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Abstract

p-Type pseudo-binary alloys (Al,Tes),—(BigsSbysTes);—, (x=0~0.2) were prepared by spark plasma sintering (SPS) technique and their
thermoelectric properties were evaluated. Measurements show that the Seebeck coefficient decreases and electrical conductivity increases with
Al,Te; content increasing due to a possible increment of free carrier (holes) concentration and establishment of special conducting mechanism upon
adding Al,Tes. Thermal conductivity (k) increases with temperature but reduces noticeably over the broad temperature range, such a reduction is
directly attributed to the enhancement of phonon scattering resulted from both the precipitation of the second phase AlSb and nearly 12% atomic
occupation of element Al in Tel and Te2 sites in the crystal. The maximum ZT value of 0.86 can be obtained for x=0.1 at 419 K, which is 0.28

higher than that of BiysSb; sTe; under the same fabrication technology.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bi-Te based alloy Bigs5Sb;sTes is one of the best p-type
thermoelectric materials used in room temperatures. For the
application of Bi-Te or Bi—Sb based alloys it is necessary to
prepare single or polycrystalline materials with well defined
physical parameters (Seebeck coefficient, electrical and ther-
mal conductivity, mobility of free carriers) that can be modified
by doping suitable foreign atoms. Such researches as the incor-
porations of Ag and Ti in the crystal lattice of BipSbz [1-3]
that can noticeably influence the transport properties and con-
centration holes, and as doping of Cu in the GeBigTey or Tl
in the (Bi, Sb)-Te alloys that can substantially reduce the lat-
tice thermal conductivity and electron mobility [4-6]. Since
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the multi-element compounds can exhibit some unique char-
acteristics such as non-uniform distribution of Sb atoms and
isoelectronic substitution between metal ions in the lattice
in the K-Bi-Sb-Se and Ag-Pb-Sb-Te thermoelectric alloys
[7,8], and introductions of compounds into the Bi;Te3 to form
nATe.mBi;Te3 (A=Ge, Sn, Te) [9] evidenced the potential
importance for thermoelectric applications, supposing that these
introductions can increase the crystal defects through lattice dis-
order or alteration of crystal constant of cells. Therefore, there
is a growing interest in developing the materials with complex
structures.

The results from recent research in our group also con-
firmed that proper introductions of Ag, Cu and Ga [10-12]
in the BigsSb; sTes alloy are essential in improving the ther-
moelectric performance, due to their substantial enhancement
of electrical conductivity and reduction of lattice thermal con-
ductivity, without noticeable loss of Seebeck coefficient. An
addition of compound as Agp 365Sbo 558 Te into the Bi—Te based
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alloys is a new approach to modulate the thermoelectric prop-
erties in question [13], the compound Agp3655bg.sssTe with
cubic type (sp.gr. Fm-3m) can possibly combine Sb,Te; or
Bi,Tes slabs to form a special alloy favoring carrier transporta-
tion. Again, Al,Tes is a compound with a ZnS structure (sp.gr.
P63 mc), if Al Tes substitutes for Big5Sby sTe3, many vacan-
cies can also be introduced. This special alloy can be expected
to behave similar performance to that of Agp3e5Sbo s558Te,
being beneficial to the optimization of free carrier concentration
(holes), causing an improvement of thermoelectric proper-
ties. On the other hand, although the atomic radius of Al
(1.82 x 1019 m) shares almost the same value as that of Ga
(1.81 x 10710 m), the elelctronegativity of Al (1.61) is smaller
than that of Ag (1.93) [14], which might enable Al,Tes-doped
(AlpTe3),—(Big 5Sby 5Tes);—y alloys to have a larger product of
effective mass and mobility of carriers than Agp365Sbo.s58Te-
doped (Ago.365Sbo.558 Te)r—(Big.5Sby 5Tes )1 —x alloys.

