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a b s t r a c t

Ternary AgxSb2−xTe3−x thermoelectric materials have been prepared with x value varying from 0.78
to 0.93. By adjusting the Ag2Te ratio, double-phased in situ nanocomposites were obtained with the
nanostructured Ag2Te embedded in the AgSbTe2 matrix when x > 0.81. The high-resolution transmission
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electron microscopy observation showed that the Ag2Te precipitates were in situ formed as nanodots and
nanoscale lamellar structures. Compared with the single-phased samples of x = 0.78 and 0.81, the Seebeck
coefficient of the nanocomposite samples exhibited significant improvement over the entire measured
temperature range and the electrical conductivity also slightly increased, resulting in the increase of
the power factor. At the same time, the thermal conductivity of the nanocomposite samples slightly
decreased. The optimization of both the power factor and the thermal conductivity contributed to the

figure
ilver antimony tellurides notable improvement in

. Introduction

Thermoelectric (TE) materials have recently attracted more and
ore attentions due to the demands for alternative energy tech-

iques to reduce our dependence on fossil fuels. TE devices can be
sed in the power generation mode based on the Seebeck effect and
he refrigeration mode based on the Peltier effect [1,2]. The conver-
ion efficiency of TE materials is represented by the dimensionless
gure of merit, ZT = ˛2�T/�, where ˛, �, �, and T are the Seebeck
oefficient, the electrical conductivity, the thermal conductivity,
nd the absolute temperature, respectively [1].

As a p-type TE material, AgSbTe2 has been reported since early
960s [3–5]. Its lattice structure is widely considered to be the
isordered NaCl-type with Ag and Sb randomly occupying the Na
ites. But with a certain degree of Ag and Sb atomic ordering,
he symmetry will be broken and tetragonal P4mmm or primary
ubic Pm-3m structure can be formed [6–8]. Due to these structural
haracteristics, AgSbTe2 reveals two distinct features as a thermo-
lectric material: the extremely low lattice thermal conductivity
L (∼0.6 W m−1 K−1) and the relatively high Seebeck coefficient ˛
∼200 �V K−1) [4,9]. Many theoretical studies, such as the lattice

ibrational properties [10] and the electronic band structure [11]
ave been conducted for the long-time annealed stoichiometric
gSbTe2. And other studies were mainly focused on the pseudo-
inary phase diagram of Ag2Te–Sb2Te3 [12]. In spite of all these
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E-mail address: zhutj@zju.edu.cn (T.J. Zhu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.170
of merit ZT by a factor of ∼40% at 670 K.
© 2010 Elsevier B.V. All rights reserved.

studies, due to the difficulty in controlling the phase components
and the doping content, the optimization of TE properties is still
marginal.

Recently, bulk TE nanocomposites have become a research
hotspot due to the obvious enhancement in TE performance
by nanostructuring [13–19] and their potential for large-scale
commercial applications. There are mainly two types of TE
nanocomposites according to the used approaches for the incorpo-
ration of nanostructures into bulk [15,20]. One is called the ex situ
nanocomposites, such as Bi2Te3/Sb2Te3 [21], CoSb3/Yb0.1Co4Sb12
[22], CoSb3/C60 [23], and ZrNiSn/�-Al2O3 [24], in which the nanoin-
clusions are mechanically incorporated into the bulk matrix and
work as phonon scatter center to reduce the thermal conductiv-
ity. However, it is very hard to control the agglomeration, interface
pollution and grain growth of nanoparticles during the prepara-
tion process. In situ TE nanocomposites, therefore, have been paid
close attentions. Many efforts have recently been made to fab-
ricate in situ nanocomposites. For example, Ge–Te based bulk in
situ nanocomposites with 4–10 nm nanocrystals embedded in the
amorphous matrix have been obtained by an amorphous crys-
tallization method [15]. For the state-of-the-art mid-temperature
thermoelectric system (PbTe)m(AgSbTe2) (denoted as LAST-m), a
high figure of merit of >1.7 at 700 K was obtained due to the pres-
ence of in situ formed Ag–Sb-rich nanodots coherently embedded

in the PbTe rich matrix [16,25–27]. Similar nanoscale microstruc-
tures have also been observed in (GeTe)x(AgSbTe2)100−x (TAGS-x)
system recently, which exhibited maximum ZT values of >1.5 at
800 K when x = 80 and 85 [28]. Among all the efforts on searching
for suitable in situ nanocomposites systems, there are two meth-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhutj@zju.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.03.170
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Fig. 1. (a) Powder X-ray diffraction patterns of Ag Sb Te (x = 0.78–0.93) sam-
16 S.N. Zhang et al. / Journal of Alloy

