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Effects of excess Te on the thermoelectric
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single crystal and hot-pressed sinter
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Effects of excess Te on the thermoelectric properties of p-type 25% Bi;Te3-75% Sb,Te;
single crystal and hot-pressed sinter were characterized and understood with the
micro-phase diagram near the stoichiometric composition obtained by measuring the
equilibrium Seebeck coefficient. Thermoelectric properties of the 25% Bi,Te3-75% Sb,Tes
single crystal were varied with the amount of excess Te, as §-phase of the single crystal
becomes less Te-deficient with adding more excess Te. However, thermoelectric properties
of the hot-pressed sinter were not varied with the amount of excess Te, because the
composition of §-phase is not changed with the amount of excess Te. While a maximum
figure-of-merit of 2.39 x 1073/K at 300 K was obtained for the 25% Bi,Te3-75% Sb,Tes single
crystal by adding 6 wt % excess Te, the hot-pressed 25% Bi,Te3-75% Sb,Tes sinter exhibited
the figure-of-merit of 2.97 x 10~3/K regardless of the excess Te amount.
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1. Introduction

The bismuth telluride-based solid solutions, widely
utilized as thermoelectric materials in Peltier cooling
modules, have been generally prepared by unidirec-
tional solidification techniques such as zone melting
and Bridgman methods. Despite their excellent ther-
moelectric properties, the unidirectionally solidified
materials have poor mechanical properties due to the
cleavage fracture along the basal plane of the rhombo-
hedral structure. In addition, both the zone melting and
Bridgman methods require considerable length of time
to grow ingots having good thermoelectric properties.
As a new processing technique, thus, hot-pressing and
related methods have been applied to prepare sintered
thermoelectric materials in recent years [1-8].

The figure-of-merit of thermoelectric materials de-
pends on the materials parameter, (m*/my)>? 1o/
(k — Ke1), where m™, o and k. are the effective mass,
mobility of the charge carriers and electronic thermal
conductivity, respectively. Therefore, various works
have been performed for the bismuth telluride-based
materials to find the composition which has the largest
value of (m* /m)3? e /(k — ker). Yim et al. [9, 10] re-
ported that p-type BiTes-Sb,Tes single crystals has
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the largest (m*/my)>/? 110/ (k — ke1) around the compo-
sition of 25% Bi,Tes-75% Sb,Tes. There are, however,
to many positive holes in undoped 25% BiyTe3-75%
Sb,Tes single crystal to optimize the figure-of-merit
[11]. It has been well known that, in p-type Bi,Tes-
SbyTes alloys, holes are created by the antistructure
defects generated by the occupation of Te sites with Bi
and Sb atoms [12]. In the zone melting and Bridgman
methods, the hole concentration is usually reduced by
inhibiting the formation of antistructure defects by the
addition of excess Te to the melt [10, 13, 14]. In Bi, Te3-
Sb,Tes alloy system, however, not only the phases and
but also the composition of the phases are dependent
upon the processing temperature as well as the nominal
composition. Thus, the behavior of excess Te in the hot-
pressed BiyTes-Sb, Tes alloys would be different from
the case for single crystals, because hot-pressing is per-
formed at temperatures lower than those for unidirec-
tional solidification. However, little has been reported
for the effects of excess Te addition on the thermoelec-
tric properties of the hot-pressed Bi, Tes-Sb, Tes alloys.

For Bi;Te;-SbyTes alloy system, the micro-phase
diagram near the stoichiometric composition can
be evaluated by measuring the equilibrium Seebeck
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coefficient. Mechanical alloying is a technique in which
intermetallic compounds or alloy powders are fabri-
cated from elemental powders through a sequence of
collision events inside a high-energy ball mill. It al-
lows receiving alloy powders with size below 1 um,
and hence, sintering of the mechanically alloyed pow-
der could reach the phase equilibrium within arelatively
short time even at lower temperatures. And more, as
melting process is not involved in the mechanical al-
loying, phase segregation can be prevented in the me-
chanically alloyed powders.

In the present paper, we have prepared p-type 25%
Bi,Tes-75% Sb, Tes; single crystals and hot-pressed sin-
ters with changing the amount of excess Te up to 7 wt%,
and compared the effects of excess Te addition on the
thermoelectric properties of the hot-pressed sinters with
those for single crystals. To understand the effects of ex-
cess Te addition for the single crystals and hot-pressed
sinters, we have also obtained the micro-phase diagram
for 25% BiyTes-75% SbyTes by measuring the equilib-
rium Seebeck coefficient.