In the present paper, structural refinement for the pow-
ders of (Al,Te3),—(BigsSb;sTez);—y crystals was carried out
and the samples are characterized by measurements of the
temperature dependence of Seebeck coefficient, electrical con-
ductivity, and thermal conductivity in the temperature range of
319-534 K, with the aim to investigate how these quantities
are affected by the introduction of Al,Tes into the crystals of
(Al Te3),—(Big.sSb1.5Te3) 1 —x-

2. Experimental

Two mixtures of Al,Te; and BipsSb;sTes were weighted from the
elements of Al, Bi, Sb, Te with 5N purity, and sealed in two different
evacuated quartz tubes, the subsequent melting was conducted for 10h at
1373 K, and then quenching in water. Since Al,Tes is not stable in air, after
weighing of AlyTe; and Big5Sbj sTes ingots according to stoichiometry of
(Al Tez)—(BigsSby 5Tes)1—x (x=0, 0.05, 0.1, 0.2), quick evacuation and seal-
ing for the mixtures by two ingots is strongly required, and subsequent melting
and quenching processes were repeated. During all melting 30-s rocking every
1h was conducted to ensure that the composition was homogenous without
segregation, obtained (Al, Te3),—(Big 5Sby sTes )|, ingots with different molar
fraction x were ball-milled in stainless steel bowls for 5h with a rotation rate
of 350 rpm. Prior to sintering, the powders were dried in vacuum for 5h at
60 °C, the sintering was carried out using a spark plasma sintering apparatus
(SPS-1030) at a pressure of 40 Mpa, the densities of the sintered samples were
measured using an Archimedes method. Finally, each sample was cut into 3 mm
slices measuring 2.5 mm X 15 mm from the sintered block with the size of ¢
20 mm x 2.5 mm for property measurement.

The crystal structure was analyzed at room temperature with X-ray diffrac-
tometer (XRD-98) using Cu Ka radiation (A =0.15406 nm), using a scan rate
of 4° min~" to record the patterns in the 26 range from 10 to 110°. Lattice con-
stants, the quantity of second phases and the occupation percent of atoms in the
sublattices were examined using Rietveld refinement. An EPMA was performed
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Fig. 1. X-ray diffraction patterns of the (Al Te3),—(Big 5Sby sTe3);—x (x=0~1)
alloys, (a) x=0; (b) x=0.05; (c) x=0.1; (d) x=0.2; (e) x=1.

to examine the compositions for all the starting materials using Electron Probe
Microanalysis (EPMA-8705QH2) with an accuracy of more than +97%. The
morphologies of the polished samples were observed by a back-scattered elec-
tron image (BSEI) (JXA-8100) and the compositions in different areas for the
sample with x=0.2 were evaluated.

The transport properties involving Seebeck coefficients («) and electrical
conductivities (o) were measured using an apparatus (ULVAC ZEM-2) in a
helium atmosphere. Thermal diffusivities were measured by a laser flash method
(Netzsch, LFA427), and thermal conductivities were calculated from the values
of densities, specific heats and thermal diffusivities.

3. Results and discussion

3.1. Rietveld analysis of X-ray diffraction profiles and
evaluation of chemical compositions

The X-ray diffraction patterns of the samples are shown
in Fig. 1, the patterns for Al,Tes and BigsSby 5Tes are spe-
cially displayed for comparison. It is confirmed that the majority
phase is found to be (Al>Te3),—(Big.sSby sTes3);—x with rhom-
bohedral lattice structure as BigsSbysTes (sp.gr. R3m), the
intensity peaks of the main planes as (006), (1010), (110),
(0015),(205) and so on obviously increases after introduction
of Al,Tes. Since the melting point of AlSb is 1331 K, much
higher than those of any other compounds, hence it is explain-
able that a small amount of second phase AlSb can precipitate
during cooling, its quantities are shown in Table 1.

