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Abstract: The work is devoted to the study of the thermoelectric properties of solid crystal Yb,Bi,.,Te;. In the work presents
the results of studies of the thermoelectric properties of Yb,Bi, (Te; (x<0.10) solid solutions before and after annealing in the
temperature range (300-580)K. Regularities of changes in the electrical conductivity, Seebeck coefficient and total thermal
conductivity of the samples depending on the content of ytterbium (Yb) are established. Dependences of electrical conductivity,
Seebeck coefficient, thermal conductivity on temperature for the crystal under study are plotted. Temperature curves were
recorded using a Termoscan-2 low-frequency temperature recorder at a heating rate of 283 K/ min. Temperature measurements
of phase transformations were carried out with combined chromel-alumel thermocouples. Studies of conductivity o,
thermoelectric power (S). were carried out by the four-probe method at direct current in the temperature range of 300-600 K.
Ohmic contacts were applied using alloys. It has been established that the optimal combination of these thermoelectric
characteristics is achieved for the compositions x = 0.1, which are characterized by the maximum thermoelectric index (ZT=0.87) of
the figure of merit in the temperature range of 420-500 K after annealing at 500 K for t=240 hours. It was revealed that the
Yb,Bi, Te; systems under study are n-type semiconductor thermoelectric materials in the temperature range of 300-600K.
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total thermal conductivity of materials, respectively, T -
absolute temperature. It is obvious that an effective
thermoelectric material must simultaneously have a large
value S and a low value p and ¥ (or large value 6). There is a
huge number of materials in which the combination of S, p
and y turns out to be acceptable for their practical application
as thermoelectric materials. At present, solid solutions of
composition Bi,Te,;Seq; possessing an electronic type of
conductivity are one of such materials for low-temperature
thermoelectric applications. However, the thermoelectric
figure of merit of these solid solutions is not very high
(ZT=1), which significantly limits the potential for their
widespread use [8-11]. Therefore, the search for scientific
and technological ways to increase the thermoelectric figure
of merit of Bi,Te, 7S¢, 3 compounds is an urgent task.

1. Introduction

Recently, the possibility of increasing the thermoelectric
efficiency of various thermoelectric materials, including
Bi,Tes, through the use of various dopant impurity additives,
has been widely studied [1-4]. Doping of BisTe; with
lactanoids can affect the transport properties of
thermoelectric materials by the following mechanism: 1) an
increase in the density of states near the Fermi level; 2) the
formation of local defects leading to additional scattering of
charge carriers as a result of which the total thermal
conductivity decreases [5-7]. As is known, the thermoelectric
figure of merit of the used thermoelectric material, which can
be expressed as ZT=S’/xT or (S/px)T, where S, o and y -
Seebeck coefficient, specific conductivity or resistivity and
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Controlling with various impurities often turns out to be a
fairly effective way to optimize the main thermoelectric
characteristics, which promotes an increase in Bi,Te; based
compounds [10-12]. Recently, it was found that rare earth
elements are one of the most effective impurities in the
structure of Bi,Te; [4-13]. In contrast to Bi,Tes, the effect of
alloying with various rare-earth elements on the
thermoelectric properties of solid solutions of Bi,Te; has
been studied much less, which stimulated research, the
results of which are presented in the article [14, 15].

In this work, the main attention is paid to the effect on the
parameters Bi,Te; depending on the content of the ytterbium
(Yb) impurity and the effect of annealing on the parameters
characterizing the thermoelectric efficiency of solid solutions
Yb,Bi,Te; (x<0,10) [16].

2. Experimental Technique

The synthesis of alloys of solid solutions Yb,Bi, Te; was
carried out by fusing high-purity elementary components in
quartz ampoules evacuated to 1.33 Pa at a temperature of
1175-1273 K. Bismuth grade 99,99%, ytterbium (YD) - 99.98,
tellurium grade Te — 98,98% were used as initial elementary
substances. To homogenize the alloys, annealing was carried
out at 800 K for 48 h. The alloys of solid solutions YbBi, Tes
were studied by DTA, X-ray phase (XRD), microstructural
(MSA) analyzes, as well as measurements of microhardness
and determination of density. Temperature curves were
recorded using a Termoscan-2 low-frequency temperature
recorder at a heating rate of 283 K / min. Temperature
measurements of phase transformations were carried out with
combined chromel-alumel thermocouples. Heating and cooling
of alloys was carried out in electric resistance tube furnaces
Al,05. X-ray powder diffraction patterns were recorded on a
diffractometer D2PHAZER (CuKa — irradiation). The MSA of
the system alloys was investigated using a MIM-8
metallographic microscope on pre-etched thin sections
with a paste. When studying the microstructure of the alloys,
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etchant of composition HNO;:H,0,=1:1 was used. The etching
time was 20 s.