ds needed to highlight. One is the decomposition of metastable
b2Sb6Te11 into PbTe and Sb2Te3. A layered self-assembly struc-
ure of PbTe and Sb2Te3 was produced [29]. The other is based on
he peritectic process in the pseudo-binary phase diagram of Mg2Si
nd Mg2Sn. Mg2(Si,Sn) nanocomposites have been obtained with
anosized Mg2Sn-rich phase coated on the microsized Mg2Si-rich
rains [20].

AgSbTe2 can be recognized as the solid solutions between Ag2Te
nd Sb2Te3, and the single-phased AgSbTe2 can only be obtained
n a certain composition range with Ag2Te/Sb2Te3 ratio smaller
han 1 [12,30,31]. Utilizing the change in solid solubility near the
ingle-phase region boundaries, it is possible to synthesize the in
itu composites with Ag2Te or Sb2Te3 embedded in the AgSbTe2
atrix. What we need to do is to control the Ag2Te/Sb2Te3 ratio

ear the single-phase region boundaries for obtaining the desir-
ble nanocomposites of AgSbTe2/Ag2Te or AgSbTe2/Sb2Te3. In our
revious study, the compositions with Sb2Te3 precipitates have
een systematically studied [8]. In this paper, we investigate the
ompositions with higher Ag2Te ratios. Single-phased AgSbTe2
as fabricated as a reference within the composition range of
= 0.78–0.81 in (Ag2Te)x(Sb2Te3)1−x. We found that by increasing

he Ag2Te/Sb2Te3 ratio, the AgSbTe2 composites were formed with
g2Te nanodots and lamellar precipitates. All the three TE parame-

ers, namely ˛, � and �, could be optimized at certain Ag2Te ratios,
eading to the improvement in the TE performance of AgSbTe2
anocomposites.

. Experimental

Stoichiometric amounts of single element Ag, Sb and Te with 99.999%
urity were weighed and mixed as the nominal compositions of AgxSb2−xTe3−x

(Ag2Te)x/2(Sb2Te3)1−x/2), x = 0.78, 0.81, 0.84, 0.87, 0.90, and 0.93, corresponding to
9%, 40.5%, 42%, 43.5%, 45%, and 46.5% Ag2Te in atomic ratio, respectively. The mix-
ures were sealed in the evacuated quartz ampoules, and kept at 1273 K for 10 h.
uring this period, the ampoules were rocked several times to ensure good homo-
eneity of melts. The melts in the ampoules were then quenched by immersion into
iquid nitrogen. The solidified ingots were crushed and pulverized to the particles of
50 �m. The final pellets with the diameter of Ø 12.7 mm and thickness of ∼1.5 mm
ere obtained by hot pressing in a graphite die at 623 K under 70 MPa for 30 min in

acuum. The resultant pellet density is 95 ± 2% of the theoretical density for all the
amples.

The powder X-ray diffraction (XRD) patterns were taken on a PANalytical X’Pert
RO diffractometer with Cu K� (� = 1.5402 Å) radiation. The compositional analysis
nd mapping were taken by Inca-X-Stream energy-dispersive x-ray spectroscopy
EDX). Optical microscope images were shot on a Leica DM2500 M microscope.
ransmission electron microscopy (TEM) samples were prepared by a grinding,
impling, and ion milling (Gatan PIPS) process. The high-resolution transmission
lectron microscopy (HRTEM) images were obtained using a JEOL JEM-2010 micro-
cope. The electrical conductivity � and the Seebeck coefficient ˛ were measured
n the temperature range between 300 and 670 K on a computer-aided appara-
us in argon using a DC four-probe method and differential voltage/temperature
echnique, respectively. The thermal diffusivity D and specific heat capacity Cp

ere measured on the samples of Ø 12.7 × 1.5 mm2 by laser flash apparatus (LFA
57, Netzsch) with a Pyroceram standard. The accuracy for D and Cp measure-
ents is about ±3% and ±5%, respectively. The thermal conductivity was calculated

y � = �CpD, where � is the density of samples. The Hall coefficient measure-
ent was preformed on a Quantum Design PPMS-9T system using the four-probe

onfiguration with magnetic field sweeping between ±4.0 T at room tempera-
ure.

