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Thermoelectric properties of (Bip.25Sbg.75)>Tes
alloys fabricated by hot-pressing method
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Thermoelectric properties of the hot-pressed p-type (Big.25Sbg 75). Tes alloy were
characterized with variation of the hot-pressing temperature and the starting powder size.
The roles of the factors which affect the Seebeck coefficient of the hot-pressed

(Big.25Sbg 75)2Tes alloy has been elucidated in this study. The donor-like behavior of oxygen
could be one of the possible explanations for the higher Seebeck coefficient of the
hot-pressed (Big 25Sbg 75)»,Tes alloy. Te vacancies formed by mechanical deformation
during the powdering process significantly promote the diffusion of second phase Te
atoms into their lattice sites so that the matrix Te solubility approaches its equilibrium value
at a given temperature in a relatively short length of time. Using the Seebeck coefficient at
various hot-pressing temperatures, the micro-phase diagram near the stoichiometric
composition of (Big25Sbg 75)2Tes was evaluated. © 2001 Kluwer Academic Publishers

1. Introduction Te granules were weighted to make an ingot of 40 g and
Thermoelectric cooling modules have been widely apcharged into a carbon-coated quartz tube. The quartz
plied to cool electronic devices, such as integratedube was vacuum-sealed at2Gorr. Bi, Sb and Te in
circuit packages, high-power laser diodes, and IRhe quartz tube were melted and homogeneously mixed
detectors, because quick and precise control of temat 800C for 5 hours using a rocking furnace, and then
perature is possible with almost no noise during op-quenched to room temperature. They(BBky 75)2Tes
eration [1, 2]. As p-type materials for thermoelectric ingots were crushed in an alumina mortar and sieved
cooling modules, BiTex-SkyTe; single crystals have to obtain the powders of under 38n, 38-90xm and
been extensively investigated, and the thermoelectri®0-250um.
figure-of-merit of By Tes—ShTez was optimized with To prepare the (BisShy 75)2 Tes powders using me-
the composition of (BizsShy 75)2Tes [1-4]. However,  chanical alloying, appropriate amounts of Bi, Sb and Te
Bi, Tes—ShTes single crystals have very poor mechan-were weighed and charged with 0.3 wt % excess Te into
ical properties due to the cleavage fracture along then attrition mill under Ar atmosphere. Zirconia balls
basal plane of the rhombohedral structure. As a newvere used as a milling media and ball-to-powder ratio
processing technique, thus, hot-pressing method hasas held at 50 : 1. Mechanical alloying was performed
been applied to prepare p-typeBes—SkyTes sintered by rotating the alumina container at about 300 rpm
materials in recent years [4-9]. for 20 hours. After the attrition milling process, X-ray
In this study, p-type (Bi»sShy 75),Tes alloy powders  diffraction (XRD) analysis was performed to complete
were hot-pressed at temperatures ranging from?@00 formation of the alloy powders. Differential Thermal
to 550°C, and the thermoelectric properties were char-Analysis (DTA) was performed in Ar atmosphere at a
acterized with variation of the hot-pressing tempera-scan rate of 8C/min for the as-mixed and mechanically
ture and the powder size. Effects of several factorsalloyed powders.
such as Te evaporation, oxidation and mechanical de- The powders fabricated by the melting/grinding and
formation during the powdering process, and Te solimechanical alloying processes were cold-pressed at 425
ubility, on the Seebeck coefficient of the hot-pressedviPato form 5x 5x 12 mn# compacts, and hot-pressed
(Bip.25Shy.75)2Tes alloy were also investigated. in a vacuum for 30 minutes at temperatures ranging
from 300 C to 550C. The Seebeck coefficient)was
measured by applying a temperature difference 6€10
2. Experimental at both ends of the specimen. The electrical resistivity
To prepare the (BixsShy 75)2Tes powders using melt-  (p) and the figure-of-merit4) were measured using
ing/grinding method, high purity{99.99%) Bi, Sband the Harman method [10] at 18 torr to minimize the

0022—-2461 © 2001 Kluwer Academic Publishers 1285



thermal conduction through convection. The therma
conductivity ) was determined using the relationship
of k =a?/(Z - p). The error range of the measurement
values was within 5%.

