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Abstract:

In order to study the effect of Zr doping on the thermoelectric properties of p-type
Bi1017S030.72 Zro35Tes5.285€0 48 Single crystal, an ingot was prepared by Bridgman method. Cut
and cleaved samples from different regions of ingot were characterized by a Hall Effect based
on the Van der Pauw method. The first measurements were conducted with four ohmic
contacts at room temperature and the obtained results were presented in our investigation,
earlier. Also, high charge carriers mobility was obtained on the sample with silver contacts at
the temperature of liquid nitrogen. Single crystal was characterized by Seebeck coefficient
(S), conductivity (k) and resistivity (p) measurements as a function of temperature in the
range of 40-320°C by a home-made impedance meter. The prepared single crystal has a
figure of merit (2) of 1.22 x 10° K™ at 300°C.
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1. Introduction

To improve thermoelectric properties of a material, the carrier concentration needs to

be optimized first. The increase of carrier concentration usually results in degraded carrier
mobility, which restricts the enhancement in thermoelectric performance.
Electrical properties of semiconductors strongly depend on the carrier concentration, carrier
mobility, crystal structure, and point defects [1]. Defects significantly degrades properties
[2,3]. Semiconductor properties can be improved and modified by forming ternary, quaternary
etc. compounds.

Actually used thermoelectric (TE) materials are: Bi-Sb; Bi,Tes-ShyTes;
(Bi,Sb),(Te,Se)s; PbTe; Te-Ag-Ge-Sb; Si-Ge). Their performance bound to a stagnant ZT~1
which had not much changed up to 1990 [4].

The best TE materials near room temperature are p-type Bi,Sb,Te; and n-type
Bi,Te;,Se, which are widely used for cooling applications. The compositions of
commercialized p-type and n-type ingots are near BiysSbysTes and Bi,Te,7Seqs (which is
optimum composition for thermoelectric cooling devices), respectively, and their ZT values
are about 1.0 at 27°C [5-7].

Much effort has been made to raise Z of materials based on Bi,Te; by doping in
various fabrication processes [1, 8-10]. Poudel et al. showed that a ZT peak of 1.4 at 100°C
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can be achieved in a p-type nanocrystalline BiSbTe bulk alloy [6]. Se-doped n-type
Bi,Te,;Sep3 single crystal was reported with maximum figure of merit, ZT~1.04 at 125°C
[10].

Fang [11] investigated effects of Ce, Y, and Sm doping on thermoelectric properties

of Bi,Te; alloy. Results showed that Ce is a superior dopant and also significant effects of Ce,
Y, and Sm doping on the morphologies of the synthesized nanopowders and thermoelectric
properties. Figure of merit (ZT) of Ceq,Bi; gTeswere improved and reaches 1.29 at 125°C.
To enhance the performance of bismuth telluride based TE alloys Mosen developed
composite TE materials [12]. Lowering conductivity without compromising the power factor
S is a challenge in Bi-Sb-Te-Se alloys. For a material is difficult to possess simultaneously
good electrical conductivity which is characteristic of metals and bad thermal conductivity
which is characteristic of insulators [13-17]. The BiSbTeSe solid solution attracted attention
because of its promising thermoelectric properties for near room temperature applications.
Thermoelectric properties of Bi,..Sb,Te;.,Se, compositions with a ZT ~ 0.8 at -48°C indicate
that this type of materials can be used for cooling [2]. BigsShysTe,7Seqs (BSTS) high-quality
quaternary alloy with maximum ZT value of 0.95 at 230°C was successfully synthesized by
high pressure and high temperature method (HPHT) [18].

Research on thermoelectric materials is being carried out in Serbia also [19-33]. The
aim of the present study is to characterize properties of BiSbTeSe single crystal doped with Zr
and to examine the possibility of using these materials in thermoelectric devices. Our material
has a ZT of 0.7 at 300°C. Conventional Bi,Te; based materials have a peak ZT of about 0.25
at 250°C [6]. The high ZT in the 300°C range makes investigated single crystal attractive for
segmented thermoelectric devices that operate at high temperatures.

