Fig. 5).

The decrease in the ratio of
the diffraction maximum inten-
sities 1(210)CoSb, /1(310) CoSb,
in the films for a concentration
range cg, € [65 at.%, 75 at.%]
indicates that CoSb, phase in-

crease (Fig. 6, a). While the
change in the ration of the diffraction reflections 7(012)Sb/1(310) CoSb,
in the range 75 at.% <cg, <81 at.% indicates that phase CoSb, decreases
as the Sb concentration increases (Fig. 6, b). This is also in agreement
with results of quantity metallographic analysis of the patterns obtained
via the SEM.

Thus, using the molecular-beam deposition method to vary the tem-
perature, we can obtain X-ray amorphous (at 20 °C) and crystalline (at
200 °C) states. The phase composition formation in the nanosized films
deposited at 200 °C depends on the Sb content and occurs accordingly to
the predictions in the equilibrium phase diagram for the bulky state of
the Co—Sb system (Table 2).

The change in the phase composition of the films results to the change
in the resistivity. The Sb-concentration-dependence of resistivity has a
parabolic behaviour for the films with a maximum at 75 at.% of Sb. The
CoSb, scutterudite is a more high-resistant phase as compared with both
CoSb, and Sb (Fig. 7).
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Fig. 9. The morphology of the surface of 30 nm thick CoSb, (1.8 < x < 4.2; 65—
81 at.% Sb) films after deposition at T, = 200 °C: (above) surface images obtained
by SEM; (in the middle) qualitative model concepts on the phase composition forma-
tion; (below) surface images obtained by AFM
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Fig. 10. Change of RBS spectra of CoSb,, film (78 at.% Sb) after deposition
at T, = 20 °C and annealing in vacuum (a). Concentration of antimony as a
function of annealing temperature (b)

Atomic force microscopy data demonstrate that a surface roughness
of the films has a minimal value of 3—5 nm in the single-phase structures
(Fig. 8). It contributes to the minimization of the resistivity and hence
enhances a thermoelectric efficiency coefficient ZT.

Figure 9 exhibits the surface morphology for 30 nm thick films CoSb,
(1.8 <x <4.2; 656-81 at.% Sb) and shows qualitative model of the phase
state formation in the nanosized films deposited on a substrate at 200 °C.
One can easy see that in process of deposition, a scutterudite forms for
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~75 at.% Sb (homogeneous system), while decrease or increase of antimony
content leads to the formation of additional phases (heterogeneous system).

When the Sb-rich films CoSb,, and CoSb,, with a two-phase com"
position (scutterudite CoSb, and crystalline antimony Sb) are subjected
to annealing in a vacuum above 500 °C, the ratio of the intensities of the
diffraction reflections I(210)Sb/I(310)CoSb, decreases. The results of
Rutherford backscattering show that content of antimony in the films
decreases after annealing (Fig. 10). For instance, one can see on the RBS
spectra in Fig. 10, a that the intensity of the energy level for antimony
decreases after annealing of the CoSb, ; film in vacuum at 610 °C during
30 s, and antimony concentration decreases by =10 at.% (Fig. 10, b).
This is due to the sublimation of antimony during annealing.

We used a method of mass spectrometry of secondary neutrals for per-
forming a layer-by-layer chemical analysis of atomic distribution over the
thickness of CoSb,, (30 nm)/SiO, (100 nm)/Si(001) sample. The obtained
results showed that there is no the interdiffusion of the film and substrate
atoms (Fiig. 11, a). There is no also a formation of silicides. As the annealing
temperature rises up to 610 °C, the curves describing concentration dis-
tribution of elements show a reduction in the intensity attributed to an-
timony due to decrease of its concentration in the film (Fig. 11, ¢).
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Fig. 12. Influence of annealing temperature for CoSb, , and CoSb, , films (in vacuum)
on the change of (a) ratio of intensities I(012)Sb/I(310)CoSb, of diffraction reflec-
tions and (b) the lattice parameter a for CoSb, phase

The emergence of a signal due to silicon is explained by the presence
of voids with a depth reaching the substrate, i.e. voids occupy all thick-
ness of the film [12]. A gradual atomization of material is a feature of
the MSSN technique, therefore elements of the film surface and silicon
substrate begin to produce a signal simultaneously during the chemical
analysis (Fig. 11, ¢).