2. Experimental

High purity (>99.99%) Bi, Sb and Te shot and granules
were washed with 10% nitric acid, acetone, and distilled
water to remove the surface oxide layer. To make sin-
gle crystals, the appropriate amounts of Bi, Sb and Te
were weighed for 25% BiyTes-75% Sb,Tes composi-
tion with 0 ~ 7 wt % excess Te and charged into carbon
coated quartz tube. The quartz tube was sealed under
107 torr, and the melt was homogeneously mixed at
800°C for 5 hours using a rocking furnace. The ingot
were then grown in the zone melting furnace at 800°C
with growth rate of 0.1 mm/min. Rectangular speci-
mens of 5 x 5 x 10 mm?® were cut from the central part
of the ingots along the growth direction to measure the
thermoelectric properties.

To make sintered materials, the alloy powders were
fabricated by the mechanical alloying. The appropriate
amounts of Bi, Sb and Te were weighed for 25% Bi, Tes-
75% SbyTes composition with 0 ~ 7 wt % excess Te
and charged into an attrition mill under Ar atmosphere.
ZrO, balls were used as a milling media and ball-to-
powder ratio was held at 50: 1. Mechanical alloying
was performed by rotating the Al,O3 container at about
300 rpm for 20 hours. After the attrition milling pro-
cess, X-ray diffraction (XRD) analysis was performed
to confirm the complete formation of the alloy pow-
ders. A reduction treatment of powders was performed
at400°C for 24 hours in 50% H; + 50% Ar atmosphere
to eliminate the effect of the powder-surface oxidation
on the thermoelectric properties. The reduction treated
alloy powders were cold pressed at 425 MPa to form
5 x 5 x 10 mm?® compacts. Hot pressing was performed
in vacuum at 550°C for 30 minutes. To obtain the equi-
librium Seebeck coefficient, the cold compacts were
sintered in a vacuum-sealed quartz ampoule at temper-
atures ranging from 150°C to 550°C until the Seebeck
coefficient equilibrated. At the higher temperature of
500°C, the Seebeck coefficient of the mechanically al-
loyed sinters reached equilibrium within 1 hour, while
at the lower temperature of 150°C took it at least 7 days.
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Differential Thermal Analysis (DTA) was performed
in Ar atmosphere at a scan rate of 5°C/min for the as-
mixed and mechanically alloyed powders. The Seebeck
coefficient (o) was measured by applying a tempera-
ture difference of 10°C at both ends of the specimen.
The electrical resistivity (p) and the figure-of-merit
(Z) were measured using the Harman method [15] at
1073 torr to minimize the thermal conduction through
convection. The thermal conductivity (x) was deter-
mined using the relationship k = a?/Zp.

3. Results and discussion
3.1. Equilibrium Seebeck coefficient near
the stoichiometric composition
XRD patterns of the as-mixed and mechanically alloyed
powders, shown in Fig. 1, clearly revealed the forma-
tion of 25% Bi,Tes-75% Sb,Tes alloy from elemental
Bi, Sb and Te powders by mechanical alloying at room
temperature. DTA curves of the as-mixed and mechan-
ically alloyed 25% BiyTe3-75% Sb,Te; powders are
shown in Fig. 2. For the as-mixed powder, endothermic
peaks were observed at 272°C, 423°C and 617°C due to
the melting of Bi, Te-rich Bi-Sb-Te eutectic, and 25%
BiyTes-75% Sb,Tes, respectively. Exothermic peak at
531°C was due to the formation reaction of 25% Bi, Tes-
75% Sb,Tes solid solution. Such peaks except one at
617°C disappeared in DTA for mechanically alloyed
powder, which indicated the formation of 25% Bi,Tes-
75% Sb,Te; by mechanical alloying. Endothermic peak
at417°C was due to the melting of Te-rich second phase
[16, 17]. On the basis of DTA results, thus, it could be
known that the equilibrium microstructural phase of
the stoichiometric 25% Bi,Te3-75% Sb,Te; composi-
tion is (6 + Te) below 417°C, and (lig. + §) between
417°C and 617°C.