2. Materials and Experimental Procedures

High purity Bi (Sigma — Aldrich, 99.999%), Sb (Koch Light Labaratories LTD,
99.99%), Zr (KEFO, 99.98%), Te (Sigma — Aldrich, 99.99%) and Se (Alfa Aesar, 99.99%)
were weighed for the composition of Biyg17Sbso72 ZrossTess28S€04s Crystal. Single crystal
doped with Zr was synthesized by Bridgman method [34]. The crystal growth was achieved
in a closed quartz ampoule under a pressure of 10 Pa. Before the synthesis beginning, it
was necessary to prepare a quartz ampoule. One end of the quartz ampoule is heated to
obtain a semi-open tube. The ampoule is coated on the inside with a thin film to eliminate
wetting of the ampoule with the material in the molten state. A thin film on the inside of the
ampoule prevented the batch in the molten state from chemically reacting with the material
from which the ampoule was made in which the single crystal solidified. On the underside,
the ampoule was conical in shape for easier germ formation. In this way, only a small part
of the melt was sub cooled at the top of the conical capillary. During growth through the
capillary, one germ with the most favorable orientation overcame the others. A single
crystal formed in a capillary was used as a seed for crystallization.

The ampoule was heated to the synthesis temperature for 3 days. Then the ampoule
was on a stable temperature gradient for 14 days. It was then cooled naturally to room
temperature.

The obtained single crystal was characterized by the Hall measurements (mobility (x),
bulk carrier concentration (ny), sheet carrier concentration (ng), resistivity (p), conductivity
(6), Hall coefficient (Ry)) and thermoelectric measurements (Seebeck coefficient (S),
conductivity (k), resistivity(p)). The actual sample composition was determined using the
Energy Dispersive X-ray Spectroscopy (EDS) analysis [34]. Hall measurements were
performed on a Hall Effect measurement system (Ecopia, HMS-3000) at temperature of liquid
nitrogen at different electric currents for an applied magnetic field strength of 0.37 T.
Software for Hall Effect measurement system (Ecopia, HMS-3000) automatically calculated
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bulk and sheet carrier concentration, resistivity, conductivity and Hall coefficient.
Calculations were done on the basis of voltage obtained by Van der Pauw laws and input data
was entered into the software (sample thickness D, current intensity I, the magnetic induction
of permanent magnet B). Data from Hall measurements at temperature of liquid nitrogen was
collected using silver contacts. The measured ingot samples were cut and cleaved from
different regions with cutting route which was perpendicular (+) and for cleaved samples
parallel (11) to the plane of crystallisation. In the following text these samples will be marked
as 8/5 (11), 8/6 (1) and 8/8 (11), respectively. Samples cut perpendicular (1) to the growth of the
ingot were in the form of discs and samples cleaved parallel (11) to the plane of crystallisation
were of square cross-section. Cut samples were then highly mechanically polished. The
measured samples were cleaned in acetone before they are used for measurements.

Measurements of thermoelectric properties were carried out by home-made
impedance meter based on the "Lagre AT method” [35] with temperature range from 40 to
320°C. Home-made impedance meter simultaneously measured all three thermoelectric
parameters, Seebeck coefficient, conductivity and resistivity. The measurement process was
performed in vacuum of 10? to 10° Pa on sample with a height of about 11.72 mm and a
diameter of 9.15 mm and took at least 15 hours.

TE characteristics of sample, resistivity (p), Seebeck coefficient (S) and conductivity
(x) were used to determine figure of merit, ZT. T is absolute temperature. The sample
dimensionless figure of merit ZT was calculated according to the expression:

ZT=S*T/px ).

Thermoelectric measurements were taken for decreasing temperature and in the directions
perpendicular to the 001 plane.

3. Results and Discussion

Bismuth, antimony, zirconium, tellurium and selenium are merged in a stoichiometric
relationship 2:3, namely with given compound formula of Biyg17Sb30.72 Zro 35 T€s826S€0.43. The
elemental composition of the compound obtained by energy dispersive spectrometry (EDS)
analysis [34] made it possible to obtain empirical formula. The obtain empirical formula does not
deviate from the given compound formula.

Secondary and backscattered electron image (SEI and BEI) shows the chemical
homogeneity of the sample as seen in the Figs 1-4.

