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Electron Transport Properties of Rapidly Solidified (GeTe).(AgSbTe;);«
Pseudobinary Thermoelectric Compounds
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(GeTe)«(AgSbTe,)x(x = 80, 85) compounds were fabricated by melting-hot press and RSP-hot press processes.
The (GeTe)ss(AgSbTe);s compound, which composed of mainly crystalline and partly amorphous structures,
was produced in part by rapid solidification. X-ray diffraction analysis showed that the (GeTe)(AgSbTe,)«
compounds represented a single phase of GeTe. The electron transport properties were evaluated over the tem-
perature range of RT~773K, and then systematically changed with compositions X in (GeTe)«(AgSbTe,)x
compounds. The maximum Seebeck coefficient was 227 pV/K at 673K in the (GeTe)so(AgSbTe:),0 compounds
fabricated by melting and hot-press process. The minimum resistivity was shown in the (GeTe)ss(AgSbTe,)isby

melting and hot-press process.
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1. INTRODUCTION

The recycling of waste heat, which is inevitably produced
by every variety of heating system, is a worldwide issue for
solving the energy problems. It has been suggested that ther-
moelectric power generation technology may prove a suit-
able means for recycling such waste heat. The efficiency of
thermoelectric conversion is a direct result of the perfor-
mance of thermoelectric materials, and can be estimated by
the dimensionless figure of merit, ZT* =a2/plc, where, a is the
Seebeck coefficient (AV/K), p the electrical resistivity, and x
the thermal conductivity."™

Recent studies have sought to reduce thermal conductivity
by phonon scattering at the interfaces of nanostructure in the
matrix.*”! Recent advances have been reported in PbTe,
GeTe, and SnTe compounds for the 500 K to 750 K range,
which are similarin both crystal structure and chemical
similarity.” In particularly PbnAgSbTen:, has shown an
excellent figure of merit, ZT = 1.5~2.2, which is due to the
embedded nanodots and phase inhomogeneity in the PbTe
matrix.*”

Since the early 1960s, scientists have studied GeTe ther-
moelectric compounds doped with silver and antimony which
is (GeTe)x(AgSbTe):., called TAGS-x in the hopes of power
generation in the medium temperature range of 500 K to 800 K.
The optimum composition of TAGS-x is (GeTe)ss(AgSbTe,)ss,
which has proper mechanical stability and thermoelectric
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performance (Z7 = 1.4) compared with (GeTe)so(AgSbTe: ).,
which has good thermoelectric properties (Z7'=1.9) but
poor mechanical stability.”* The TAGS compound behaves
asa p-type semiconductor, and exhibits low thermal conductivity
of 1.2 W/mK due to its microstructural complexity.”'” Recent
studies in TAGS compounds have reported how antiphase
domains, twin-boundary defects, and nanodomains with
different orientations have been affected by manufacturing
processes. "'

In this paper we focus on the effect of the presence of a
non-crystalline phase in TAGS compounds. We primarily
investigated the electron transport properties of rapidly
solidified TAGS-x (x = 80, 85) compounds.

2. EXPERIMENTAL PROCEDURE

Raw materials of Ge, Te, Ag, and Sb with SN purity were
weighed for (GeTe)«(AgSbTe,)i« (x =80, 85) with stoi-
chiometry. We used two different processes to fabricate
specimens: melting-hot press, which consisted of conven-
tional melting, pulverizing, and hot-pressing and RSP-hot
press, which is consisted of melting, rapid solidification pro-
cess (RSP), pulverizing, and hot-pressing. The mixtures of
each raw material were sealed in a carbon-coated quartz
ampoule purged with Ar gas after evacuation of 5 x 10” Pa,
and kept at 1273 K for 10 h. For compositional homogeneity,
the ampoules were rocked at 10 RPM during the melting
process, and then quenched with water. The as-cast ingots
were then pulverized to powder under 325 meshes before
being hot-pressed at 773 K with 100 MPa pressure for 1hour
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Fig. 1. Schematic diagram of rapid solidification process (RSP).

in an Ar gas atmosphere. The density of the hot-pressed
specimens measured by Archimedes method was 97% to
98% relatively compared with theoretical density.

The RSP-hot press process added the step of RSP with
melted ingot. The induction-melted specimen was shot to a
Cu wheel rotating with a line speed of 40 m/s, which caused
it to be solidified into a ribbon with a thickness of a few tens
of micrometers. The ribbon of TAGS-85 compound was
then pulverized and hot pressed with same condition
described as previously. Figure 1 shows the schematic dia-
gram of RSP.