The microhardness of the alloys of the system was
measured on a PMT-3 microhardness tester at loads of 0.10
and 0.20 N. The density of the alloys of the system was
determined by the pycnometric method; toluene was used as
a working fluid.

The single crystallinity of the samples was confirmed by
X-ray diffraction analysis. the samples were of size 3x6x18
mm’. Studies of conductivity o, thermoelectric power (S).
were carried out by the four-probe method at direct current in
the temperature range of 300-600 K. Ohmic contacts were
applied using alloys. The content of Yb varied from x =
0.000 to 0.100.

3. Results and Discussion

Samples of solid solutions Yb,Bi,Te; were obtained in
the form of compact dark gray ingots. The alloys are resistant
to air and water. Concentrated mineral acids (HCI, HNO;)
decompose them, while organic solvents do not act on them.

Bridgman-Stockbarger methods grown single crystals of
solid solutions Yb,Bi,Te; (x=0,000; 0,010; 0,015; 0,020 and
0,100). Obtaining single crystals with the parameters
necessary for practical application is a difficult scientific and
technical problem. To date, the use of the Bridgman method,
implemented in multi-zone thermal installations, shows good
results for many technically complex substances. One of the
main requirements put forward by the technological process
of growing crystals for thermal equipment is the stability of
maintaining the temperature field in the working volume of
the installation. Changes in the temperature field cause
deviations in the growth rate of the crystal from the nominal
speed of movement of the growth container, which can
negatively affect the perfection of the growing crystal.

The temperature dependences of the investigated
thermoelectric parameters (S, ¢ and ) before annealing are
shown in Figures 1-3.
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Figure 1. The dependence of the Seebeck coefficient on temperature in YbBi,. Tes.
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Figure 1 shows the temperature dependences of the
Seebeck coefficients of the samples under study in the
temperature range of 300-580K.

Note that the work considered two main issues: 1) the
effect of impurity Yb on the thermoelectric properties of
Bi,Te;, i.e. how does it affect the parameters when
substituting bismuth for ytterbium. 2) the effect of annealing
on the thermoelectric parameter of the studied compositions
of the samples. It can be seen from Figure 1 that when

bismuth is replaced by ytterbium, the Seebeck -effect
increases in the investigated temperature range of 300-580K.
Regardless of the Yb content, the Seebeck coefficient
relatively increases with increasing temperature up to T<
450K. T >450K, the S(T) values of sample No. 1 and 2
decreases monotonically to S=-100uV/K; and samples 3 and
4, where the ytterbium content is greater than S(T), varies in
different ways and the S(T) dependence is slowly decreasing.
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Figure 2. The dependence of the electrical conductivity on temperature in YbBi,..Tes.

Figure 2 shows the temperature dependences of the
electrical conductivity of the samples under study. It can be
seen from the figures that, depending on the ytterbium
content in the alloy, the values of T change in different ways.
In the temperature range 300-400K o(T) decreases, while o(T)
decreases with increasing concentration of ytterbium. In

addition to sample No. 1, the rest in the composition, the
value of ¢ increases with increasing temperature.

Analyzing the results, it can be concluded that, depending
on the content of the ytterbium impurity in solid solutions,
additional scattering centers appear due to bipolar diffusion,
and S(T) above 440K decreases, and o(T) increases markedly.
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Figure 3. The dependence of the thermal conductivity on temperature in Yb.Bi,..Tes.
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Figure 3 shows the temperature dependences of the total
thermal conductivity (x(T)) of the samples under study
(before heat treatment). As can be seen from Figure 3, with
increasing T, the value of ¥(T) decreases. At the same time,
in the samples under study, with an increase in the Yb
impurity content, the y(T) value decreases. From Figure 3 it
can be seen that in samples 3 and 4, starting at T >480K, the

value of (T) increases, which directly confirms (corresponds)

to the regularity of T.

The following instruments were used to measure the kinetic
parameters: voltmeters V7-21, V.7.21A; power supply B5-49,
TES-41, Shch4313; potentiometer P4833; ammeters M231;
M253, as well as resistance store MP-63; P33.

