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The transport characteristics of high performance (Ag,SbTe,/»115)15(GeTe)gs (TAGS-85) (x=0.4 -
1.2 ) thermoelectric alloys are investigated. It is found that the carrier mean free path of TAGS-85
materials is comparable to the lattice parameter, indicating that this system has reached the
minimum possible mobility, the Ioffe-Regel limit, and the further reduction of grain size will not
affect the mobility while benefit to the thermal conductivity reduction. The fine-grained samples
are prepared by melt spinning to corroborate the supposition. The carrier mobility and mean free
path of melt spun samples are indeed comparable with that in coarse-grained samples, while the
lattice thermal conductivity are suppressed effectively as a result of the increasing boundaries and
hence phonon scattering. A state-of-the-art ZT of ~ 1.6 is obtained for the melt-spun fine-grained
samples and the temperature region of ZT > 1.2 has been broadened notably, which is pretty

encouraging for the future applications.

1 Introduction

The need for sources of energy other than fossil fuels has
sparked significant research into alternative energy sources and
different types of energy conversion technologies in past decades.
Thermoelectric (TE) materials have been among the most
compelling and challenging materials studied during the last
decades. Thermoelectric materials are a class of functional
semiconductors which can interconvert heat and electricity. But
low efficiency has precluded thermoelectric materials from large
scale implementation.! The conversion efficiency of TE devices
depends on the dimensionless figure of merit ZT = o/ 6T/ of the
TE materials, where ¢, o; &, T represent the Seebeck coefficient,
electrical conductivity, thermal conductivity, and absolute
temperature, respectively. Improvement and optimization of the
thermoelectric efficiency requires understanding of electrical and
thermal transport mechanisms, which has long been elusive.

Various approaches have been used to obtain high Z7 values in
TE materials. For example, band convergence was applied to
increase valley degeneracy, and high performance PbTe,  Se,
alloys were produced.’ Multiple-filled CoSb; exhibited a
maximum Z7 of 1.7 through the independent optimization of
electrical and thermal properties.* The recent advances in high
performance thermoelectric nanocomposites are achieved mainly
through remarkable reduction in the lattice thermal conductivity,’
such as PbTe, Bi,Te;,”® and CoSbs;,’” in which engineered
nanoscale features strongly scatter acoustic phonons.

GeTe is a p-type semiconductor in which the electrical
conductivity is determined by vacancies on the Ge sites.'” GeTe
is a unique matrix where doping with various elements can
significantly affect multiple mechanisms responsible for the
thermoelectric transport. Doping of GeTe with Ag and Sb
produces a system that is typically written as (GeTe),(AgSbTe,),.
» (TAGS-y). AgSbTe, is considered to be a solid solution between
Ag,Te and Sb,Te;. The composition with the best thermoelectric
performance is not the exact stoichiometric TAGS composition

o
%

but rather corresponds to an optimized Ag/Sb ratio.'' Ag/Sb ratio
serves as a tuning knob to optimize the carrier concentration or
microstructure. TAGS has been used in some important
applications with the highest figure of merit Z7' > 1.4."'> In GeTe
based materials, multiply-degenerate Fermi surface pockets
provide a route to substantially increase power factor.'* However,
there is little research on the electron and phonon transport
characteristics of TAGS alloys.

In this paper, it is found that the carrier mean free path of
TAGS-85 materials is comparable to the lattice parameters,
indicating that the mobility of this materials system almost
reaches the Ioffe-Regel limit. Further grain size reduction will not
affect the power factor, while it can suppress effectively the
lattice thermal conductivity due to the increased phonon
scattering at boundaries. Thus grain refinement by melt spinning
is used to reduce the thermal conductivity while maintaining the
power factor of TAGS alloys. The maximum Z7 value of ~ 1.6
was obtained for the melt spun samples, and the temperature
region of ZT > 1.2 has been broadened notably.