The annealing of films, where the concentration of Sb is close to its
content in a scutterudite in vacuum above 300 °C, results in the change
of the phase composition. One can see the appearance of the CoSb,
reflexes in the diffraction pattern and growth of the intensity ratio
1(210)CoSb,/I(310)CoSb, in the absence of texture (Fig. 12, a). This
indicates that CoSb, phase grows, while CoSb, one reduces. Therewith,
the parameter a of the cubic crystal lattice of scutterudite decreases
(Fig. 12, b), and for the most part a decreases in the films after crys-
tallization from the X-ray-amorphous state.

Such a change in the phase composition is attributed to the partial
sublimation of Sb atoms out of CoSb, and CoSb, crystal lattices during
annealing in the nitrogen atmosphere as well as vacuum due to the
phase transformations according to the schemes:

CoSb, + Sh—=20CE _, CoSh, — 400 CED _, Go8b, + CoSb,,

CoSb, —=30-60°C&D __, ¢o8b, + CoSh.

Detailed data about an effect of annealing conditions on the formation
of phase composition and structure of nanosize Co—Sb films are reported
in our previous paper [11].
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Fig. 13. X-ray diffraction patterns for CoSb,, (a) and Debye powder patterns for
CoSb,, (b) 30 nm thick films after deposition on a substrate at 200 °C and annealing
in vacuum within the temperature range of 260-610 °C (Ay,-Fe (a), A,5-Co (b))

Table 3. Phase composition of thick CoSb, films of 30 nm
(1.8 < x <4.2; 65—81 at.% Sb) after annealing in the vacuum

Concentration of antimony in the film (cg,), at.%
T, °C
65 | 71 | 72 75 | 76 | 78 | 81
Phase composition after annealing
300 CoSb, + | CoSb, + | CoSb, +
+ Sb + Sb + Sb
400 CoSb, + | CoSb; + | CoSb, + CoSb, CoSb, + | CoSb, +
+ CoSb, | + CoSb, | + CoSb, + Sb + Sb
450 CoSb, + | CoSb, + CoSb, CoSb, + | CoSb, +
+ CoSb, | + CoSb, + Sb + Sb
600 | CoSb, + | CoSb, + | CoSb, + | CoSb, + CoSb, CoSb, +
+ CoSb | + CoSb, | + CoSb, | + CoSb, + Sb
650 CoSb, + CoSb, +
+ CoSb, + CoSb,

The annealing of CoSb, crystal films (30 nm; 3.2 < x < 4.2) initially
results to sublimation of excess Sb, then chemical bonds in CoSb, and
CoSb, antimonides are broken. One part of the released antimony atoms
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Fig. 14. The size dependences of CoSb, CSR phase on the annealing temperature in
vacuum (a) and Sb-concentration of grain after deposition at T, = 200 °C (b) in the
Co—Sb films

forms CoSb, or CoSb with a lower content of Sb, while another part of
diffusion-stimulated antimony accumulates atoms at the grain boundar-
ies where then sublimes (Fig. 13).

In the crystalline films obtained from the X-ray amorphous state,
the excess antimony initially goes out from the voids of the crystal lat-
tice, and then sublimes. The generalized experimental data on the deter-
mination of the phase composition after annealing in vacuum are pre-
sented in Table 3.

An influence of phase transformations on the structure of films ref-
lects in contraction of the sizes of grains and regions of coherent scat-
tering with an increase of annealing temperature due to the sublimation
of Sb (Fig. 14, a).