. Results and discussion

The XRD patterns of the AgxSb2−xTe3−x (x = 0.78–0.93) samples
re shown in Fig. 1(a). Two single-phased samples were obtained as
g0.78Sb1.22Te2.22 and Ag0.81Sb1.19Te2.19, while the other four sam-
les with x > 0.81 were double-phased. All the major diffraction

eaks could be indexed into a face centered cubic Fm-3m NaCl-
ype AgSbTe2 structure (JCPDS Card No. 15-0540). While the minor
hase in the double-phased samples, as pointed out by the black
rrows, could be indexed into monoclinic �-Ag2Te (JCPDS Card
o. 34-0142). The characteristic regions have been enlarged and
x 2−x 3−x

ples. The patterns from 2� 35.5–44.5◦ are magnified in the inset to shown the
precipitated Ag2Te. (b) Composition dependence of lattice parameter fitted by
Rietveld method.

shown in the inset. The Ag2Te peaks in the double-phased samples
increase with increasing x value. These XRD patterns have been fit-
ted by Rietveld method to calculate the lattice parameters [32]. As
shown in Fig. 1(b), the lattice parameters of AgSbTe2 underwent a
slight increase from 6.079 to 6.085 Å corresponding to the increase
of Ag2Te ratio. However, Fig. 1(b) suggests that the solubility of
Ag2Te goes up to some x = 0.9, inconsistent with the XRD patterns.
A possible explanation is that the composition of the matrix keeps
changed even after Ag2Te precipitates. That means that both the
matrix and precipitates are nonstoichiometric. More studies are
needed.

The distributions of the precipitated Ag2Te phase were stud-
ied from micro- to nanoscale. As shown in the optical microscopy
image (Fig. 2(a)), the secondary phase precipitates can be observed
clearly at the grain boundaries. The EDX mapping images in Fig. 2(b)
confirmed that the grain boundary areas are rich in Ag and lack of
Sb. Combining the XRD results, one can suggest that the precipi-
tates are the Ag2Te phase. More details can be seen in the HRTEM
images from Fig. 2(c)–(f). In Fig. 2(c) and (d), Ag2Te precipitates
are formed as nanodots with the diameter of 10–30 nm. The lattice
interspacing was measured to be ∼2.15 Å, which corresponds to the
(0 2 1) plane of monoclinic Ag2Te. According to the previous study
by Sugar and Medlin [33], these fine structures are caused by the
solid-state precipitation. At the same time, there are also lamellar

Ag2Te, the thickness of which varies from 30 to 100 nm when the
composition changes from Ag0.84Sb1.16Te2.16 to Ag0.90Sb1.10Te2.10
as shown in Fig. 2(e) and (f). The formation of these Ag2Te lamel-
las can be related to the eutectic solidification [34]. As shown in
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ig. 2. Microstructures of Ag2Te precipitated AgSbTe2 sample. (a) Optical microsc
nd (d) Typical nanodots dispersed in the matrix of Ag0.87Sb1.13Te2.13. (e) HRTEM im
g0.90Sb1.10Te2.10.

ig. 2(f), the composition difference between these lamellas and
he matrix can be detected by EDX line scanning.

The temperature dependences of electrical transport properties
f AgxSb2−xTe3−x (x = 0.78–0.93) are shown in Fig. 3. The nega-
ive temperature dependence of electrical conductivity exhibited
ypical degenerate semiconductor behavior. As shown in Fig. 3,
he temperature dependence of electrical conductivity of the
wo single-phased samples follows a power law of � ∼ T−1/2 and
∼ T−1/3 for Ag0.78Sb1.22Te2.22 and Ag0.81Sb1.19Te2.19, respectively.

his mostly reflects the T−1/2 dependence of the mobility � and

he predominant acoustic phonon scattering in the samples with
he scattering factor r of ∼−1/2 [34]. With increasing the content
f precipitated Ag2Te, the electrical conductivity slightly increased
nd then decreased. Therefore slight Ag2Te precipitates are ben-
ficial for the electrical transport. With further increasing Ag2Te
cture and (b) EDX mapping images of Ag, Sb, Te elements of Ag0.84Sb1.16Te2.16. (c)
or Ag0.84Sb1.16Te2.16. (f) HRTEM image and EDX line scanning for Ag, Sb and Te for

content to x = 0.93, the phase boundary scattering was enhanced
and the introduced n-type minority concentration (induced by
Ag2Te) influenced the major hole transport. As a result the elec-
trical conductivity decreased. A discontinuity could be observed
on the curve of each double-phased sample, which is caused by a
reversible phase transition from monoclinic �-Ag2Te to cubic �-
Ag2Te at 418 K. This phase transition has also been detected by DSC
scan shown in the inset of Fig. 3. It is noteworthy that the DSC scan
of single-phased samples without Ag2Te precipitates has also been
done (not shown here) and no detectable phase transition could be

found, confirming that the DSC peak in the inset of Fig. 3 is due to
the phase transition of Ag2Te.