2 Experimental details

(AgXSbTex/ZJrl_5)15(GCT6)85 ()C = 04, 06, 08, 10, and 1.2 )
thermoelectric compounds were synthesized by melting, melt
spinning and hot pressing method, where x equals to Ag/Sb ratio.
Stoichiometric amounts of Ge, Ag, Sb, and Te single elements
with 99.999% purity were weighed and mixed for the desired
compositions. The mixture was sealed in an evacuated quartz
tube, kept at 1273 K for 10 h and air-cooled to room temperature.
The obtained ingots were separated into two parts. One part was
directly crushed, pulverized, and hot-pressed in a graphite die at
773 K under 70 MPa pressure for 30 min in vacuum. In the
following text, this method will be referred as “AQ”, and the
samples prepared by this method will be named as “x AQ”
samples for different Ag contents. The other part of ingot was
treated by melt spinning followed by the same hot-pressing
process mentioned above. The melt-spinning process is as
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follows: Ingot of suitable weight was put into a quartz tube with a
1.0-mm-diameter nozzle; under the protection of argon
atmosphere, the ingots were re-melted and injected onto a copper
roller rotating with a linear speed of 40 m/s.'* The resulting
s ribbons were pulverized and hot-pressed. This method will be
referred as “MS”, and the samples prepared by this method will
be named as “x MS”.'*
Powder X-ray diffraction (XRD) patterns were taken on a
Rigaku-D/MAX-2550PC diffractometer with Cu K, radiation,
10 and the results (Fig. S1) showed that all the samples exhibited
clear Bragg peaks of single-phase GeTe with space group R3m
(JCPDF 1n0.47-1079). The morphology observation of the melt
spun ribbons was taken on a FEI Sirion field emission scanning
electron microscope (FESEM). The electrical conductivity and
15 Seebeck coefficient were measured in the temperature range
between 300 K and 733 K on a computer-aided apparatus under
vacuum using a direct-current (DC) four-probe method and
differential voltage/temperature technique, respectively.'” The
thermal conductivity was calculated by using k= DppCp, where
20 pp is the sample density estimated by an ordinary dimensional
and weight measurement procedure. Thermal diffusivity D and
specific heat Cp were measured by a laser flash method on a
Netzsch LFA457 with a Pyroceram9606 standard.'® The Hall
coefficient Ry measurement was performed at 300 K on a
2s Quantum Design PPMS-9T using a four-probe configuration,
with the magnetic field sweeping between + 4.0 T. Then the
carrier concentration p and Hall mobility z4; were calculated
using p = - (1/eRy) and z4; = oRy, respectively.

3. Results and discussion

30  The temperature dependences of the Seebeck coefficient ¢,
electrical conductivity o; power factor PF and thermal
conductivity x of the air-cooled and hot pressed TAGS-85
samples are presented in Fig. I Error! Reference source
not found.. With the increase of Ag/Sb ratio, the electrical

35 conductivity roughly first increases and then decreases. The
electrical conductivity decreases with increasing temperature,
indicating a metal-like transport behavior. In the temperature
range from 450 K to 550 K, the electrical conductivity underwent
a visible “up turn”, which is the result of a phase transition from

40 the low-temperature thombohedra phase to the high-temperature
cubic phase.'? The maximum power factor PF is ~ 34puW/cm.K?
for x =0.6.
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Fig. 1. Temperature dependences of (a) electrical conductivity o,
(b) Seebeck coefficient «, (c) power factor PF, and (d) thermal
conductivity x for slowly cooled TAGS-85 samples.
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In order to investigate the carrier transport features of TAGS
alloys, the room temperature carrier dependences of Fermi energy
Ep, density of states (DOS) effective mass my and mean free path
mfp were calculated. According to previous reports,'’ the
scattering factor of TAGS alloys falls into the vicinity of 4 = -
1/2, which means that acoustic phonon scattering dominates the
carrier transport. The Seebeck coefficient of heavily doped
semiconductors is given by the following equation:'

60 a_SﬁzkgT | = "
= b m| —
3eh 3p

where kg is the Boltzmann constant, e the electron charge, / the
Planck constant, 7 the Kelvin temperature, my the density of
states effective mass, and p the hole concentration. If we
introduce a characteristic temperature @,

5
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which can be considered as a transformed Fermi temperature &=
3Ts/n%, where the Fermi temperature 7 = Ep/kg, Equation (1) can
be written as
a _Tmy 3)
ky/e O m,

The slope of a/(kg/e) versus T/ @ directly gives the DOS effective
mass mq /mo as shown in Error! Reference source not
found.. The carrier concentration of all samples is listed in
Table 1. The sample with Ag/Sb ratio of 0.4 has the lowest mg’,
10 which is about 3.3m,, while samples with higher Ag/Sb ratio hold
higher mq".
On the other hand, using the Mott relation'® for degenerate
semiconductors, Seebeck coefficient can be expressed as:

2 E
kBT(Ldgj Ty p(8UE), Vdul @)
ocdE Jp;, 3 e P ude |, .

where g(E) is the total DOS, u the carrier mobility. The DOS per
pocket is g,. We have"’

8 ( *)3/2 8 ( *)3/2
T\m T\m
\32
20 _ (md) 2\/5 EY? (6)
- il 3 F
Va

where md* = N2/3mp* is the total DOS effective mass, including
the degeneracy of valleys N and single valley effective mass mj*,
and the total hole density is p = Np,, (p,, is the density of carriers
in each valley). The mobility depends on the mass of each pocket

25 along the direction of the applied electric field. Assuming an
isotropic (scalar) mass m;= and relaxation time 7, the mobility is
expressed as

= C o g ™
m, P

30 By taking Eq. 5-7 into Eq. 4, the expression of Fermi energy is
modified to

272 272
EF:(MEJM:M ®)
2 ) 3ea 3ea

So the Fermi energy Ey can be calculated from Eq.8 using the
35 experimental Seebeck coefficient o at a certain temperature 7,

and shown in Fig. 2. The Fermi energy and DOS effective mass

increase as Ag/Sb ratio increases, which are consistent with the

variation tendency of the carrier concentration. The Fermi level

moves deeper into the valance band when the carrier
40 concentration increases.

