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Thermoelectrics is gaining increased attention as a renewable direct energy
conversion method from heat to electricity. The most efficient and up-to-date
thermoelectric materials for temperatures of up to 250�C are (Bi1�xSbx)2

(Te1�ySey)3 alloys. In the current research, to discover practical thermoelectric
power generation devices capable of operation at such temperatures,
Bi0.82Sb0.18 alloy was considered as a lead-free high-temperature (<250�C)
solder composition for bonding of n-type Bi2Te2.4Se0.6 and p-type Bi0.4Sb1.6Te3

legs into Cu, Ag, Ni and Fe metallic bridges. In the case of Cu, fine contacts
with low electrical contact resistance of �1.5 ± 0.5 mX mm2 were observed
upon soldering at 350�C.
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INTRODUCTION

New alternative energy resources enabling new
technological developments and bringing society
one step closer to a cleaner environment are con-
stantly being investigated. Thermoelectrics (TE) is
one of the emerging technologies for direct conver-
sion of waste heat into useful electricity, enabling
the reduction of the global reliance on fossil fuels as
energy sources and therefore of the reduction of
automotive fuel consumption and CO2 emissions.
For temperatures up to �250�C, Bi2Te3-based TE
alloys and specifically the p-type BixSb2�xTe3

1–7 and
n-type Bi2TexSe3�x

8–11 compositions are known as
the most efficient TE materials. Although a large
enhancement of the TE figure-of-merit, ZT (=a2T/qj,
where a is the Seebeck coefficient, q the electrical
resistivity, j the thermal conductivity and T the
absolute temperature) of Bi2Te3-based materials, is
constantly being reported, mainly due to nano-
structuring and lattice thermal conductivity reduc-
tion,1 no practical TE devices with enhanced effi-
ciency, capable of serving as TE generators at
temperatures of up to 250�C, have been reported to
date. A possible reason for this can be attributed to

insufficient couples’ bonding techniques, resulting
so far in high-contact resistances and mechanical
instability. Regardless of the great importance of TE
couples development for increasing the technology
readiness level toward efficient TE devices, only
very limited data have been so far reported in this
field. Cu,12–14 Ni15 and Ag14,16 bridges have been
mostly explored as metallic contacts in Bi2Te3 cou-
ples. The eutectic Sn-37Pb alloy, which has been
widely applied in micro-electronics applications,
exhibits a very low melting temperature of
�183�C,17 which might only be useful for low-tem-
perature (e.g. cooling) TE applications, in addition
to the fact that it contains the not environmentally
friendly Pb element. Among the more modern Pb-
free solder alloys, Sn-3.5Ag, Sn-3Ag-0.5Cu and Sn-
0.7Cu have been successfully applied for bonding of
Bi2Te3-based legs to both Ag and Cu contacts;14

however, the melting points of these compositions
are around �220�C,17 which are still low for fulfill-
ing the potential of Bi2Te3-based TE power genera-
tors. Due to the fact that the low melting
temperatures of the currently applied Sn-based
solder materials originate from the low melting
temperature of pure Sn (�232�C), the current re-
search was focused on Pb-free Sb (melting temper-
ature of �631�C)-based solder materials and
specifically on Bi1�xSbx alloys. In the Bi-Sb binary
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system, a complete miscibility between Bi and Sb
exists, with solidus temperatures (onset of melting)
higher than �300�C and melting (liquidus) tem-
peratures higher than � 350�C, for x values higher
than 0.18.18 Due to an expected higher chemical
compatibility to Bi2Te3-based TE legs with increas-
ing the Bi content of the solder materials, in addi-
tion to the requirement to reduce the liquidus
temperature as much as possible to avoid melting
the TE elements during the soldering process, the
research was focused on the Bi0.82Sb0.18 alloy. Bi-
rich Bi1�xSbx alloys have been widely investigated
as n-type semiconducting TE compositions for cool-
ing applications at temperatures around or lower
than room temperature,19–21 but as far as we know
have never been considered before as solder com-
positions. In the current research, bonding experi-
ments between the previously reported n-type
0.1% CHI3-doped Bi2Te2.4Se0.6