Furthermore, the structure imperfection rises: the extension of grain
boundaries increases, nanosize voids appear. The grain size in the CoSb,
film is lower in comparison to the films with a two-phase composition
(Fig. 14, b). This tendency continues even after annealing. These values
are three times lower as compared with a material in the bulky condition
[12]. Combination of such factors contributes to increase in a ther-
moelectric efficiency coefficient (ZT) due to decrease in a thermal
conductivity coefficient.

We revealed that a thermal stability of the CoSb,-based nanosize
films is conserved up to 300 °C, which is evidenced by the fact that the
ratio of the most intense diffraction maxima for the CoSb, and Sb phases
remains unchanged during the long-time annealing (Fig. 15) [13, 14].

The rate of sublimation of antimony at different annealing tempe-
ratures above the 300 °C was used to estimate the activation energy (E,)
of this process according to the Arrhenius equation.
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Fig. 15. Dependence of the intensity ratio of the I(012)Sb/I(310)CoSb, diffraction
peaks for CoSb, ¢ (a) and CoSb,, (b) films on the annealing time in vacuum within
the temperature range of 300-500 °C

Annealing of X-ray amorphous films leads to a more intense sub-
limation process than in case of crystalline films. This is reflected in the
fact that the value of E, is 2—3 times smaller as compared to the films
with a crystalline structure, where larger values of the energy are nee-
ded to break existing chemical bonds that have not yet formed insuffi-
ciently in the X-ray amorphous films (Fig. 16).

Thus, sublimation mechanisms depend on the structural state of the
films. When the X-ray amorphous films undergo the annealing, antimony
partially sublimes during the formation of the crystal lattice. When the
crystalline films are annealed after breaking of chemical bonds, Sb initially
diffuses to the grain boundaries, and then sublimates therefrom (Fig. 17, c).

The change in the phase composition of the films affects level of the
stressed state. Calculated mechanical stresses in the films after their
deposition and thermal annealing have different character and mecha-
nism. They emerge due to,
firstly, mismatch of the tempe-
rature coefficient of linear ex-
pansion of CoSb,-based film (a =
=8.8:10°K™") and SiO0,(100 nm)/
@ Aunealing in vacuum Si(001) substrate (0=2.6-105K ),
—e— Annealing in vacuum| and secondly, due to the phase
—A— Amnealing in N, transformations when Sb subli-
mates during thermal annealing.
. . This leads to a decrease in the

3.0 3.2 34 3.6 3.8 4.0 4.2 volume of the film during the

Relation Sb/Co,, relative units sublimation of antimony and the

Fig. 16. Dependence of activation energy formation of irreversible tensi-
for Sb sublimation in Co—Sb films le stresses.
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Fig. 17. Morphology of CoSb, , film after annealing in a nitrogen atmosphere during
30 s at 300 °C (a), 500 °C (b), and 700 °C (c)

The change in residual stresses after deposition and after anneal-
ing, as the resultant two mechanisms of their formation, showed that
the level of tensile mechanical stresses after annealing at a temperature
of 500 °C increases by a factor of ~5 (Fig. 18). This is accompanied by

a decrease in the size of the co-
herent scattering regions upon
sublimation of Sb (Fig. 14, a)
and leads to the appearance of
cracks in the film and its fur-
ther degradation (Fig. 17, b
and c¢) [16].

The thermoelectrical effici-
ency coefficient ZT for CoSb,,
film is ~1 at 500 °C [9, 10], this
is ~8 times higher as compared
with the material in a bulky state
when ZT ~ 0.12 [12] (Fig. 19).
CoSb,, film with excess of Sb
has lower values of ZT =~ 0.2.
The effect of increasing of ther-
moelectric efficiency coefficient
is caused by the nanosize factor:
the presence of single-phase crys-
tal structure of CoSb, scutteru-
dite with an extended existence
region (75-80 at.% Sb) in the
film, and enhanced structural
imperfection due to antimony
sublimation—decrease in grain
sizes and increase in extent of
grain boundaries.