With the Fermi energy Er calculated from Eq. 8 and DOS
effective mass from Eq. 5, we can further analyze the mean free
path mfp of charge carriers by the formula

45 mfp = sz' = IZEFmp* f (9)

The mobility x and carrier mean free path mfp for air cooled
(AQ) samples are listed in Table 1. At 300 K, the carrier mfp is
on the same order of magnitude as the lattice constant (~ 6.0 A )
of TAGS-85 materials. By the Ioffe-Regel criterion,” this is the

so lowest limit for metallic conduction, which means that the carrier
scattering has reached the highest limit. Further grain refinement
will not notably enhance the carrier scattering and reduce the
carrier mfp, but possibly contribute to the suppression of lattice
thermal conductivity.
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Fig.2 (a) Fermi energy dependence of DOS effective mass; (b)
Carrier concentration dependence of Fermi energy Er and DOS
o effective mass my" for slowly cooled TAGS-85 samples

Table 1. Carrier density, mobility and mean free path at room
temperature for air cooled TAGS-85 samples

Composition (102({7 cm™) (szél].ls.1) ’(”g)?
0.4 AQ 8.9 6.3 9.3
0.6 AQ 9.8 7.7 12
0.8 AQ 14 7.1 12
1.0 AQ 15 5.0 14
12 AQ 15 5.3 11
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In order to corroborate the above hypothesis, the fine-grained
TAGS-85 samples were prepared by melt spinning. The
microstructure observation of the TAGS-85 melt spun ribbons

s (Fig. S2) shows that the surfaces which contact the copper wheel
contain the nanograins of ~ 500 nm and the evenly distributed
grains of ~ 2 um on the other side. Thus, compared with the
coarse-grained AQ samples, the MS samples have much smaller
grains.

10 The transport properties of the MS samples are shown in Fig.
3Error! Reference source not found.. The Seebeck
coefficient of the MS samples is higher than that of the AQ
counterparts, while the electrical conductivity is slightly lower,
due to the composition fluctuation and hence the carrier density.

15 Thus the power factor of the MS samples is comparable to that of
the AQ ones, while the thermal conductivity of the formers is
much lower.

2.2 T T T T T
Ag/Sb ratio

—o0—0.4MS —o—0.6 MS 8
—4—0.8MS —v—1.0 MS
——1.2MS

20

-
o

c(Wm'K")
/

14 o—ao—0 3

1.2

500 600 700
T (K)

360 460 800
Fig.3 Temperature dependences of (a) electrical conductivity o,
(b) Seebeck coefficient «, (¢) power factor PF and (d) thermal

25 conductivity & for melt spun TAGS-85 samples.