The equilibrium Seebeck coefficient of the sintered
25% BiyTes-75% Sb,Tes are shown in Fig. 3 as a func-
tion of sintering temperature. The Seebeck coefficient
of cold pressed 25% BiyTes-75% Sb,Te; was about
163 pwV/K. After sintering, however, the equilibrium
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Figure 1 XRD patterns of (a) as-mixed and (b) mechanically alloyed
powders for 25% BiyTez-75% Sb,Tes composition.
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Figure 2 DTA curves of (a) as-mixed and (b) mechanically alloyed pow-
ders for 25% Bip Tes-75% SbyTes composition.
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Figure 3 Equilibrium Seebeck coefficient of 25% Bi, Te3-75% Sb,Tes
as a function of the sintering temperature.

Seebeck coefficient was increased with temperature
up to 274 wV/K at 350°C and then decreased with
further increase of the sintering temperature. For the
25% Bi; Te3-75% Sb,Tes single crystals, Scherrer et al.
[18,19] studied the equilibrium Seebeck coefficient
at the solidus line between 520°C and 570°C using
the travelling heater method (THM). The data from
Scherrer et al. are also shown in Fig. 3 (solid circles) for
comparison. Coincidence of the Seebeck coefficient of
the sintered specimens with those of the single crystals
revealed that the equilibrium phases could be obtained
by sintering the mechanically alloyed specimens until
the Seebeck coefficient was equilibrated.

Generally, p-type Bi;Tes;-Sb,Te; single crystals are
non-stoichiometric and deviated from the stoichiome-

try toward bismuth and antimony because Te is more
volatile than Bi and Sb [20]. Antistructure defects of
Bit. and Sbr. are created by the occupation of the va-
cant Te site with Bi and Sb, and holes are generated by
[20,21]

BiyTe; = 2Bify, + Vi, + 2V, + (3/2)Tey) + 2h*
SbyTes = 2Sbf, + Vi + 2V§, + (3/2)Tea) + 2h*
(D

Thus, the hole concentration (p) of p-type BiyTes-
SbyTes alloys is determined by the antistructure de-
fect concentration which is dependent upon the degree
of Te-deficiency from the stoichiometric composition.
Assuming Boltzmann distribution, the Seebeck coeffi-
cient of p-type thermoelectric materials is related with
the hole concentration as follows;

k 5 2 2em*kgT)>?
e 2 ph3

where kg is the Boltzmann constant, s the scattering
parameter, & the Plank’s constant and m* the effec-
tive mass. From the equilibrium Seebeck coefficient in
Fig. 3, thus, the degree of Te-deficiency from the sto-
ichiometric composition, i.e. a micro-phase diagram
near the stoichiometric composition of 25% Bi,Tes-
75% Sb,Tes solid solution was evaluated as illustrated
in Fig. 4. The solidus line is shifted from the stoichiom-
etry toward bismuth and antimony in the (liq.+§)
region.

3.2. Effects of excess Te on thermoelectric
properties of single crystals

25% BiyTes-75% Sb,Tes single crystals with 0 ~ 7

wt % excess Te were grown by the zone melting

method, and the Seebeck coefficient was measured at
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Figure 4 Micro-phase diagram near the stoichiometric composition of
25% BixTe3-75% Sb,Tes.
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Figure 5 Temperature dependence of the Seebeck coefficient for the
excess Te-doped 25% BixTe3-75% SbyTes single crystals.

temperatures ranging from 77 K ~ 600 K. Tempera-
ture dependence of the Seebeck coefficient is shown
in Fig. 5. Regardless the amount of excess Te, the See-
beck coefficient initially increased with increasing tem-
perature and then decreased after reaching a maximum
value. Such increase of the Seebeck coefficient at lower
temperature range is due to the decrease of the reduced
Fermi energy at the carrier saturation region and the de-
crease of the Seebeck coefficient at higher temperatures
1s associated to the onset of the mixed conduction [22].
As the number of electrons thermally excited from the
valence band to the conduction band increases substan-
tially at high temperature region, the mixed conduction
occurs by holes in the valence band and electrons in
the conduction band, and the Seebeck coefficient can
be expressed by

op - 0 — |ote - O,
o = € € (3)

Oh + O¢

where, o, and «, are the Seebeck coefficients by holes
and electrons, respectively, and oy, and o, are the elec-
trical conductivity by holes and electrons, respectively.
Thus, the decrease of the Seebeck coefficient with in-
creasing temperature is due to the increase of the elec-
tron contribution.