The measurements were carried out in an absolutely
stationary mode in an evacuated (P = 0.1 Pa) cryostat. The

temperature gradient along the sample was: AT = 6-9°C. The
error of changes (o, S and R,) did not exceed 2.7%. with
changes in y, the error was 6.2%.

As you know, annealing the material makes it possible to
improve the uniformity of the resistivity and its behavior
during operation. Basically, the uniformity of resistivity is
also determined by the uniformity of doping in which it
strongly affects the kinetic parameters of the sample,
especially the compositions with defect structures of the
crystal lattice. Taking into account all this, the above indicated
compositions of the samples obtained by us are given by
annealing at different temperatures (T =400 and 520 K) for t =
240 hours. After annealing, the same kinetic parameters (o, S
and ) were measured each time and the results obtained are
shown in Table 1.

Table 1. Thermoelectric parameters: 6(Om.m): 10°S(V/K); 107y (Vt/m.K); 10°Z(T).

[J S % Y4 [ S % Y4 [J S % Y4
Before annealing

5.6 -120 1.9 4.1 -105 0.8 33 -75 0.5

5.2 -140 1.2 2.9 -170 0.6 24 -120 0.4

42 -151 1.0 2.5 -175 0.5 24 -135 0.4

4.1 -154 0.7 1.2 23 --182 0.4 1 2.6 -165 0.3 2
3.7 -160 0.6 1.5 2.5 -200 0.4 2 4.0 -190 0.6 2
After annealing at 400K t=240 hours

5.3 -132 1.8 3.8 -135 1.8 3.0 -125 0.6

5.1 -145 1.1 3.7 -145 1.0 3.6 -130 0.5 1
4.0 -160 1.0 1.3 3.6 -165 1.0 1 3.5 -155 0.4 1
4.1 -160 0.8 1.7 3.9 -172 0.7 2 3.8 -168 0.7 1
3.8 -175 0.6 3.7 -188 0.6 42 -190 0.6 2
After annealing at S00K t=240 hours

5.1 -160 2.0 1 45 -165 0.9 1 3.0 -130 0.7 1
4.9 -180 1.8 1 4.6 -192 0.7 2 39 -158 0.5 1
45 -190 1.6 1 4.6 -205 0.6 2 3.8 -175 0.6 1
42 -195 1.1 1 45 -208 0.6 3 3.8 218 0.6 2
4.6 -205 1.4 2 4.7 -240 0.8 3 3.6 -220 0.5 3

As can be seen from the table, annealing at 400 and 520 K
for 240 hours significantly changes the value of the
thermoelectric parameters of the samples with ytterbium
impurities in comparison with the annealed samples. After
annealing, the thermoelectric efficiency of the material is
significantly improved. Annealing the samples does not
change the type of conductivity, and all compositions remain
n-type. As can be seen from the table, a particular change in
parameters (o, S and ) in samples No. 5 is manifested at T =
400K, since in the annealed samples the value of these
parameters increases:

Ga00 375250 50%
—_ = 0
o n 250

ann

A0~ 39,5%
Xn/ann
At 520K 0~4,3%, after annealing at 500K these parameters
are: at 300K o increases 24,3%; S-28,1%; x-1,02%, At 420K
0-88%; S-20%; ¢-90,7%,
As can be seen from the table, in samples annealed at S00K
No. 4 and 5, the figure of merit (thermoelectric) changes
n=1,38-1,67 in the temperature range T = 400-520K and, as

can be seen, the thermoelectric figure of merit in these
compositions (sample 5) is much higher (Z=3,3-10°K"). The
same results are obtained in annealed samples No. 5 at 500K
and 520K. Analyzing the obtained data from the table shows
that samples No. 4 and 5 from solid solutions Yb,Bi, (Te; are
promising thermoelectric materials for thermogenerators:
1,38<n<1,67.

Determination of the mechanisms of the influence of
doping with ytterbium on these properties, as well as the
identification of the exact compositions for practical use, will
be the subjects of further research.

4. Conclusion

It was revealed that the investigated systems Yb,Bi,.(Tes
are n-type semiconductor thermoelectric materials in the
temperature range of 300-600K. Experimental results show
that after annealing at 500 K for t = 240 hours, the kinetic
parameters are significantly improved relative to the
unannealed composition. The most effective are those
containing ytterbium x = 0.02 and 0.10 in which Z=3,3-10°K";
n=1,15-1,67.
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