Fig. 1. Secondary electron image (SEI) of Biy.17Sbz072 Zro.35 T €58.285€0 4.
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Fig. 2. Backscattered electron images BEI Biyg17Sbs0.72 Zro 35 T€58.285€0 48
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Flg 3. Secondary electron image (SE') of Bi10.17Sb30.72 Zr0.35T653.2gseol48.
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Fig. 4. Backscattered electron images (BEI) of Biyg17Sbso.72 Zro35 T €58.28S€0.48.
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In Figs 1 and 3 shows the sample microstructure secondary electron image (SEI), so that the
pores are better visible. Figs 2 and 4 are BEI images backscattered electron image, so they
carry information about the chemical composition (phases with a higher atomic number
average, Z, reject more electrons, so they are brighter, and phases with a smaller atomic
number average, Z, reject less electrons, so they are darker in the figures). The porosity of the
sample can be clearly seen from the microstructures and that the sample is single-phase
(darker areas in the BEI images are pores).

a)
Fig. 5 Cleaved ingot in the crystallization direction a) i b).

Fig. 5a) displayed the look of the obtained Bijp17Shsg 72 ZrossTess28S€0.48 Single crystal. The
obtained crystal could be easily cleaved along the (001) plane and it has a shiny surface,
Fig. 5b).

3.1 Hall Effect measurements at temperature of liquid nitrogen

Hall effect measurements at a temperature of liquid nitrogen were carried out with
0.05; 0.1; 0.5; 1; 5 and 10 mA current intensity. Square cross-section sample 8/5 (1) and 8/8
(1) was with thickness of 1.75 mm and circular cross-section sample 8/6 (1) was with
thickness of 2.25 mm.

All calculated data from Hall measurements at temperature of liquid nitrogen for
samples: 8/5(11), 8/6 (1) and 8/8 (11) are presented in Figs 6-13.
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Fig. 6. Dependence of bulk and sheet carrier concentration from current intensity for sample
8/5 (11) at temperature of liquid nitrogen.
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Dependence of bulk and sheet carrier concentration from current intensity for sample 8/5 (11)
at temperature of liquid nitrogen is displayed in Fig. 6. Sheet carrier concentrationis fairly
constant and was found to be 10*® cm™. Bulk carrier concentrations at current intensity of 0.05
Ma, 0.1 mA and 0.5 mA are n, = 3.342x10"" cm?, n, = 3.027x10'® cm?, n, = 4.751x10%®
respectively. At current intensity of 1 mA bulk carrier concentration increases to value of
71.375x10". Thereafter bulk carrier concentration decreases as current intensity increases.
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Fig. 7. Dependence of specific resistivity and conductivity from current intensity for sample
8/5 ('11) at temperature of liquid nitrogen.

The resistivity of sample 8/5 (11) shown in Fig. 7 decreases as current intensity increases from
0.05 to 5 mA and is fairly constant in range of 5-10 mA. The plot of the conductivity
dependence from current intensity for sample 8/5 (11) at temperature of liquid nitrogen is
shown in the same Fig. 7. As it can been seen the conductivity increases as current intensity
increases from 0.05 to 5 mA. At current intensity of 1 mA specific conductivity is ¢ =
1.533x10° Q™ cm™. After that specific conductivity again increases.
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Fig. 8. Dependence of bulk and sheet carrier concentration from current intensity for sample
8/6 (1) at temperature of liquid nitrogen.
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Dependence of bulk and sheet carrier concentration from current intensity for sample 8/6 (1)
at temperature of liquid nitrogen is displayed in Fig. 8. Bulk and sheet carrier concentration
are fairly constant in range of 0.05-5 mA. The figure shows that bulk and sheet carrier

concentration is in the range of 10'°-10% cm .
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Fig. 9. Dependence of specific resistance and conductivity from current intensity for sample
8/6 (1) at temperature of liquid nitrogen.

It may be noted that the specific resistance decreases as current intensity increases from 0.05
to 1 mA (Fig. 9). Specific resistance is fairly constant in range of 1-10 mA. Specific
conductivity increases as current intensity increases except for current intensity of 5 mA.
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Fig. 10. Dependence of bulk and sheet carrier concentration from current intensity for sample
8/8 (1) at 77 K.

In Fig. 10 is displayed dependence of bulk and sheet carrier concentration from current
intensity for sample 8/8 (11) at 77 K. Sheet carrier concentration is fairly constant in range of
0.05-10 mA (10'°-10" cm ) while values of bulk carrier concentration vary in the same
range.
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Fig. 11. Dependence of specific resistance and conductivity from current intensity for sample
8/8 (11) at temperature of liquid nitrogen.