As shown in Fig. 5, the maximum value of the See-
beck coefficient increased and the temperature at which
the Seebeck coefficient has its maximum shifted to
lower temperature with increasing the amount of excess
Te. From the micro-phase diagram in Fig. 4, one could
expect that the chemical composition of §-phase for the
unidirectionally grown ingot becomes less Te-deficient
with adding more Te in the melt. Thus, the Seebeck co-
efficient of the 25% Bi,Tes-75% Sb,Tes single crystal
increased with adding more excess Te due to the lower
concentration of antistructure defects, i.e. lower hole
concentration.
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The temperature dependence of the electrical resis-
tivity for the 25% Bi;Tes;-75% Sb,Te; single crystals
with 0 ~ 7 wt % excess Te is shown in Fig. 6. Increase
of the electrical resistivity at lower temperature region
is mainly due to the decrease of the carrier mobility, and
the decrease of the electrical resistivity after reaching
a maximum is attributed to the onset of the mixed con-
duction [23]. The electrical resistivity increased with
the addition of more excess Te, which was due to the
lesser carrier concentration. The thermal conductivity
and the figure-of-merit (Z = o>/ pk) of the 25% Bi, Tes-
75% Sb,Tejs single crystals with 0 ~ 7 wt % excess Te
are shown in Figs 7 and 8, respectively. With increasing
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Figure 6 Temperature dependence of the electrical resistivity for the
excess Te-doped 25% Bip Tes-75% Sb,Tes single crystals.
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Figure 7 Temperature dependence of the thermal conductivity for the
excess Te-doped 25% Bip Tez-75% Sb,Tes single crystals.
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Figure 8 Temperature dependence of the figure-of-merit for the excess
Te-doped 25% Biy Te3-75% Sb,Tes single crystals.

the temperature, the thermal conductivity initially de-
creased and then increased after reaching its minimum
at about 300 K. At the same temperature, the thermal
conductivity decreased with increasing the amount of
excess Te. The figure-of-merit increased initially with
increasing temperature, showed the maximum at about
300 K, and then decreased with further increase of the
temperature. With increasing the amount of excess Te,
the temperature at which the figure-of-merit has a max-
imum shifted to lower temperature due to the decrease
of the hole concentration [9]. Since the Seebeck coef-
ficient and the electrical resistivity increased simulta-
neously with the addition of excess Te, the optimum
amount of excess Te exists to improve the figure-of-
merit of 25% Bi;Te3-75% Sb,Tes single crystals. For
the 0 ~ 7 wt % excess Te doped 25% BiyTes-75%
SbyTes single crystals, a maximum figure-of-merit of
2.39 x 1073/K at 300 K was obtained by adding 6 wt %
excess Te.

3.3. Effects of excess Te on thermoelectric
properties of hot-pressed sinters

To examine the effect of excess Te doping on the ther-
moelectric properties of the hot-pressed 25% Bi,Tes-
75% Sb,Tes sinters, mechanically alloyed powders
doped with excess Te up to 7 wt % were hot-pressed in
a vacuum at 550°C for 30 minutes. The Seebeck coeffi-
cient and the electrical resistivity at room temperature
for the hot-pressed 25% Bi, Te3-75% Sb,Tes sinters are
shown as a function of excess Te in Figs 9 and 10, re-
spectively. Data from the single crystals are also plot-
ted for comparison. While the Seebeck coefficient and
the electrical resistivity of the single crystals increased
with the amount of excess Te due to the reduction of
the carrier concentration, those of the hot-pressed spec-
imens were almost unchanged regardless the amount of
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Figure 9 Seebeck coefficient of the excess Te-doped 25% BixTesz-75%
SbyTes hot-pressed sinters and single crystals at room temperature.
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Figure 10 Electrical resistivity of the excess Te-doped 25% Biy Tes-75%
SbyTes hot-pressed sinters and single crystals at room temperature.