Analyzed lattice parameters and the second phase of (Al Tes),—(Bio 5Sb1 5Tes)1—, by Rietveld analysis of the powder XRD profiles

Sample with x

(AlxTe3),—~(Bio.5Sby.5Tes)—x

Lattice parameters and foreign phase x=0 x=0.05 x=0.1 x=0.2
a (nm) (analyzed) 0.4297 0.4291 0.4290 0.4288
¢ (nm) (analyzed) 3.0517 0.3044 0.3045 0.3047
AISD (wt.%) (analyzed) 1.5 2.2 2.2
Occupation percent of Al at Tel site (%) 15.5 14.2 8.65
Occupation percent of Al at Te2 site (%) 10.3 9.06 14.5
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Fig. 2. The back-scattered electron image (BSEI) of Al,Tes3-doped
(A12T63 )x—(Bioj Sb1‘5TC3)1,)C alloy with x=0.2 using JXA-8100.

Structural refinement reveals that a certain amount of Al
atoms are in the main phase with Tel and Te2 sites occu-
pied with Al atoms respectively, an occupation percent of Al
at Tel site gradually decreases from 15.5 to 8.65%, while that
at Te2 generally increases from 10.3 to 14.5% with Al,Tes
content increasing, an average occupation percent of Al is
about 12% for the materials in question. The lattice constants
a becomes smaller and ¢ becomes larger with Al,Tes; content
increasing, shown in Table 1. This might be caused by the
smaller radius of Al than that of Te and possible intercala-
tion of the second phase AlSb in the main crystals. Through
the observation for the sample with x=0.2 using back-scattered
electron image, the morphologies presented in Fig. 2 indicate
that black area is Al-rich compound with the composition being
Alg.62Big.38Sb1.21Tes 74, which can be estimated to be the for-
mula as (AlSb)g 26(Big 33Sbg.g5Alp.36Ter 74), based on the calcu-
lation of occupation percent of Al atoms (~12%) in Tel and Te2
sites, shown in Table 2. White area is Al-poor compound with
the composition being Big 34Sbi 04Alp36Tes 04 almost without
formation of A1Sb phase. According to these estimated composi-
tions, it is easy to figure out that the quantity of AISb precipitated,
shown in Table 1, is a little lower than that from the calculation in
the (AlSb)g26(Big.38Sbo.gsAlg 36 Te2.74) in black areas (Fig. 2).
Therefore, we can presume that some AlSb might be intercalated
in the main phase of (Al Te3)x—(Big5Sb1 5Te3)1—y, resulting in
gradual increment of constant c.

The content of Al was analyzed using EPMA for the powders
of (Al Tes)—(Big5Sbi 5Tes);—x, we find that the content of Al
increases with molar fraction x, while those of Bi and Sb grad-
ually decrease, shown in Table 3, being in very well agreement
with those of the starting compositions.
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Fig. 3. The relationship between density and molar fraction x of Al,Te3 for
the alloys (Al,Tes),—(Big.sSby 5Te3)—x (x=0~0.2) prepared by spark plasma
sintering.

The densities of the alloys, measured using Archimedes
method, are shown in Fig. 3, where the density increases with
Al,Tes content up tox =0.05, and then decreases. The maximum
density is 6.68 x 103 kg/m?, and the relative densities are higher
than 93.0% for all the (Al,Te3),—(Big.sSb; sTe3)1—y alloys. In
general, the changes of density under introduction of Al,Tej3
depend both on the masses of the substituted and substituting
atoms and on the changes in unit cell parameters. The possible
explanation for the densification with limited introduction of
Al Tes (x=0.05) might be due to the fact that the precipitated
second phase AISb plays arole as a sintering accelerator, a proper
segregated second phase AlISb distributed in the grain bound-
aries can suppress grain growth, hence the pores in the sintered
structure can partially be eliminated. When x > 0.05, a reduction
of density is considered to be caused by the density differ-
ence between substituting and substituted compounds of Al, Te3
(4.5 x 10% kg/m3) and Big 5Sb 5Te3 Te (6.858 x 103 kg/m?).