3. Results

XRD patterns of the as-mixed and mechanically al-

loyed powders, shown in Fig. 1, clearly illustrated the
formation of (Bp25Shy.75)2Tes alloy from elemental
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Figure 1 X-ray diffraction patterns of (a) as-mixed and (b) mechanically
alloyed (Bi.25Shy.75)2 Tes powders.
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Figure 2 DTA curves of (a) as-mixed and (b) mechanically alloyed
(Bio.25Shy.75)2 Tes powders.
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to the melting of Bi, Te-rich (Bi,Sh)-Te eutectic and
(Bip25Shy.75)2Tes. Exothermic peak at 53C was due
to the formation of (Bj25Shy 75)2Tes. Such peaks ex-
cept one at 61°C disappeared in DTA for mechani-
cally alloyed powder, which indicated the formation of
(Bip.25Shy.75)2Tes solid solution by mechanical alloy-
ing at room temperature. Endothermic peak at°€L7
was due to the formation of Te-rich (Bi,Sb)-Te eutectic
liquid phase [11]. Particle size distribution of the me-
chanically alloyed (Bj25Shy 75)2Tes powders, shown
in Fig. 3, revealed a bimodal distribution consisted of
the powders smaller than Qudn and the powders larger
than 1um. As mechanical alloying occurs by repeated
fracture and cold-welding of the powders during high
energy milling process, it produces fine-grained pow-
ders [12-14]. The powders with the size larger than
1 um are thought to be the agglomerates of the pow-
ders. Thus, the (BbsShy 75)2 Tes powders prepared for
hot- pressing in this study could be classified as four
different sizes of<1l um, <38 um, 38-90um, and
90-250um.

The Seebeck coefficient of the hot-pressed
(Bip25Shy.75)2Tes alloys, measured at room tempera-
ture, is shown in Fig. 4. The Seebeck coefficient of the
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Figure 4 Seebeck coefficient of (BbsShy 75)>Tes as a function of hot-
pressing temperature.
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Figure 5 Electrical resistivity of (B 25Shy.75)2Tes as a function of hot-

pressing temperature.

coefficient of the specimens hot-pressed at tempera-
tures higher than 42& with the powders ok1 um,

<38 um, and 38-9Qum size, however, was not af-
fected by the powder size as shown in Fig. 4. The rela-
tive densities of (Bj25Shy 75)2Tes hot-pressed with the
powders of<1 um, <38 um, and 38-9(Q:m size were
89.3%, 92.0% and 94.1%, respectively, i.e. the porosity
of the hot-pressed specimens increased with decreas-
ing powder size. For the materials with void ratiogf

the electrical resistivity can be expressed as Equation 2,
while the Seebeck coefficient is not affected by the void
ratio [16].

p = pol(1 + va)/(1 — vy)] )

In Equation 2 p,, is the electrical resistivity of the void-
free materials. The Seebeck coefficient of p-type ther-
moelectric materials is related to the hole concentration
as Equation 1. Thus, identical Seebeck coefficient im-
plied the same hole concentrations for the specimens
hot-pressed at temperatures higher thar? @2&ith the
powders of1um, <38um, and 38-9@:m size. Then,

the increase of the electrical resistivity with decreasing
the powder size is probably due to the reduction of the

hot-pressed specimens increased with increasing th@obility by carrier scattering at voids.

hot-pressing temperature, reaching maximum, and then The thermal conductivity of (BirsShy 75)> Tes with
decreased with further increase of the hot-pressing tenhot-pressing temperature is shown in Fig. 6. The ther-
perature. With increasing the powder size, the Seebeadkal conductivity decreased with increasing the hot-
coefficient before reaching its maximum was lowerpressing temperature up to about 500 and then
and the hot-pressing temperature for the maximunincreased with further increase of the hot-pressing tem-
Seebeck coefficient shifted to higher temperature. Afteperature. According to the Fermi-Dirac distribution, the
reaching the maximum Seebeck coefficient, howeverseebeck coefficient and electronic thermal conductiv-
the degree of the Seebeck coefficient decrement withty («¢) can be expressed as Equations 3 and 4, respec-

increasing the hot-pressing temperature was identicalvely [15].

without depending on the powder size.