By using Eq. 3 and 8, we calculated the DOS effective mass,
Fermi energy and carrier mfp of the melt spun TAGS-85 samples,
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16 L(3) Ag/Sb ratio ] and results are listed in Table 2. Comparing Table 1 and 2, one
—o—0.4 MS can find that the carrier mfp of these two batches of samples falls
A\K —0—0.6 MS 30 on the same level. The melt spun samples have slightly lower
<12 v»\“v\& ::: 23 mg . mobility than the counterparts because the mfp values are close to
% . —a_12MS but still higher than the lattice constants. However, the reduction
° °\o\;<\<?‘VA:€;7§4\k 3 in grain size does not significantly affect the mobility, which is
- '~ -, 7 . . . . . .
- 8 °\°\ofo/v839:27‘\%\\& _n consistent with the above conjecture that the carrier transport in
- <9 o oie? 3s TAGS-85 alloys has almost reached the loffe-Regel limit.
-O.g_ - ~ > a0
4r n‘"~u-n—n—n’“/n/u s 1 Table 2 Room temperature carrier density p, mobility x# and mean
L L L L L free path mfp for melt spun TAGS samples.
300 400 500 600 700 800
T (K)
Composition p Er * U mfp
T T T g ] L
sao | (B) P N 10%em™)  (mev) "M (Vs (A)
/u/u—ﬂ\u\f 0’0‘0_0_0\\,:,
r'e o ra, 0.4 MS 4.0 4113 2.03 6.4 6.2
A ’ S
__200F o 5 (gff/n“ RSR 0.6 MS 8.6 54.39 3.87 7.0 11
- £
§ /0/03//A’AA 0.8 MS 13 67.87 5.09 6.7 13
2160 ,ogi’«/"// Ag/Sb ratio 1.0 MS 12 60.39 501 6.5 12
3 oL —o—0.4MS : :
X —o—0.6 MS 1.2 MS 13 57.64 5.44 5.5 10
120F VA —a—0.8 MS A
A/1 —v—1.0 MS
—<—1.2Ms The total thermal conductivity x is the sum of a lattice
80 360 460 560 6(I)0 760 300 4 component & and a carrier component &, K= k. + k. The
" 7 (K) carrier term . is related to the electrical conductivity via the
. : : . . Wiedemann-Franz law x, = LoT, where L is the Lorenz number.
32 3 ] The Lorenz number on the basis of Fermi-Dirac statistics can be
’_Ao:/bé'gq}f expressed as follows:?!
e 28 /°/ uvi—q\ /D:/u-u’“ g 45
X kY 7 . 3 . .
E “ Ag/Sb ratio : t :(fj KME}FM”(( )/(MEJ Fan(¢)-0°(¢ )}
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where / is the scattering factor (here A =-1/2),and ¢ = Ep/(kpT) is
the reduce Fermi energy. Ef can be calculated from Eq. 8. The
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calculated reduced Fermi energy ¢ and Lorenz number L are
summarized in Table 3.
From Table 3, it can be seen that the Lorenz number hovers ~
2.0x10® V?K? in the wide carrier concentration range of all
s samples. We fix the Lorenz number as 2.0x10® V2K in our
subsequent lattice thermal conductivity calculation.

Table 3 Room temperature Lorenz number and reduced Fermi
energy for TAGS-85 materials with different carrier
concentrations.

composition a 02({7 cm‘3) ;’* a 08 f,zK-z)
0.4 MS 4.0 1.59 1.82
0.6 MS 8.6 2.10 1.87
0.8 MS 13 2.62 1.94
1.0 MS 12 2.33 1.91
1.2 MS 13 2.3 1.84

Error! Reference source not found.Fig. 4 shows
the lattice thermal conductivity of the air cooled and melt spun
TAGS-85 samples at room temperature. Compared to AQ
samples, the lattice thermal conductivity of MS samples is

15 evidently lower over a wide Ag/Sb ratio. For samples x = 0.8, the
lattice thermal conductivity is very close, possibly due to the
compositional fluctuation. This result approves our hypothesis
that for TAGS-85 materials the scattering of carriers almost
reaches the loffe-Regel limit as the mean free path almost

20 approaches the interatomic distance, and the grain refinement will
not significantly affect the electrical transport properties, but it
can reduce the lattice thermal conductivity.

1.4 T T T T T

1_3» +AQ 3
—o—MS

300 K

0'8 1 1 L 1 L
0.4 0.6 0.8 1.0 1.2

Ag/Sb ratio

2s Fig. 4. Lattice thermal conductivity at room temperature for air
cooled and melt spun TAGS-85 samples with different Ag/Sb
ratios.

The dimensionless figure of merit Z7 of all samples is shown
in Fig.5Error! Reference source not found.. Owing
30 to the preservation of good power factor and reduction of thermal
conductivity, the ZT values of the melt spun samples was
improved, and a maximum Z7 of ~1.6 was obtained at ~ 750 K.
At the same time the temperature region of Z7 > 1.2 has been
broadened notably, which is pretty encouraging for the future
35 applications.

1.6 B (a) 7
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041
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Fig. 5. Temperature dependence of ZT for (a) air cooled and (b)

melt spun TAGS-85 samples.

» 4 Conclusions

In summary, (AgSbTes+15)15(GeTe)gs (x = 04 - 1.2)
thermoelectric materials have been fabricated by air cooling or
melt spinning method, combined with a subsequent hot-pressing.
The electrical and thermal transport properties were investigated

ss systematically in the temperature range of 300 ~ 750 K. We
found that the carrier mean free path of TAGS-85 materials is
comparable to the lattice parameter, implying that the materials
have reached the minimum possible mobility, the loffe-Regel
limit. The carrier mobility and mean free path of fine-grained

so samples by melt spinning are comparable with those in coarse-
grained samples by slow cooling, while the lattice thermal
conductivity of the former is suppressed effectively as a result of
grain refinement to enhance the phonon scattering at boundaries.
The ZT values of the melt spun samples were improved and

ss reached ~ 1.6 at 750 K. The temperature span of ZT > 1.2 has
been enlarged notably, which is pretty encouraging for the future
applications.
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