To explain the electrical transport behavior in this system,
the Hall carrier concentration n and the mobility � was mea-
sured on these samples, and the results are listed in Table 1. Due
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Table 1
Room temperature physical properties for AgxSb2−xTe3−x (x = 0.78, 0.81, 0.84, 0.87, 0.90, and 0.93).

x in AgxSb2−xTe3−x 0.78 0.81 0.84 0.87 0.90 0.93

Electrical conductivity (�, 104 Sm−1) 3.48 2.63 2.69 2.79 2.33 1.89
Seebeck coefficient (˛, �V K−1) 188 231
Carrier concentration (n, 1019 cm−3) 11.0 3.25
Mobility (�, cm−2 V−1 s−1) 15 51
Effective mass (m*/m0) 1.60 0.80
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ig. 3. Temperature dependence of electrical conductivity for AgxSb2−xTe3−x

x = 0.78, 0.81, 0.84, 0.87, 0.90, and 0.93).

o the carrier-carrier scattering, the mobility exhibited contrary
omposition dependence with carrier concentration. According to
revious study, the p-type carriers in AgSbTe2 are mainly caused
y Ag vacancies [11]. So the maximum carrier concentration of
.1 × 1020 cm−3 was obtained with the minimum Ag2Te ratio of
= 0.78. With the further increase of x value from 0.81 to 0.90,

he carrier concentration changed slightly. While the mobility
ncreased due to the decrease of carrier concentrations. So the elec-
rical conductivity remained the comparable value with that of
he single-phased samples. For Ag0.93Sb1.07Te2.07, the carrier con-
entration increased again to 8.73 × 1019 cm−3 and the mobility
educed to the minimum value of 14 cm−2 V−1 s−1, which con-
ributes to the obvious decrease of electrical conductivity for this
ample.
The Seebeck coefficient ˛, shown in Fig. 4, is positive over
he entire temperature range. For the two single-phased sam-
les, the room temperature Seebeck coefficient increased from
90 to 230 �V K−1 with increasing Ag content. After the precipi-
ation of Ag2Te nanodots and lamellas, all the Seebeck coefficient

ig. 4. Temperature dependence of Seebeck coefficient for AgxSb2−xTe3−x for
= 0.78, 0.81, 0.84, 0.87, 0.90, and 0.93.
295 250 281 254
1.17 1.55 4.23 8.73

144 112 34 14
0.45 0.50 1.01 1.62

of double-phased samples exhibited a further increase and the tem-
perature dependences of the Seebeck coefficient for double-phased
samples are quite small over the entire temperature range. The
maximum Seebeck coefficient of 300 �V K−1 was obtained for the
Ag0.84Sb1.16Te2.16 sample at room temperature.

There are several potential reasons for the increase of Seebeck
coefficient. One of them is the increase in effective mass in the com-
posites for the samples with higher Ag2Te ratios. Using a parabolic
band model, the effective masses m* of these samples can be esti-
mated with the equations below [35]:

˛ = kB

e

[
�F − (r + 5/2)Fr+3/2(�F)

(r + 3/2)Fr+1/2(�F)

]
(1)

n = 4	
(

2m∗kBT

h2

)3/2

F1/2 (�F) (2)

Fi(�F) =
∫ ∞

0

xidx

1 + e(x−�F) , �F = EF/ (kBT) (3)

where, Fi(�F) is the Fermi-Dirac integral expressed as equation (3),
�F is the reduced Fermi level function, i is the scattering factor,
which has been proved to be −1/2 here for acoustic phonon scat-
tering. EF, kB, h, and e are Fermi Energy, Boltzmann constant, Planck
constant and electronic charge, respectively. m* is the effective
mass. The effective masses were calculated and listed in Table 1. The
maximum Seebeck coefficient value of ∼300 �V K−1 was obtained
at Ag0.84Sb1.16Te2.16 with minimum effective mass of 0.45m0. So the
enhancement in Seebeck coefficient is not because of the increase
of effective mass. The possible reason of the increase in Seebeck
coefficient may be attributed to the electron filtering effect caused
by the nanoscale microstructure [36].