The measurement results of specific resistance and conductivity dependence from current
intensity for sample 8/8 (11) at temperature of liquid nitrogen are shown in Fig. 11. It can be
seen that the resistance decreases (except from interval of 5-10 mA current intensity) with
current intensity showing metallic character of the material. A little deviation in derived
measurement results of specific resistance, conductivity, bulk and sheet carrier concentration
can be contributed to interval time between measurements.

The obtained results of specific conductivity for samples 8/5 (1) and 8/8 (1) are
higher than for cut sample 8/6 (v).
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Fig. 12. The variation of Hall coefficient Ry, with current for samples: 8/5 (11), 8/6 (+) and 8/8
(11) at temperature of liquid nitrogen.

The variation of the Hall coefficient Ry at 77K with current is shown in Fig. 12. It is seen that
the Hall coefficient is fairly constant in range of current value 2.5-10 mA. Values of Hall
coefficient is negative for sample 8/5 (11) at 10 mA and for sample 8/8 (11) at 0.5 and 1 mA
which can be contributed to interval time between measurements or deviation from
stoichiometry [36]. The positive value of the Hall coefficient points out that BiShTeSe single
crystal doped with Zr is p-type and the majority charge carriers are holes.
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Fig. 13. The variation of mobility with current for samples: 8/5 (11), 8/6 (+) and 8/8 ( I1) at
temperature of liquid nitrogen.

Fig. 13 shows results of mobility measurements for all three samples. It can be seen
that the mobility of each sample decreases as current increases in range of current value
0.05 - 1 mA and are higher than theoretical mobility value of p type Bi,Tezand reported value
of Bi-Sh-Te-Se quaternary system [37-39]. In range of 1-10 mA mobility is fairly constant
for all three samples.

If obtained mobility value for sample 8/5 (11) at 0.05 mA is disregarded, obtained
curves for 8/5 (11) and 8/8 (11) samples are similar. Mobility x (cm?V's™), varies from
4.134x10°, 2.119x10°, 6.367x10°% 1.218x10° 8.950x107 and 5.750x10° for sample 8/5 (i1) at
77 K. For sample 8/6 (1) mobility is in range 2.325x10° -1.406x10%cm?V*s™, while for
sample 8/8 (11) at 77 K measured values are between 7.227x10° cm?V''s™® and 1.309x10*
cm?V*s™. High value of mobility may be attributed to the presence of fewer defects in single
crystal.

3.2 Thermoelectric properties

Preliminary results of thermoelectric properties in the temperature interval from 40°C
to 320°C are given in Fig. 14. Figure shows the temperature dependence of resistivity (p),
Seebeck coefficient (S), conductivity (k) and figure of merit (ZT) of sample. A TE
characteristic was measured to define quality. These properties strongly depend on carrier
concentration, mobility, crystal structure and defects in the crystal structure.

Resistivity (p) as a function of temperature (T) is displayed in Fig. 14a. The R-T
curve demonstrates resistivity decrease as temperatures increase. This trend has been kept
up to about 300°C. Thereafter resistivity increases. Resistivity is inversely proportional to
the carrier mobility («). Higher carrier mobility will result in lower resistivity, so that may
result in decrease of resistivity to about 300°C.

Temperature dependence of Seebeck coefficient (S) in temperature range from 40°C
to approximately 300°C is shown in Fig. 14b. The sample showed increase of S with
temperature from 120 pV°C™ at 40°C to 155 pV°C™ at 320°C. Seebeck coefficient had a
positive sign over the whole investigated temperature range which indicates p-type of
conduction (major conductivity carriers are holes) which is in agreement with the Hall
coefficient. The variation in conductivity (x) with temperature of studied sample is shown in
Figure 14c. The analyzed sample had conductivity of 0.8 Wm™K™ approximately. Over the
whole temperature range, the conductivity is much lower than in Bi,Te; based alloys [40]. A
marked decrease in the conductivity from 0.98 to 0.78 Wm™K™ was observed at high
temperatures (300°C). Decrease in the conductivity with temperature (Fig. 14c) may be
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attributed to the presence of only one type of carrier which takes part in the conductivity [41-
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Fig. 14. Temperature dependence of resistivity (a), Seebeck coefficient (b), conductivity (c)
and figure of merit (d) for sample BiSbTeSe doped with Zr.