22 and p-type
Bi0.4Sb1.6Te3

23 compositions to Fe, Ni, Ag and Cu
metallic bridges, with the aid of the Bi0.82Sb0.18

solder alloy, were investigated, as the first step for
developing of TE Bi2Te3-based power generation
devices capable of operating at temperatures up to
�250�C. We show that, although the Bi0.82Sb0.18

solder alloy exhibits n-type semiconducting proper-
ties following arc-melting synthesis, it reacts with
all the investigated metallic (i.e. Fe, Ni, Ag and Cu)
bridges, to form a Bi-rich contact layer surrounded
by Sb-based phases. The nature of the various in-
volved phases is discussed in detail. TE couples
based on the above-mentioned n- and p-type
Bi2Te3-based TE legs bonded into Cu metallic
bridges exhibited very low contact resistance of
�1.5 ± 0.5 mX mm2 which is within the required
range for TE practical power generation devices.24

EXPERIMENTAL

n-type 0.1 wt.% CHI3-doped Bi2Te2.4Se0.6 and
p-type Bi0.4Sb1.6Te3 ingots were synthesized from
pure Bi, Te, Se, Sb and CHI3 constituents in vacuum
(10�5 Torr)-sealed quartz ampoules, at 850�C for
1.5 h, using a rocking split tube furnace (Therm-
craft, USA). The ingots were crushed to a maximal
powder size of 250 lm using an agate mortar and
pestle, cold-pressed at a mechanical pressure of
800 MPa and sintered under an inert argon atmo-
sphere at 400�C for 10 h. Following sintering, the
samples’ densities were found to be higher than 95%
of the theoretic values. Bi0.82Sb0.18 alloy, as a sol-
dering composition, was synthesized by arc-melting
(MAM-1; Edmund Bühler, Germany) from pure
elements, under argon atmosphere, with more than
five flipping and re-melting stages to ensure homo-
geneity. The crystal structure was analyzed by x-
ray diffraction (XRD; Rigaku DMAX 2100 powder
diffractometer) to ensure a single phase composition
for each of the synthesized alloys. The microstruc-
tural characterizations and the chemical composi-
tion analyses were conducted by scanning electron

microscopy (SEM; JEOL JSM-5600) and energy-
dispersive x-ray spectroscopy (EDS), respectively. a
and q were measured by a Linseis LSR-3/800 See-
beck coefficient/electrical resistance measuring
system. j was determined by using the flash diffu-
sivity method (LFA 457; Netzsch). All the transport
properties were measured transverse to the press-
ing direction. The melting temperature of the solder
alloy was analyzed using a differential scanning
calorimetry (STA 449; Netzsch). Two identical pure
Fe, Ni, Ag and Cu metallic plates (2 9 8 9 18 mm3)
of each type, following ultrasonic cleaning in ace-
tone, were soldered to each other by the Bi0.82Sb0.18

solder alloy, at 450�C for 30 min under argon
atmosphere, in order to investigate the chemical
compatibility and solderability to these metallic
plates. Soldering the n-type 0.1 wt.% CHI3-doped
Bi2Te2.4Se0.6 and p-type Bi0.4Sb1.6Te3 TE legs, each
with a diameter of 6 mm and length of 12 mm and
at temperatures of 350�C and 450�C, into Cu
metallic plates to form TE couples under similar
conditions was also performed. The soldering pro-
cess included grinding the Bi0.82Sb0.18 solder alloy
into 0.2 g powder, which was applied at the junction
between the TE legs and the Cu bridge. The entire
array of TE legs, solder powder and metallic bridge
was placed in a graphite die and was pressed to-
gether under a 3-kg weight applied evenly to each of
the legs.

The contact resistance was measured by a four-
point probe in a procedure described previously,24

based on measuring the electrical resistance of each
of the TE legs (n and p) prior to the bonding. Fol-
lowing bonding, the total electrical resistance of the
individual legs and the contacts to the adjacent
metallic plates was measured, while the the contact
resistance was calculated by subtraction of the
original leg’s resistance from the total measured
values.