The electrical resistivity of (BixsSky.75)2Tes with
hot-pressing temperature is shown in Fig. 5. The elec-
trical resistivity of the hot-pressed (BisShy 75)2Tes
increased with increasing hot-pressing temperature,
reached a maximum value, and then decreased with fur-
therincrease of the hot-pressing temperature. Howeve| 4
the electrical resistivity of the specimens hot-pressec
with the powder o0& 38 xm and 38—-9@:.m size showed
abrupt decrease between 425%and 450C. Assuming

the Boltzmann distribution, the relationship betweeny 3 }

the Seebeck coefficient and the electrical resistivity at€
room temperature can be expressed by Equation 1 [157,

ke[ 5  2(2rmkeT)>?
=+ 8 s4 42 L
o e |:S—l— > +1In ph3

Thermal conductivity, Wi

=ik§[s+mp]+c 1)

In Equation 1kg is Boltzmann’s constang the elec-
tronic charges the scattering parametan* the ef-
fective massp the hole concentratior the Planck’s
constant andC a constant. Equation 1 shows that the
Seebeck coefficient is directly related to the electrical
resistivity when the scattering parameter is the same.

0

o= o) [EE D) ]
e
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Figure 7 (x —«kel) Of (Bio25Sky75)2Tes as a function of hot-pressing  Figure 8 Figure-of-merit of (Bb2sSky75)2Tes as a function of hot-
temperature. pressing temperature.

kel = LoT with increasing the hot-pressing temperature, and a
{ (5+ 7/2)Fers/2(6) maximum value of B x 10-3/K was obtained by hot-

pressing the powders of 90-2a@n size at 550C. Re-
(S +3/2)Fs41/2(5) gardless of the powder size, the Seebeck coefficient
2 2 and  —«ej) showed almost same values at higher hot-
_ [(S + 5/2)':5*3/2(5)} <k_‘3> oT (4) pressingtemperatures. Thus, the increase of the figure-
(s + 3/2)Fst1/2(8) e of-merit with increasing the powder size was attributed
to the lower electrical resistivity with higher density of
In Equations 3 and 4, is the reduced Fermi energy and the hot-pressed sinters.
Fi (&) is the Fermi integral defined as Equation 5.

o0
F(€) = / & (5) 4. Discussion
o l+expk—¢) The Seebeck coefficient of an as-solidified
(Bip25Shy.75)2Tes ingot was 132 uV/K and that
Assuming scattering parametar=0, the reduced of the cold-pressed compacts were 145-168K as
Fermi energy was calculated from the Seebeck coefsymmarized in Table I. After hot-pressing, however, the
ficient shown in Flg 4, and then electronic thermalSeebeck coefficient increased up to about 280K
conductivity was calculated using the reduced Fermgs shown in Fig. 4. In this work, we have discussed
energy and the electrical resistivity shown in Fig. 5.the role of several factors which affect the Seebeck

(k —ker) Of the (Bi25Shy75)2Tes alloy with hot-pre-  coefficient of the hot-pressed (BiShy 75)-Tes alloy.
ssing temperature is shown in Fig. 7. For the speci-

mens hot- pressed at temperatures abové GTf&ith
the powders ok 1 um size, k —«ke) showed constant 4.1. Evaporation of tellurium

value of 0._78 watt/nK. Although the spec@mens hot- For Bi, Tes—ShyTes pseudo-binary alloy, the excess bis-
pressed with coarser powders showed highefie)  myth and antimony occupy tellurium sites and act as
values at lower temperature range;xe)) of all spec-

imens approached the same value with increasing the

hot-pressing temperature. For the materials with VoidraBLE 1 Seebeck coefficient of the as-solidified ingot and the cold-
ratio of vy, the thermal conductivity can be expressedpressed compacts

as Equation 6 [16].