In further studies, to increa-
se the ZT, we plan to dope of
nanosize Co—Sb films with dif-
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Fig. 18. Mechanical stresses vs. annealing

temperature in CoSb, ; film

1.0 -
—&— CoSb, ,
0.8 [ —e— CoSb,,
| —O— CoSb,,

film

e o 2
RSO
T

e
=

Thermoelectric efficiency
coefficient ZT, a.u

For nanosize

For bulky material

100 200 300 400 500 600

Temperature, °C

Fig.19. Temperature-dependent thermoelect-
ric efficiency coefficient in the Co—Sb films
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ferent chemical elements Fe, Yb, Li, Eu, La, Ce, Ba to form a structure
that can better conduct electric current (as a crystalline conductor) and
poorly conduct a heat (like a glass). This will make possible to reduce a
phonon component of the heat conductivity and much more increase
thermoelectric efficiency coefficient ZT. Doping elements occupy voids
in the crystal lattice—atomic polyhedrons of large sizes.

This provides an effective phonon scattering, which in turn results
to decreasing of the heat conductivity without a substantial impact on
electrical conductivity due to mainly ionic character of interaction
between phonons and atoms of scutterudite carcass and covalently bon-
ded carcass with a small probability of chemical bonds [16—-19].

Conclusions

We used a complex of different methods of investigation in order to
reveal the main laws of formation of phase composition and structure,
to determine electrophysical properties of Co—Sb nanosize films after
deposition and annealing in vacuum and nitrogen atmosphere.

It is shown that deposition of Co—Sb films (with 65-81% of Sb) on
the substrates at a room temperature results to the formation of X-ray
amorphous state of condensed material with an extended region for
existence of the CoSb, (75—80 at.% Sb) phase at a further heating after
crystallization. In case of a deposition of Co—Sb films (65—-81 at.% Sb)
on the substrates at 200 °C, the crystal state of condensed material
forms in accordance with the phase equilibrium diagram for a bulky
state of the Co—Sb system.

The nanosize CoSb, films are stable up to =300 °C. Increase of the
temperature of annealing in both vacuum and nitrogen atmosphere
results to the sublimation of abundant antimony in the crystal or X-ray
amorphous state and from CoSb, and CoSb, phases, which is reflected in
the changing of phase composition and structure accordingly to the
schemes as follows:

CoSb, + Sh—=20CE _, CoSh, — 400 CED _, (oSb, + CoSb,,

CoSb, —=30-60°C&D__, o8b, + CoSh.

We revealed that the process of Sb sublimation is much more inten-
sive for annealing of Co—Sb X-ray amorphous films. Activation energy
for X-ray amorphous films being annealed in vacuum is ~65 kdJ/mole,
which is ~2—3 times lower in comparison to the films with crystal com-
position.

As shown, after deposition of nanosize Co—Sb film (with abundant
concentration of antimony), there are slight mechanical stresses ~1 GPa.

20 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 1



Fabrication of Nanosize Films for Thermoelectric Devices

After the thermal annealing, these stresses increase up to ~1 GPa, grain
sizes decrease, cracks appear, and film material degrades.

There is a nanosize factor—a single-phase crystal structure of CoSb,
scutterudite with extended existence region (75—-80 at.% Sb) in the film
with high structural defectiveness due to nanosize grains that decrease
as annealing temperature increases during antimony sublimation. This
nanosize effect causes increase in thermoelectric efficiency coefficient
at 500 °C (ZT ~ 1) as compared with that for material in a bulky state
(ZT ~ 0.12).
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Hanionanpuuit TexHiunuil yHiBepcurer ¥YKpainu

«KuiBcbruit mositexHiunuii incturyt imeHi Iropa Cikopcbkoro»,
npocu. ITlepemoru, 37, 03056 Kuis, Ykpaina

