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a b s t r a c t

The well-dispersed crystal structures of LAST (Lead Antimony Silver Tellurium) alloys grown by a vapor
phase deposition method are demonstrated to have excellent electrical characteristics in this study. The
atomic ratio of Pb to Te in the alloys are kept at 0.85–0.88. The distribution of component concentrations
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depends on the deposition temperature, and the Ag- and Sb-rich segments are fabricated at high depo-
sition temperature. Experimental data suggest that the higher Sb content in the crystal increases carrier
concentration up to ∼1019 (per cm). The electrical behavior of the crystal is n-type under Sb doping,
and it was transferred into p-type once the samples are dominated by Ag doping, which also raises the
mobility to a level as high as ∼103 cm2/V. Test results of this study have indicated that both Ag and Sb
elements contribute to the electrical conductivity enhancement, however, an excess amount of Ag may

he el
significantly deteriorate t

. Introduction

The effectiveness of thermoelectric material is related to dimen-
ionless materials figure of merit, the so-called ZT value, defined by
T = S2�T/�, where S is the Seebeck coefficient (thermal power), �
he electrical conductivity, T the absolute temperature and � the
hermal conductivity [1]. Good thermoelectric materials require
igh electrical conductivity, high Seebeck coefficient, and low
hermal conductivity, which are contrary requirements and have
indered the development of high performance thermoelectric
aterials for many years. Researches for better TE materials have

ecently accelerated due to many new multi-component alloys
dopting new structure types and advanced processing technique
2–6]. LAST (Lead Antimony Silver Tellurium) alloys show high
hermoelectric performance due to their nanodot effects [7]. How-
ver, the preparation of a multi-component alloy such as LAST is
ifficult and often leads to unrepeatable and inconsistent results
mong different research groups. One of the reasons for such incon-
istency is the large difference of melting points between Ag and
ther elements in LAST alloys. The difference also results in com-
osition segregation and distinct microstructure even in the same
atch of samples [8,9].

Regarding LAST alloys manufacturing, Ao et al. reported

hat nano-sized AgPb18SbTe20 had been successful synthesized
y hydrothermal method [10], and their powders consisted of
pherical-shaped particles and rod-shaped particles. Wang, et al.
emonstrated that Ag0.8Pb22SbTe20 sample was prepared using a

∗ Corresponding author. Tel.: +886 6 939320; fax: +886 6 6939096.
E-mail address: MLChang@itri.org.tw (M.-L. Chang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.005
ectrical performance instead.
© 2010 Elsevier B.V. All rights reserved.

combined of mechanical alloying and spark plasma sintering with
a maximum ZT = 1.37 [11]. Cai et al. reported that wet milling of
LAST powers produced smaller particle and a fine powder particle
size can enhance mechanical integrity of thermoelectric materials
[12].

To achieve buck LAST alloys possessing homogeneous and well-
dispersed micro/nano structures, we proposed growing LAST alloys
in a vacuum environment using the vapor phase deposition method
that had been successfully synthesizing PbSnTe single crystal with
homogeneous structures [13]. Our preliminary results showed that
defectiveness of microstructure formation is reduced and homo-
geneous LAST alloys are obtained. In this study, the feasibility of
growing LAST alloys by vapor phase deposition was also discussed.

2. Experimental details

High purity element powders were well mixed in a proportion of AgSbPb18Te20.
A contrast sample was first prepared by a conventional melting process as following.
The powder mixture was sealed in a quartz tube under a vacuum of less than 10−4

torr and heated at 900 ◦C for 4 h. The temperature was then decreased to room
temperature at a rate of 10 ◦C/h, which was changed to 20 ◦C/h as the temperature
down to 450 ◦C. The obtained LAST sample from the above process was prepared and
cleaned for the source of vapor phase deposition. The related vapor phase methods
for growing crystal have been reported extensively [14].

A schematic diagram of crystal growth by vapor phase deposition method is
shown in Fig. 1. The prepared melting process sample as the feeding source was
placed at the bottom of a quartz tube having an inner diameter of 13 mm and a
PbTe crystal as the seed was mounted at the bottom of a graphite rod with 12 mm
diameter centrally located at the top of the quartz tube. The entire procedure must

cautiously handle in order to avoid contact with any tube surface. The tube was
sealed in a quartz tube under a vacuum of less than 10−4 torr. During the heating
process, a rate of 20 ◦C was kept until the deposition temperature it reached. Then
the temperature was lasted until the crystal grew. The ingot grown by this method
exhibits composition variation along the growth direction and allows us to investi-
gate the effects of compositional change on LAST alloy. The final ingots were sliced
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Fig. 3. Schematic diagram of the temperature for vapor phase deposition.
Fig. 1. Schematic diagram of the experimental set-up.

sing diamond saw for measurement and analysis. The morphology and microstruc-
ure were analyzed by scanning electron microscopy (JEOL, JSM-5610). The electrical
roperties were measured by Hall Effect measurement system (ECOPIA, HMS-3000)
t room temperature.