The phase of the hot pressed specimens fabricated by both
the melting-hot press and RSP-hot press process was identi-
fied by X-ray diffraction peaks with a Cu-Ka diffractometer
(PANalytical, MPD). The microstructure and selected area
electron diffraction (SAED) of rapid solidified TAGS rib-
bons were investigated with a high resolution transmission
electron microscope (JEM 2100, JEOL). The Seebeck coef-
ficient and electrical specific resistivity were measured in the
range of room temperature to 773 K with a commercial
ULVAC ZEM-3(M10), which is controlled and computer-
aided. The Hall coefficient (Ry) was measured at room tem-
perature under 0.7T with a five-probe configuration of ECO-
PIA HMS-3000 system using a Van der Pauw method.

3. RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of hot-pressed
(GeTe)x(AgSbTe)i« (x =80, 85) compounds. The phase of
all specimens was a single GeTe phase which is a rhombohe-
dral structure with a space group of R3m(160). All peaks of

B. S. Kim et al.: Electron Transport Properties of Rapidly Solidified (GeTe).(AgSbTe;) .. Pseudobinary ....

TAGS-85RSR___m,_

N
o \
S /
T TAQS—a}me\lmg’ :
S S 3
g e g3 TAGS-85-RSP
g g - < - -
S S ] S oq ® T
P, W 88 € 8% 83
e\ A M A

TAGS-85-melting

N SN N

W&,‘ | \ ; TAGS-80-melting
_ N

1 " 1 n 1 " 1 " 1 n 1

20 30 40 50 60 70 80 90
Diffraction angle (20)

|

L

Intensity (arb. unit)

Fig. 2. XRD patterns of hot-pressed (GeTe)(AgSbTe,)x (x = 80, 85)
compounds.

each specimen were shifted compared with the binary GeTe
phase. The GeTe phase can be identified by the presence of
(024) and (220) peaks.[g] The inset of Fig. 2 shows the
detailed diffraction angle (20: 41~44). In TAGS-80, the
(024) and (220) peaks did not separate completely, but com-
plete separation occurred in TAGS-85. In case of the TAGS
compounds having higher Ag and Sb contents, the (024) and
(220) peaks were not separated. Inversely, in compounds with
lower contents of AgSbTe,, the two peaks were separated more
clearly. The (024) peak was shifted to lower angle, but the
(220) peak was shifted to higher angle.

From the XRD analysis of TAGS-85 produced by the RSP-
hot press process, its phase was nearly crystalline in spite of
rapidly solidified. This result will be detailed with HRTEM
microstructure and discussed further in the latter part of this
study. Table 1 shows the calculated lattice constants of hot-
pressed TAGS-x (x =80, 85) compounds. The lattice con-
stant “a” was decreased, but the constant “c” increased with
the contents of AgSbTe, increased. While the lattice con-
stantsof the TAGS-85 compounds produced with the melt-
ing-hot press process and the melting-RSP were nearly
identical, but there was a difference between the lattice con-
stants of TAGS-85 and 80 in the melting-hot press process.
This shows that the changes in the lattice constant of TAGS
compounds were affected by the compositions rather than
fabrication process. The systematic change of x in TAGS-x
compounds shows that GeTe and AgSbTe, behaved as solid
solutions.!>")

Figure 3 shows the temperature dependency of the See-
beck coefficient of hot-pressed TAGS-x compounds. The
Seebeck coefficient of all specimens is positive through the
measured temperature range, which means that TAGS-x
compounds behave as a p-type semiconductor and the hole
acts as a major carrier. The value of the Seebeck coefficient
at the measured temperature range was about 102 pV/K to
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Table 1. Calculated lattice constant of hot pressed (GeTe)((AgSbTe,),. (x = 80, 85) compounds

Lattice constant TAGS-85(RSP)

TAGS-85(melting) TAGS-80(melting)

a(A) 8.453+0.008 8.45+0.01 8.34+0.03
c(A) 10.55+0.03 10.55+0.02 10.69+0.06
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Fig. 3. Temperature dependency of Seebeck coefficient of TAGS-x (x
=80, 85) compounds.

227 nV/K. The Seebeck coefficient of all specimens increased
in RT~650 K, but decreased at higher temperatures.The
maximum Seebeck coefficient was 227 pV/K at 673 K in
TAGS-80 fabricated by the melting-HP process. The tem-
perature dependency change of the Seebeck coefficient
around 623 K was due to the phase transition from rhombo-
hedral at room temperature to NaCl cubic structure at high
temperature. " TAGS compounds have a positive Seebeck
coefficient and behaved as p-type semiconductors because
the carrier is an Ag-site vacancy. The scattering between car-
riers becomes stronger with increasing carrier concentrations.
And the Ag-site vacancy acts as potential carrier scattering
site. These strong carrier-carrier scatterings can constrain
carrier transport and reduce the Hall mobility in bulk speci-
mens."* In melting-hot press process, the Seebeck coeffi-
cient of TAGS-80 is higher than that of TAGS-85. The
Seebeck coefficient of TAGS-85 by the RSP-hot press pro-
cess is higher than that of TAGS-85 by melting-hot press.
Thus, the Seebeck coefficient increased due to an increase in
the amount of AgSbTe,, and also by the RSP-hot press pro-
cess.