BUTOTOBJIEHHSI HAHOPO3SMIPHIX IIJIIBOK
HA OCHOBI CKYTEPYIUTY CoSb,
IOJISI TEPMOEJIERTPUYHUX ITPMJIAIIB

PobGory mpucBsiueHO BCTAHOBJIEHHIO 3aKOHOMiPHOCTEH TEPMOCTHUMYJIbOBAHOTO OPMY-
BaHHA ()a30BOTO CKJIAAy Ta CTPYKTYPH ILTiBOK Ha OCHOBi ckyTepyauty CoSb,, ocamxe-
HHUX METOAOM BaKyyMHOI KOHIeHcallii, a TaKOX BILIMBY YMHHUKA HAHOPO3MipHOCTU
Ha ixHi TepmoesekTpuuHi BiracTuBocTi. BuBUueHO BIJIMB TeMIepaTypy OiIKJIaTUHKN
Ta (PisUKO-TEeXHOJOTIiYHUX ITapaMeTpiB (TeMIlepaTypa, TPUBAJiCTh, CEpPemOBUIIE) Tep-
MiuHOTO 00POOJIeHHA Ha (hasoBUil CKJIIAL, CTPYKTYPY, PiBeHb MEeXaHIUHNX HAIPYKEHb
i TepmoesexkTpuuHi BiaactuBocti miaiBoxk CoSb, Tomuuo y 30 HM (1,8 < x < 4,2;
65—81 ar.% Sb). Busnaueno, 1o smMiHa TeMIepaTypu HiAKJIATUHKU IPU OCAMMKEHHL
HaHOpPo3MipHuX mIiBok Co—Sb y KoHmenTpaniiinomy inTepsai 65—81 at.% Sb ymox-
JIMBJIIOE PEr'yJI0BAaTH CTPYKTYypHUH cTaH. IIpm ocam:keHHi Ha mifKJIagUHKY 3a KiMHAT-
HOI TeMmiepaTypu (GOPMYEThHCA PEHTI'eHOAMOP(MHUI CTaH 3 POIMUIMPEHOI0 00JAacTIO ic-
myBaHHA (dasu CoSb, 75-80 ar.% Sb miciaa xpucramisanii npm nmojgassiomy Harpi-
BauHi. IIpu 36inbienui remmeparypu nigkaaguaku 10 200 °C yTBOpOEThCS KpHCTAa-
JTiuHUi cTaH, i 3aKOHOMipHOCTI (popmMyBaHHA (aszoBoro ckjaxy B miaiBkax Co—Sb xa-
PaxTepuU3yTHCA IIOCJIiIOBHICTIO, AKA aHAJIOTiUyHA AiArpami (pa3oBOi piBHOBaru CTaHiB
nna macuBHOI cucremu Co—Sb 3 yrBopenHam (asu CoSb, mpu ~75 ar.% Sb. Bera-
HOBJIEHO, 10 ILIiBKM Ha ocHOBi CoSb, Tepmiuno crabinbai mo ~300 °C. Tepmiune 06-
pobsnenus maiBok Co—Sb 3 koumentpatieo Sb 65-81 ar.% #aK y Bakyymi, Tak i B
armocdepi asory mpu Temmeparypax Buirne 300°C mpuBoguTh I0 mepediry (asoBux