. Results and discussion

The inhomogeneous structure of the melting process sample
esults from SEM analysis is shown in Fig. 2. The electrical prop-
rties are measured as 543 (per �/cm), 3.3 × 1018 (per cm3), and
000 (cm2/Vs), respectively. Fig. 3 depicts the processing temper-
ture profile of vapor phase deposition, which has a growth rate
f 3.2 mm/day. The final ingot is a cylinder with 12 mm diameter
nd 24 mm length, see Fig. 4. The symmetric shape of the ingot is
result of symmetrical thermal flow during the deposition pro-

ess, and the liquid droplets on the ingot top are formed due to
apor–liquid–solid mechanism [15,16].

The SEM picture and Ag element mapping of the melting process

ample in Fig. 2 clearly show micro-scale Ag-rich regions, indicating
hat the Ag element is difficult to dissolve into LAST crystal using
onventional melting method. Significant improvement by vapor
hase deposition in the uniformity and the dispersion of Ag-rich

Fig. 2. SEM image of inhomogeneous LAST alloys structure and Ag mapping.
Fig. 4. The LAST alloys were grown using vapor phase deposition.

microstructure is shown in Fig. 5. The atomic ratio of Pb to Te does
not change much along the growth direction as shown in Fig. 6.
As rising deposition temperature, the deposition amount of Sb was
increased and Ag element can only be found at higher temperature
region in Fig. 7. No appearance of Ag at the initial stage resulted
from the silver element having lower vapor pressure, shorter diffu-
sion distance and the small portion of Sb and Ag within the source
alloy. However, when the crystal kept growing and the deposition
location was shifted to the higher temperature region, the residual
of Ag in the source alloy was increased that were also helpful for

the silver element deposition. It can be observed that 60.6 atomic
% of Ag was found in the rest accumulation and deposition amount
of Ag increased as well.

Fig. 5. SEM image of homogeneous LAST alloys structure and Ag mapping.
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Fig. 6. Rate of Pb/Te in the crystal along the growth direction.

Fig. 7. Distribution of Ag and Sb in the crystal along the growth direction.

s
c
w
e
d
n
a

n
s

Fig. 8. Carrier concentration vs different positions of the crystal.

Fig. 8 shows the carrier concentrations determined by Hall mea-
urement. A high Sb content in the crystal is contributive to carrier
oncentrations. The samples measured in this study are n-type
hen Sb doping dominates and become p-type once Ag doping

ffect prevail. Note that previous studies have pointed out that Sb-
oped PbTe materials are mainly n-type, and Ag doping possessed

oticeable amphoteric behavior and is equally effective as a donor
nd an acceptor [17].

Fig. 9 shows the mobility of the samples higher Sb content does
ot obviously affect the mobility. However, the mobility is very
ensitive to Ag content. Adding a small amount of Ag improves

Fig. 9. Mobility vs different positions of the crystal.
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Fig. 10. Electrical conductivity vs different positions of the crystal.

the mobility significantly, while further increment of Ag content
deteriorates the mobility.

Electrical conductivity distribution is shown in Fig. 10. The elec-
trical conductivity was improved as the Sb content increased. It was
apparently became higher associated with silver element, while
an optimal Ag content for the maximum electrical conductivity
exists. As a result, silver element plays a major role for the electrical
behavior of the LAST alloys.

4. Conclusions

In this work, a phase vapor deposition method for manufac-
turing LAST alloy is demonstrated. In order to obtain bulk crystal
with Ag structure, the deposition temperature must be kept as high
as possible, and the amount of Ag in the source must be moder-
ately increased. The distribution and concentration of Ag element
have significant effects on LAST alloy’s electrical behaviors. Even
a small amount of Ag can improve the electrical properties signif-
icantly, it is important to precisely control the Ag concentration
to achieve the best results. The technique developed in this work
shows the potential of significantly enhancing the thermoelectric
performance of LAST alloy. It is worth further exploring the possi-
bility of improving the technique for manufacturing homogeneous
LAST alloys with well-dispersed micro-structure.
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