powder powder Seebeck
K = K [(1 vd)/(l + Ud)] (6) processing size coefficient
= xo[(1 —
. . L. as-solidified - - 13.VIK
In Equation 6,«, is the thermal conductivity for the g0t
void-free materials. Thus, the decreasexof k) With  cold-pressed mechanical <1 um 165 V/IK
decreasing powder size would be due to the larger void compact alloying
ratio of the specimens hot-pressed with finer powders. p“";e_”z'”tg ;gs ;O,T Ei“xﬁ
. . . Af s D of ingo —90um M
As shown in Fig. 8, the figure-of-meritZ(=«a</ 90-250:m 145,VIK

o - k) of the hot-pressed (BbsShy 75)2Tes increased
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cant during the hot-pressing process, the degree of an
tistructure defects would increase and hence the See
beck coefficient would decrease due to the increasec l
hole concentration. Contrary to this, the Seebeck co-
efficient increased up to 250V/K with hot-pressing
from 145-163.V/K of the cold-pressed compact. With Erected Vertically &
this result, it could be thought that evaporation of Te Loaded In a Mold
would not be significant to affect the carrier concen-
tration during hot-pressing at temperatures lower than
550°C. l

an acceptor [17]. If evaporation of Te occurs signifi- g Original Specimen

4.2. Effect of oxygen

During the powdering process such as pulverizing of the
ingot or mechanical alloying, the powders are heavily
deformed and oxygen can be absorbed on the activate:
surface even in an atmosphere of low oxygen pressure i
This absorbed oxygen can easily diffuse into the matrix
due to the increased vacancy concentration and dislo- Obtaining a Specimen of
cation density of the heavily deformed powders. The < | la same Morphology
solubility of oxygen in ByTez is known to be about

0.01 at % [18]. Schultet al. [19] reported that the oxy- Figure 9 Procedure of cold-pressing.

gen dissolved in the (Bi,Sp)e; lattice have an effect
to add donor levels.

To examine the effects of oxygen on the thermoelec-
tric properties, mechanically alloyed (B5Skhy 75)2Tes
powders were reduced in (50% H 50% Ar) atmo-
sphere at 400 for 24 hours and then hot-pressed at
550°C for 30 minutes in vacuum. The hole concen-
tration of the hot-pressed (BisShy 75)2Tes increased
from 123 x 10*%cm?® to 1.44 x 10'%/cm?® after hy-
drogen reduction, while that of single crystal was
5.63 x 10'%/cm?. The Seebeck coefficient and the elec-
trical resistivity were also changed after hydrogen re-
duction of the powders as summarized in Table Il. The
donor-like behavior of oxygen could be one of the pos- &
sible explanations for higher Seebeck coefficient of the § 160 }
hot-pressed (BixsShy 75)2Tes. However, the effect of
dissolved oxygen could not explain the variation of the
Seebeck coefficient with the hot-pressing temperature 140 ¢
as shown in Fig. 4.
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4.3. Effect of mechanical deformation The number of cold-pressing
To examine the effects of the mechanical deforma-
tion on the thermoelectric properties, six specimengigure 10 Effect of mechanical deformation on the Seebeck coefficient
of 5x 5 x 10 mn? size were cut from an as-solidified of (Bio2sSty.7s)2Tes.
(Bip.25Shy.75)2 Tes ingot and deformed by cold-pressing
at 700 MPa, as illustrated in Fig. 9. To maximize the
mechanical deformation, the specimen was then ro30 minutes. The Seebeck coefficient before and after
tated 90 and cold-pressed again. Such cold-pressinghot-pressing are shown in Fig. 10. The Seebeck coef-
process was conducted for 1-11 times to changéicient of the cold-pressed specimen increased slightly
the amount of mechanical deformation, and then theip to about 15Q:V/K with increasing the number of
cold-pressed specimens were hot-pressed atG0  cold-pressing process, i.e. the amount of mechanical

TABLE Il Effect of hydrogen reduction of the powder on the thermoelectric properties ®fgHty 75)2Tes

carrier concentration Seebeck coefficient electrical resistivity thermal conductivity figure-of-merit
[x10%%/cm?] [1VIK] [mQ-cm] [W/m-K] [x1073/K]
mechanically alloyed 1.23 239.0 2.273 0.9146 2.76
reduction treated 1.44 227.2 1.671 1.1533 2.80
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deformation. Schultet al. [19] reported that the con-
duction mechanism of the heavily deforme¢Bd; sin-

gle crystal was changed from p-type to n-type due to th
generation of Te vacancies £y which act as donors.
Thus, the increase inthe Seebeck coefficient of the colc
pressed specimens was attributed to the reduction «
the hole concentration by compensation with electron
generated by Te vacancies.