3.2. Thermoelectric properties

The temperature dependence of the Seebeck coefficient (o)
for the (Al Te3),—(BigsSby.sTe3)1—y alloys is shown in Fig. 4.
The measured o values are positive, indicating p-type semi-
conductor behavior. The « values for the Al,Tesz-doped alloys
generally decrease with Al,Te3 content increasing, suggesting
that the doping of AlTes in the Big5Sb; sTes alloy can result
in an increment of carrier (holes) concentration. The maximum
a value of 194.7 (WV/K) appears at about 419 K when x=0.1.
When at high temperatures above 419 K, the « values are grad-
ually approaching each other and going to be higher than those
of the alloy without doping. The slope of the Seebeck coeffi-
cients has greatly changed upon adding Al,Tes, which might
pertain to substantial electronic changes at a Fermi level. On
the other hand, when assuming a Boltzmann distribution for the

Table 2

The average chemical compositions (wt.%) in different areas for the sample with x=0.2 (three different spots were taken while analyzing)

Area Al Bi Sb Te Estimated compositions

Black area 2.90 1391 25.45 57.74 (Alsb)0'26(Bio'3gSb0'35A10'36T62'74)
White area 0.61 12.39 22.17 64.83 Bi0_34Sb1 _04A10_36Te3_04
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Table 3

Average molar fraction of elements in the alloys (Al,Tes),-(BigsSb; 5Te3);—y analyzed by EMPA (four different points were taken when analyzed)

Samples with x Molar fraction of elements

Element x=0 x=0.05 x=0.10 x=0.20
Al 0.062 0.186 0.379
Sb 1.5290 1.386 1.289 1.098
Te 2.9630 2.979 2.968 2.976
Bi 0.4540 0.436 0.422 0.386

Remaining elements

Oxygen

holes, the relationship between Seebeck coefficient « at a given
temperature is given by [15]:

K * 3/2
a=7B S+%+1HZ(2WHTK3'J) (1)
e

where «p is the Boltzmann constant; e the electronic charge; m"
effective mass; n the carrier concentration; 4 Planck’s constant;
s, the scattering parameter. According to the above equation,
an increase of scattering factor s especially at higher tempera-
tures is obviously due to the increased carrier scatterings in the
grain boundaries from the precipitation of AISb and point defects
resulted from Al occupation in the Tel and Te2 sites, which
enables o values to increase almost linearly with s, despite the
fact that an increment of carrier (holes) concentration can reduce
the o values. The final outcome is that the o values decrease
mildly and approach each other at elevated temperatures.

The relationship between the electrical conductivity (o) and
temperature is shown in Fig. 5. The o value gradually increases
with Al,Tes content, and decreases from 5.1 x 10* to 3.6 x 10*
Q! m~! with temperature rising from 319 to 534 K for x=0.1.
These o values are approximate 2.8 and 1.4 times those of the
ternary alloy Big 5Sby 5Tes, suggesting that the carriers are in an
extrinsic state in the whole temperature range, and the Al,Tes-
doped (AlxTez) 1 —x—(Bigp 5Sb 5Tes )y alloys have a larger carrier
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Fig. 4. Therelationship between temperature and Seebeck coefficients for differ-

ent (Al Te3),—(Bip.5Sb1.5Tes)1—x (x=0~0.2) alloys prepared by spark plasma
sintering.

concentration (holes), product of effective mass and mobility of
carriers. Another explanation to the improvement of o might be
the fact that there is another mechanism of carrier transportation
after doping of Al, Tes into Big 5Sby 5Tes. Since a certain amount
of Tel and Te2 sites are occupied with Al atoms in the crystals, a
special electron transportation mechanism might be established,
favoring the improvement of electrical conductivity.