22 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 1



Fabrication of Nanosize Films for Thermoelectric Devices

IepeTBOpPeHb i 3MiHM cTpykKTypu 3a cxemamu: CoSb, + Sb — CoSb,; (mpu 300 °C),
CoSb, — CoSb, + CoSb, (npu 400-500 °C), CoSb, — CoSb, + CoSb (zpu 500—-600 °C)
BHACJIIIOK 3pOCTarouol 3i 30i7bINIeHHAM TEeMIIEPATYPU BilNATIOBAHHA 3LATHOCTU aTO-
miB Sb mo cy6aimariii sk 3 peHTreHOaMOpP(HOro ab0 KPHCTAJNIYHOTO CTaHiB, Tak i 3
aHTUMOHiZAIB Ko6anbTy CoSb, i CoSb,. BusHaueHo, 1110 HAABHICTh UMHHUKA HAHOPO3-
MipHOCTH (0gHOGMA3HOI KpHCTATIYHOI CTPYKTypu cKyTepyauTy CoSb, 3 posmupeHOio
006JacTI0 iCHYBaHHSA B ILIiBIIi 3 HiABUIIEHOI CTPYKTYPHOIO AedEKTHICTIO 38 PAXYHOK
cybOsimariii cypMu i 3MeHIIIeHHST PO3Mipy 3epeH) 3yMOBJIIOE HiABUINIEeHHSA KoedilieHTa
TepmoeseKTpuuHoi edpexTuBHOocTH MIiBOK Co—Sb y ~8 pasiB y mopiBHsAHHI 3 mMacus-
HuM MaTepisioMm. Ile Mae mpakTUUYHY 3HAYMMICTh IPU BUKOPUCTAHHI ITUX MaTepisaaiB
Ui 3a0e3IeYeHHs aBTOHOMHUM KUBJI€HHAM MAaJIONOTYKHUX eJIeKTPOHHUX IIPUCTPOIB
i mpu cTBOpEeHHi MJIiBKOBUX XOJOAUJIBHUKIB B eJIeMeHTHil 0a3i HaHOPO3MipHOro mifd-
MMa30HY [JIA KOMII'IOTEPHOI TeXHiKU Ta iH(ppauepBOHUX HaBayiB.

KuarouoBi cioBa: HaHoposmipHa mIiBka, TepMmiuHe 00po6GieHHA, ckyTepyzut CoSb,,
AHTUMOHI, KoedilieHT TepMOoeIeKTPUUHOI e(PeKTUBHOCTHU.

FO.M. Makozon, C.U. Cudopernko, P.A. Illkapbans

HanumoHalbHBIN TeXHUYECKUN YHUBEPCUTET Y KPAaWHBI

«KueBcKuil monuTeXHUUECKUH UHCTUTYT nuMeHu Mropsa CUKOPCKOro»,
mpoct. ITo6ensr, 37, 03056 Kues, YKpauua