Figure of merit was calculated using measured values for resistivity, Seebeck coefficient and
conductivity. Its temperature dependence is presented in Fig. 14d. The ZT peak in Figure 14d
is about 0.8 at 300°C, which is significantly greater than Bi,Tes based alloys. The ZT value of
the Bi,Tesbased alloys starts to drop above 75°C and is below 0.25 at 250°C [6]. The peak of
dimensionless figure of merit (ZT) of Bi,Tesbased n-type single crystals is about 0.85 in the
ab plane at room temperature [43]. However, ZT values for p-type BiSbTeSe single crystal
doped with Zr are still above 0.8 at 300°C (Fig. 14d).
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Fig. 15. Thermoelectric figure of merit at different temperatures [46, 47] and our

investigation.
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Note: (o] obtained result of thermoelectric figure of merit in our investigation, ZT=0.69, for
p-type Bi1.17Sbsg 72 Zrg 35 T€5828S€0.48 Single Crystal at573 K

value of thermoelectric figure of merit, ZT=0.5, for p-type Bi,Tes single crystal at
300 K [38].

4. Conclusion

The possibility of producing high quality BiSbTeSe single crystal doped with Zr
using the Bridgman method was examined. Single crystal was successfully prepared.
Obtained crystal ingot of 80 mm in length and of 9.2 mm in diameter cleaved easily along the
(00I) planes. Measurements of the Hall Effect and thermoelectric properties indicate that bulk
sample was of p-type conductivity, suggesting that major conductivity carriers were holes.
The mobility of major carriers varies from 5.750x10° to 6.367x10° for sample 8/5 (i1). These
values of mobility correspond to an increase of nearly 50% from the usual value of mobility
for commercial Bi,Te; sample. Influence of major charge carriers concentration on structural
defects and impurities was lower due to optimal carrier concentration. The resistivity (p),
conductivity (k) and Seebeck coefficient (S) were measured simultaneously in temperature
range from 40°C to 320°C. The minimum conductivity was observed to be 0.78 WmK™ at
300°C. This value is improvement compared with the conductivity of the commercial Bi,Te;
materials [25]. It was found that figure of merit (Z) increases with temperature. The highest
figure of merit (Z), 1.22 x 10 K™ at 300°C, was obtained for single crystal BiSbTeSe sample
doped with Zr confirming that even small concentration of Zr significantly influences
thermoelectric properties of BiShTeSe single crystal.

The experimental measurements of thermoelectric properties, including Seebeck
coefficient, resistivity, conductivity, and figure of merit have shown that fabricated bulk
thermoelectric material exhibits high performances for thermoelectric applications.
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Caxycemax:. V yuny npoyyasara ymuyaja oonupara Zr Ha mepmoeiekmpuine ocobumne
MOHOKpuUucmaia Bi10.178b30,72 Zr0,35T953.28890.43 n-muna, npunpem/ben je UuHecom EpuwwaHoeom
memooom. Ceuenu u yenanu y30pyu u3 pasmudumux 0e108a UH2Oma ucCnumueanu cy Xoaioeum
epexmom 3acrosanum na Baw Oep Ilayoeoj memoou. Illpea mepera cy cnpogedena ca
Yyemupu OMCKA KOHMAKMA Ha COOHOj memnepamypu u 000uUjeHu pe3yimamu  Cy
npeocmasmeHy  y  Hawium  ucmpasxcugaruma pawnuje. Taxohe, Oobujena je @ucoka
NOKPEemUBOCTT HOCUOYA HACAEKMPUCAIbA U HA Y30PKY €A CPEOPHUM KOHMAKMUMA HA
memnepamypu meunoe azoma. MoHoxkpucman je ucnumusan Mmeperuma 3ebex06oz
koeuyujenma (S), meperwuma nposodmsusocmu (k) u omnopwocmu (p) y onceey
memnepamype 00 40-320°C mepauem umnedarnce domake uspade. [Jobujenu monokpucman
uma epednocm (axmopa keanumema (Z) 00 1.22x10° K* na 300°C.
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Kuoyune peuu: Xonos egexam, mepmoerekmpuuna ceojcmea, bpuyman memooa,
MOHOKpUCMAIL.
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