In Fig. 10, it should be noted that the effect of me-
chanical deformation was revealed more significantly& 400
after hot-pressing. For the as-solidified specimen with &
out cold-pressing process, the Seebeck coefficient w2
little changed after hot-pressing. However, the Seebec
coefficient of the mechanically deformed specimen:
increased remarkably after hot-pressing, and the ir
crement of the Seebeck coefficient with hot-pressing
was enlarged for the heavily deformed specimens. Th
possibility of the Seebeck coefficient change due to th
donor-like behavior of Te vacancies could be excludet
as they would be annealed out during hot-pressing ¢
500°C. Thus, it can be concluded that the dislocation:s
and Te vacancies, produced by the mechanical defor-
mation, would promote the diffusion of second phase Te9ure 12 Equilibrium Seebeck coefficient of (BsStv.7s)2Tes as a
atoms into their own lattice sites during hot-pressing, U"cton of temperature.
and result in the increase of the Seebeck coefficient
with inhibition of the formation of acceptor-like anti-

(Biy 258by 75). Te;

[&]
o

"

ture

200

300 400

100 200

Seebeck coefficient, pV/K

these two specimens is whether they are made of bulk

structure defects.

4.4, Effect of tellurium solubility
Four specimens were cut from the as-solidified
(Bip25Shy.75)2Tes ingot and plastically deformed by

cold-pressing as illustrated in Fig. 9. The as-solidified

and cold-pressed specimens were then annealed

350°C. Fig. 11 illustrates the Seebeck coefficients of
the as-solidified and mechanically deformed specimen

with annealing time. The Seebeck coefficient of the as
solidified specimen was not changed even after anne
ing for 48 hours. However, the Seebeck coefficient o
the mechanically deformed specimens increased wit
increasing the annealing time, and reached to a co
stant value of about 26QV/K which is identical to

the value obtained for the mechanically alloyed pow
ders as shown in Fig. 4. The only difference betwee

320
o as-solidified

[ A1 time cold-pressed

o § times cold-pressed
[ 010 times cold-pressed
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Figure 11 Effect of annealing time on the Seebeck coefficient of me-
chanically deformed (BizsShy 75)2Tes.
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or powders. Therefore, this result also indicates that the
stored energy, induced by the mechanical deformation,
enhances free Te diffusion into the matrix and promotes
the matrix to reach its equilibrium solubility.

Scherreret al. [20] studied the equilibrium See-
beck coefficient of (Bj2sShy75)2Tes at the tempera-

e range between 520 and 570C using the travel-
ing heater method (THM), and reported that the hole
goncentration of (Bi2sShy 75)2Tes decreases with de-
creasing annealing temperature. It means that the anti-
structure defect concentration, i.e. the solubility of Te

#n the matrix, depends on the temperature. Since the

I,?eebeck coefficient of the heavily deformed specimens
howed constant value of about 26U/K after anneal-

ing at 350C as shown in Fig. 11, it could be thought as
equilibrium Seebeck coefficient at that temperature. In
ig. 12, the Seebeck coefficient of the{BiShy 75)- Tes
ot-pressed with mechanically alloyed powders, shown
in Fig. 4, were compared with the data from Scherrer
et al.[20]. Coincidence of the Seebeck coefficient of the
hot-pressed specimens with those of the single crystals
revealed that the equilibrium phases could be obtained
by hot-pressing or annealing the mechanically alloyed
powders.

The hole concentration of $bes-rich (Bi,Sb)Tes
alloys is determined upon the antistructure defect con-
centration which is dependent upon the degree of Te-
deficiency from the stoichiometric composition. Since
the Seebeck coefficient of p-type thermoelectric ma-
terials is related with the hole concentration as Equa-
tion 1, the degree of Te-deficiency from the stoichio-
metric composition, i.e. a micro-phase diagram near
the stoichiometric composition of (BisShy75).Tes
can be evaluated. Fig. 13 illustrates the micro-phase
diagram near the stoichiometric composition of
(Bip 25Shy.75)2Tes solid solution.
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5. Conclusions

. 10.
In the present work, the role of several factors which
11.

affect the Seebeck coefficient of the §BiSky 75)>Tes
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