The total thermal conductivity (k) can be expressed by the
sum of a lattice (k1), electronic (kcarrier) and ambipolar (kam)
component, i.e., K =KL, + Kcarrier + Kam» Kcarrier Can be estimated
from Wiedemann—Franz’s law as kcarrier = LT0, where L is the
Lorenz number (L=1.5 x 1078 V2K~2) for a degenerate semi-
conductor [16]. The temperature dependence of « value is
indicated in Fig. 6(a), where one can find that the « value
increases with measuring temperature for all alloys, ranging
from 0.72 to 1.06 WK~ m~! for x=0.1 when temperature is
elevated from 319 to 534 K. With an increase of molar frac-
tion x the « value decreases at the corresponding temperatures.
Since the electronic component Kcarrier 1S strongly dependent on
the o value, a rising kcarrier Value with Al Tes content can be
expected, shown in Fig. 6(b). Therefore, the reduction of total
k value with x is largely attributed to the reduction of k—kcarrier
with the increasing of Al,Tes content shown in Fig. 6(c). Not-
ing that the k—«carrier Value keeps almost constant for all the
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Fig. 5. The dependence of electrical conductivities on temperature for differ-
ent (Al Te3),—(Bip5Sby 5Tes)1—x (x=0~0.2) alloys prepared by spark plasma
sintering.
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Fig. 6. The temperature dependence of thermal conductivities for different
(AlxTez)—(BigsSby 5Tes)1—x (x=0~0.2) alloys prepared by spark plasma sin-
tering, (a) k=T, (b) Kcarrier—1 (C) K—Kcarrier—1 -

Al Tes doped alloys below 419 K, and above that it rises rela-
tively rapidly. This apparent increase of k—kcarrier Values might
directly be caused by ambipolar contribution arising from the
diffusion of electron-hole pairs with the onset of intrinsic con-
tribution that is apparently indicated in the o—T curves, shown
in Fig. 4. On the other hand, however, although a rising trend
of k—Kcarrier Value with temperature is obtained for all the doped
alloys, for the alloy with x=0.2 relatively low but a mild incre-
ment of k—kcarrier Value above 419K can be observed. This
suggests that the gradual enhancement of phonon scattering,
both in the grain boundaries due to the precipitation of AlSb and
point defects from the occupation of Al in the Tel and Te2 sites,
can be observed with Al,Tes content increasing, the more the
Al,Tes content, the more the grain boundaries (Fig. 2).
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Fig. 7. The temperature dependence of dimensionless thermoelectric figure of
merit ZT for different (Al,Te3),—(Bip5SbysTes);—y (x=0~0.2) alloys pre-
pared by spark plasma sintering.

The ZT value against temperature is plotted in Fig. 7. With
an increase of Al,Tes content the maximum ZT value gradu-
ally shifts to the higher temperature side and increases up to
x=0.1. An optimal ZT value of 0.86 is obtained for x=0.1 at
419K, this value is 0.28 higher than that of the ternary alloy
Bip5Sb; sTes. Since the thermoelectric figure of merit ZT of
about 1 for Bi-Te based alloys can usually be obtained near
room temperature [17-20], therefore, if proper fabrication tech-
nique were employed in the present material systems, much
higher thermoelectric performance would be expected than the
observed alloys here simply fabricated by powder metallurgy.
Using the present fabrication technique the sample of AlyTe;
is very hard to prepare due to its strong brittleness and unsta-
ble in air, hence we could not so far evaluate its thermoelectric
properties, which makes it difficult to directly compare the ther-
moelectric properties with those of the pseudo-binary alloys.

4. Conclusions

The samples of (AlyTes),—(Bigs5Sbys5Tes)i—y (x=0~0.2)
were prepared by spark plasma sintering (SPS) technique and
their physical properties were evaluated. The thermoelectric
properties can obviously be improved upon adding Al,Te3 with
the maximum ZT value of 0.86 obtained at 419K for x=0.1,
which is 0.28 higher than that of BigsSb; sTe;. The Seebeck
coefficient decreases and electrical conductivity increases with
an increase of Al,Te3 content, due to the possible increment
of free carriers (holes) and establishment of special conduct-
ing mechanism. A substantial reduction of thermal conductivity
upon adding Al,Tes is directly attributed to the enhancement of
phonon scattering in the grain boundaries due to the precipita-
tion of AISb and distorted lattices from the occupation of Al in
the Tel and Te?2 sites.
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