N3TOTOBJIEHUE HAHOPASMEPHBIX IIJIEHOK
HA OCHOBE CKYTTEPYIUTA CoSb,
OJISI TEPMOSJIEKTPTYECKUX ITPUBOPOB

PaboTa mocBsiieHa yCTAHOBJIEHUIO 3aKOHOMEPHOCTE TepMOCTUMYJIUPOBAHHOTO (Hop-
MupoBaHUA (as30BOr0 COCTaBa U CTPYKTYPHI IJIEHOK Ha OCHOBe cKyTrepyauTa CoSb,,
OCaKIEHHBIX METOJOM BaKYYMHOM KOHJAEHCAIIUW, a TaKyKe BJIUAHUA (PaKTOpa HAHO-
DPa3MEpPHOCTH HA WX TePMOIJIEKTPUUYECKUEe CBOMCTBA. VI3yUeHO BIMSIHUE TEMIIEPATYDPHI
MIOMVIOMKKY U (PUBUKO-TEXHOJOTUUECKUX MapaMeTPOB (TeMIlepaTypa, IIPOJOJIKUTENb-
HOCTbh, CpeJia) TepMuUecKoii 00paboTKy Ha (PasoBBIN COCTaB, CTPYKTYPY, YPOBEHb Me-
XaHUYECKUX HANPAKEHUN U TePMOJIEKTPUYecKUe cBoiicTBa mIeHok CoSb, TosnmuHoM
30 am (1,8 < x < 4,2; 656-81 ar.% Sb). OupegeseHo, 4To M3MeHEHNE TeMIIEPATyPhI
MOIJIOKKN I[IPU OCAKIEHWN HaHOpPasMepHbIX MIEHOK Co—Sb B KOHIIEHTPAIIMOHHOM
unTepBase 65—-81 ar.% Sb mosBoJsgeT peryampoBaTh CTPYKTYPHOE cOCTOsHME. Ilpu
OCaKIeHUM Ha MOMJIOKKHY IIPU KOMHATHOM TeMIlepaType (GopMUPyeTcss PeHTIeH0aMOop-
(HOE cocTosIHME C pacHINpeHHOH 06sacThio cymecTBoBanuA (asel CoSb, 75—80 ar.%
Sb mocie KpucTraiimsanuu Mpu gajbHeliemM Harpese. [Ipyu yBelnueHUu TeMmIieparTy-
pul moagoxkku g0 200 °C obpasyeTcss KPUCTANINYECKOE COCTOAHUE, U 3aKOHOMEPHO-
ctu dopmMupoBaHusa GhasoBoro cocTaBa B miaeHKax Co—Sb xapaKTepu3ylTCs IOCIENO0-
BATEJILHOCTHIO, KOTOpas aHaJornuHa guarpamme (hasoBOr0 PABHOBECUS COCTOSHUN
ona MaccuBHoOU cucteMbl Co—Sb ¢ ob6pasoBammem (assr CoSb, mpu =75 ar.% Sb.
VYcraHoBieHO, 4TO IIeHKHU Ha ocHOBe CoSb, Trepmuuecku crabuipHbl 10 ~300 °C. Tep-
mMuueckasi oopaborka miaenok Co—Sb ¢ KoumenTpamnueit Sb 65—-81 art.% Kak B Bakyy-
Me, Tak U B aTMoc(hepe azora npu temneparypax Bbimie 300°C mpuBOAUT K IPOTEKa-
HHUIO (Da3OBBIX IIPEBPAIeHUNl M M3MEHEHHUI0 CTPYKTyphl mo cxemam: CoSb, + Sb —
— CoSb, (mpu 300 °C), CoSb, — CoSb, + CoSb, (mpu 400-500 °C), CoSb, — CoSb, +
+ CoSb (mpu 500-600 °C) BciiemcTBHMe pacTyllell ¢ yBeJIWYEHHEeM TeMIIEPATypPhI OT-
JKUTa CIIOCOOHOCTY aTOMOB Sb K CyO/JMMAIMM KaK C PEHTreHOaMOP(MHOro WaM KPUC-
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TQIINYECKOTO COCTOAHHUN, TaK M M3 aHTUMOHHAOB Kobasbra CoSb, m CoSb,. Ompe-
JleJleHO, 4TO Hasnmuume (axTopa HaHOpasMepHOCTH (0ZHO(MABHON KPUCTAINIECKOH
CTPYKTYpPHI CKyTTepyauTa CoSb, ¢ pacmIupeHHOI 06JaCThIO CYIIIeCTBOBAHNUSA B ILJIEHKE
C TIOBBIIIIEHHOW CTPYKTYPHOU Ne()eKTHOCTHIO 3a CUET CyOJIMMAIMU CYyPbMbI U YMEHb-
IIeHUs pasdMepa 3épeH) 00ycJiaBJIMBaeT IOBBIIIEHNE KOd(DUIIMEeHTa TepMOdJIEeKTpIYe-
ckoit addpexTuBHOCTH HIEHOK Co—Sb B ~8 pas mo cpaBHEHUIO ¢ MaTepruaIoM B MacCUB-
HOM COCTOSTHHHM. JTO MMeeT NIPaKTUUYEeCKYI0 3HAUYMMOCTH IIPU HCIIOJB30BAHUH ITUX
MaTepHaJoB A oOecHedeHUs aBTOHOMHBIM IHTAHMEM MAaJIOMOIIHBIX 3JIE€KTPOHHBIX
YCTPOICTB U IIPU CO3LAHUM IJIEHOYHBIX XOJIOOUIbHUKOB B 9JIEMEHTHOU 0ase HaHOpA3-
MEpHOTO AMAIAa30Ha [JIsi KOMIbIOTEPHON TeXHUKU M MHGPAKPACHBIX TATUNKOB.

Keywords: nanoscale film, heat treatment, CoSb, scutterudite, antimonide, thermo-
electric efficiency coefficient.
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