The power factors PF = ˛2� as a function of temperature are
plotted in Fig. 5. Compared with the single-phased samples, the

power factors of the first three double-phased samples increased
mainly due to the higher Seebeck coefficient, indicating the
enhancement of the electrical transport properties after the pre-
cipitation of nanoscale Ag2Te. The maximum power factor of
2.35 × 10−3 W m−1 K−2 was obtained at 300 K for Ag0.84Sb1.16Te2.16.

Fig. 5. Temperature dependence of power factor, PF, of AgxSb2−xTe3−x

(x = 0.78–0.93).
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t should be mentioned that the Seebeck coefficient and the elec-
rical conductivity of the sample of x = 0.9 annealed for 1 month
ave been re-measured several times to evaluate the stability of
hese composites. The deviation of the power factor is within 25% at
ow temperatures but about 10% at high temperatures. The further
nvestigation is in progress.

The thermal conductivity is plotted in Fig. 6. All the thermal
onductivities are below 0.90 W m−1 K−1. The thermal conduc-
ivity decreased with temperature. Using the Wiedemann–Franz
elationship, �e = L0�T, the lattice thermal conductivity �L can be
stimated by subtracting the electronic thermal conductivity �e

rom total �, �L = � − �e. As plotted in Fig. 6(b), the lattice thermal
onductivity decreases with temperature, indicating the U-process
ffecting on phonon transport. The �L for the double-phased sam-
les, except Ag0.93Sb1.07Te2.07, only decreased a little due to the

ncreasing phase boundary scattering.
The figure of merit ZT values are calculated and plotted as a

unction of temperature in Fig. 7(a). The two single-phased sam-
les show almost the same thermoelectric behavior. The samples
ith proper amounts of Ag2Te precipitates exhibited much higher

T over the entire temperature range. With further increasing
g2Te ratio, the ZT value decreased. For the Ag0.93Sb1.07Te2.07, the
T values almost decreased to the same values as those of the
ingle-phased samples. The maximum ZT of 1.53 was obtained for
g0.84Sb1.16Te2.16 at 500 K and for Ag0.90Sb1.10Te2.10 at 673 K, which
s about 40% increase, compared to the single-phased samples.
As reported in our previous study [8], the Sb2Te3 precipitated

amples with x < 0.78 have also been investigated. The ZT values
t room temperature and 670 K of all the samples with x varying

ig. 6. Temperature dependence of thermal conductivity of AgxSb2−xTe3−x

x = 0.78–0.93). (a) Total thermal conductivity, �; and (b) Lattice thermal conduc-
ivity, �L.
Fig. 7. (a) Temperature dependence of figure of merit ZT of AgxSb2−xTe3−x

(x = 0.78–0.93). (b) Composition dependence of figure of merit ZT of AgxSb2−xTe3−x

(x = 0.62–0.93). The solid and open squares represent the ZT values at 300 and 670 K,
respectively.

from 0.62 to 0.93 were plotted together in Fig. 7(b). The shadowed
area represents the single-phase region. As can be seen, the room
temperature ZT increases with the increase of Ag2Te ratio. While
at 670 K, the increase of ∼10% and 40% in ZT can be obtained for
proper amounts of secondary phases (Sb2Te3 or Ag2Te). Thus it can
be suggested that by adjusting the Ag2Te/Sb2Te3 ratio to form in
situ nanocomposites, the thermoelectric performance of AgSbTe2
compound can be effectively optimized.

4. Conclusions

Ternary thermoelectric semiconductor AgSbTe2 has been syn-
thesized with different Ag2Te/Sb2Te3 ratios (x from 0.78 to 0.93
in AgxSb2−xTe3−x). The double-phased samples with Ag2Te sec-
ondary phase were obtained when x > 0.81. The HRTEM observation
showed that Ag2Te precipitated in situ as nanodots and nanoscale
lamellas embedded in the AgSbTe2 matrix. The thermoelectric
properties have been significantly improved with proper amounts
of Ag2Te. The Seebeck coefficient and the electrical conductivity
increased, resulting in the enhancement of power factor. Combin-
ing with the reduced thermal conductivity, the maximum ZT of 1.53
was obtained at 500 K for Ag0.84Sb1.16Te2.16, which is a 40% increase
compare to the single-phased sample.
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