excess Te. The Seebeck coefficient of the hot-pressed
specimens was about 225 uV/K, which was in good
agreement with the equilibrium Seebeck coefficient at
550°C shown in Fig. 3. When the 25% Bi,Te3-75%
Sb,Tes powders with different amount of excess Te are
hot-pressed at 550°C in the (lig. 4+ §) region, the ratio
of solid phase § and liquid phase is changed according
to the level rule. However, the composition of the §-
phase is the same regardless the amount of excess Te,
as shown by the dotted line in Fig. 4. Even with chang-
ing the amount of excess Te up to 7 wt %, thus, the
hot-pressed specimens were composed of § matrix of
the same chemical composition with small amount of
Te-rich second phase that was solidified from the liq-
uid phase. The amount of Te-rich second phase would
increase with the addition of more excess Te. How-
ever, the Seebeck coefficient and electrical resistivity
of the excess Te-doped 25% Bi;Te3-75% Sb,Tes sin-
ters were little affected by the amount of Te-rich second
phase [24].

The thermal conductivity at room temperature for
the hot-pressed sinters and single crystals are shown in
Fig. 11 as a function of excess Te. While the thermal
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Figure 11 Thermal conductivity of the excess Te-doped 25% Bi,Tes-
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Figure 12 Figure-of-merit of the excess Te-doped 25% BirTe3-75%
SbyTes hot-pressed sinters and single crystals at room temperature.

conductivity of the single crystals was reduced with the
addition of more excess Te mainly due to the decrease
of the electronic thermal conductivity, kg = Lo T (L :
Lorentz number, o : electrical conductivity), the ther-
mal conductivity of the hot-pressed specimens was the
same regardless of the amount of excess Te. The figure-
of-merit of the hot-pressed sinters and single crystals
at room temperature is shown in Fig. 12. The figure-
of-merit of the single crystals was improved with in-
creasing the amount of excess Te and showed a maxi-
mum value of 2.39 x 1073/K with adding 6 wt % ex-
cess Te. Contrary to the single crystals, the hot-pressed
25% BiyTes-75% Sb,Tes sinters exhibited the figure-
of-merit of 2.97 x 1073/K which was little changed
with the variation of the excess Te amount up to 7 wt %.
From our results, it can be concluded that the carrier
concentration and, thus, the thermoelectric properties
of the p-type Bi,Tes;-Sb,Te; single crystals are con-
trolled by the addition of the excess Te. However, the
carrier concentration and thermoelectric properties of
the hot-pressed p-type BiyTe;-SbyTes sinters are not
controlled with the variation of the excess Te amount,
because the chemical composition of § matrix phase is
not changed. Rather, thermoelectric properties of the
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hot-pressed p-type Bi,Tes-Sb,Tes sinters can be con-
trolled by changing the hot-pressing or sintering tem-
perature to vary the Te-deficiency of § matrix phase.

4. Conclusions

The micro-phase diagram near the stoichiometric com-
position of 25% Bi, Tes-75% Sb,Tes solid solution was
obtained by measuring the equilibrium Seebeck coeffi-
cient. The solidus line is shifted from the stoichiometry
toward bismuth and antimony in the (lig. 4+ §) region.
The carrier concentration and, thus, the thermoelectric
properties of the p-type 25% BiyTes-75% Sb,Tes sin-
gle crystals could be controlled by the addition of the
excess Te. From the micro-phase diagram, it could be
known that §-phase of the unidirectionally grown ingot
becomes less Te-deficient with adding more excess Te,
resulting in the decrease of the hole concentration. A
maximum figure-of-merit of 2.39 x 1073/K at 300 K
was obtained for the 25% Bi,Tes;-75% Sb,Tes single
crystals by adding 6 wt % excess Te. However, the car-
rier concentration and thermoelectric properties of the
hot-pressed 25% Bi,Te;-75% Sb,Te; sinters were not
controlled with the variation of the excess Te amount,
because the composition of § matrix phase was not
changed with the amount of excess Te. The hot-pressed
p-type 25% Bi;Te3-75% Sb,Tes sinters exhibited the
figure-of-merit of 2.97 x 1073/K regardless of the ex-
cess Te amount. On the basis of the micro-phase dia-
gram, it is suggested that the thermoelectric properties
of the hot-pressed p-type BiyTes;-Sb,Tes sinters can
be controlled by changing the hot-pressing or sintering
temperature to vary the Te-deficiency of § matrix phase.
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