Figure 4 shows the temperature dependency of electrical
resistivity of hot-pressed TAGS-x compounds. TAGS-85
fabricated by melting-hot press shows the best electrical con-
ductivity. The electrical resistivity was increased with
increasing temperature in RT~650 K, but then decreased at
over 650 K. Semiconducting behavior, which was highly
degenerated under 650 K, could be discerned at 650 K or
higher. The discontinuity in resistivity was measured in the
whole specimen, owing to the phase transition of TAGS

Temperature (K)

Fig. 4. Temperature dependency of electrical resistivity of TAGS-x (x
=80, 85) compounds.

compounds. This result coincided well with the results of
temperature dependency of the Seebeck coefficient, as
shown in Fig. 3, due to the transition from rhombohedral to
NaCl cubic structure.”” The resistivity of TAGS-80 was
higher than that of TAGS-85 in the melting-hot press pro-
cess, which shows that the resistivity of TAGS-x decreased
as the contents of Ag and Sb increased. In TAGS-85 com-
pounds, the resistivity of the RSP-hot pressed specimen was
higher than that of the melting-hot press specimen. Because
the matrix of the RSP-hot pressed specimen has some amor-
phous phase which were not fully transformed to crystal
structures, the resistivity increased in the matrix with the
amorphous phase adjoined.""” Figure 5 shows the micro-
structure and selected area electron diffraction (SAED) pat-
tern of the rapidly solidified TAGS-85 powder before hot-
press, showing both amorphous and crystal structures.From
the resulting change in resistivity, we can recognize that the
electrical conductivity was affected by both compositions
and fabrication process.

Table 2 shows the measured carrier concentration of the
hot-pressed TAGS-x compounds. The values of the carrier
concentration of TAGS-x were a sequence of TAGS-
8O(melting-HP), TAGS-85(RSP_HP) and TAGS—85(memng_Hp). The car-
rier concentrations of TAGS-x compounds were about
10", which is a difference of an order 1 to 2 magnitude
compared with Bi-Te thermoelectric compounds, for which
thecarrier concentration is about 10". The relatively high
carrier concentration of GeTe over Bi-Te-based thermoelec-
tric compoundsis because of the semimetallic behavior and
nearly zero band gap of the GeTe compounds.”® As the car-
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Fig. 5. TEM microstructure and SAED pattern of rapid solidified
TAGS-85 powder.

Table 2. Carrier concentration of hot-pressed TAGS-x (x = 80, 85)
compounds

specimen carrier concentration (cm™)
TAGS-80(meting 11p) 1.05 x 10%
TAGS-85 meltng.1p) 1.56 x 10*
TAGS-85xsp-tp) 3.95 % 10%°
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Fig. 6. Temperature dependency of power factor of TAGS-x (x = 80,
85) compounds.

rier concentration increases, both the Seebeck coefficient
and resistivity decrease. The results of carrier concentration
shown in Table 2 coincide well with the results of the See-
beck coefficient and resistivity change as shown in Figs. 3
and 4.

The power factor was calculated from the results of the
Seebeck coefficient and the resistivity of TAGS-x com-
pounds. Figure 5 shows the temperature dependency of the
power factor (a’/p) of TAGS-x (x =280, 85) compounds.
However, the difference in power factor was withinnearly
10% of its value, which shows that no large difference
occurs in power factor by the difference of compositions
and/or fabrication processes. Thus we can estimate that the

performance of TAGS-x compounds will be affectedprima-
rily by the thermal conductivity. Other methods for the crys-
tallization of amorphous materials were suggested such as
homogeneous nucleation, crystallization quenched-in nuclei,
and crystallization preceded by spinodal decomposition.!”"”
However, the intensive studies of amorphous materials, their
mechanisms in thermoelectric materials have hardly pro-
ceeded yet.

Further studies of the microstructure of the hot-pressed
specimen, as well as the thermal conductivity composed
with the lattice contribution (ki) and the electronic contribu-
tion (k.) will be needed to clearly elucidate the effect of
amorphous structures fabricated by the rapid solidification
process.

4. CONCLUSIONS

We fabricated TAGS-x (x = 80, 85) thermoelectric com-
pounds by melting-hot press and RSP-hot press processes to
study the effect of compositions and non-crystalline struc-
ture. TAGS-x compounds were GeTe single phase. The elec-
tron transport properties of TAGS-x compounds were
measured, and studied at RT~773 K to determine the effects
of both composition and fabrication process, with particular
focus given to the amorphous structure. The electron trans-
port properties of TAGS-85 formed by the RSP-hot press
process were located in the medium range of the TAGS-80
and TAGS-85 compounds by the melting-hot press.The best
Seebeck coefficient was 227 uV/K at 673 K in TAGS-80
fabricated by the melting-hot press process. The minimum
resistivity was shown in the melting-hot pressed specimenof
TAGS-85.
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