RESULTS AND DISCUSSION

Following synthesis, both the p- and n-TE legs’
compositions and the solder alloy exhibited the ex-
pected single phase Bi0.4Sb1.6Te3, Bi2Te2.4Se0.6

Bi0.82Sb0.18 compositions, respectively, by XRD and
SEM analyses. Differential scanning calorimetry
(DSC) for the Bi0.82Sb0.18 solder alloy up to 500�C
indicated two endothermic peaks at �300�C and
�340�C (Fig. 1a, points 1 and 2, respectively),
reflecting an onset of melting by crossing the solidus
curve into a solid–liquid two-phase zone, and a final
melting by crossing the liquidus curve, respectively,
in agreement with the temperatures associated with
this composition in the Bi-Sb binary phase dia-
gram18 (Fig. 1b). From the phase diagram shown in
Fig. 1b, it can be clearly understood that the cur-
rently investigated Bi0.82Sb0.18 solder composition
was chosen as one exhibiting a solidus temperature
(point 1) slightly higher than the maximal practical
operation temperature of Bi2Te3-based TE couples
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(�250�C) with the minimal liquidus temperature
(point 2) for avoiding deterioration of the TE legs
during the soldering process, due to sublimation of
tellurium and/or any possible eutectic with the
metallic bridges.

The temperature dependence of the TE transport
properties of the investigated Bi0.82Sb0.18 solder, p-
type Bi0.4Sb1.6Te3 and n-type Bi2Te2.4Se0.6 alloys, a,
q, j and ZT, following the synthesis are shown in
Fig. 2a–d, respectively. It can be clearly seen in
Fig. 2a that, as expected, the Bi0.4Sb1.6Te3 and
Bi2Te2.4Se0.6 TE alloys exhibit positive and negative
a values, respectively, indicating their p- and
n-type conduction nature, respectively, while the
Bi0.82Sb0.18 solder alloy exhibits a weak n-type
semiconducting nature, indicated by the negative a
with low absolute values, approaching those of
metallic alloys.

The more metallic nature (higher carrier concen-
tration) of the Bi0.82Sb0.18 solder alloy compared to
the investigated n- and p-TE elements can also be
observed by the lower q (Fig. 2b) and higher j
(Fig. 2c) values of this composition, highlighting its
potential to serve as a contact material with low
electrical and thermal contact resistance in TE de-
vices. Regarding ZT, it can be clearly seen in Fig. 2d
that much lower values were obtained for the
Bi0.82Sb0.18 alloy compared to the other n- and p-
type compositions, indicating that this composition
is much less TE efficient in the entire investigated
temperature range. This fact can also be attributed
to the higher metallic nature of Bi0.82Sb0.18, associ-
ated with much higher carrier concentration than
the optimal for TE applications. On the other hand,
the increasing trend of ZT for Bi0.82Sb0.18 with
decreasing the temperature is in agreement with
the above-reported application of Bi1�xSbx alloys in
TE cooling at temperatures below room tempera-
ture.

SEM micrographs following Bi0.82Sb0.18 soldering
of similar Ag, Cu, Fe and Ni plates to each other at
450�C are shown in Fig. 3a–d.

In these micrographs, it can be clearly seen that
both Ag (Fig. 3a) and Cu (Fig. 3b) react similarly
with the Bi0.82Sb0.18 solder. In both these cases, Sb
from the solder diffuses into the metallic plate,
while enriching the Bi concentration of the original
Bi0.82Sb0.18 contact. This diffusion into the metallic
plates resulted for the Ag case in Ag metal enriched
by Sb (Fig. 3a), and, for the Cu case, the formation
of the Cu-rich Cu0.75Sb0.25 phase and others inside
the Cu plate (Fig. 3b). This trend is in contrast to
that observed for the Fe (Fig. 3c) and Ni (Fig. 3d)
cases, in which both Fe and Ni diffuse into the sol-
der, while reacting with the Bi0.82Sb0.18 layer for the
formation of Sb-rich phases (i.e. FeSb2 and Fe1.27Sb
for the case of Fe, Fig. 3c, and NiSb for the case of
Ni, Fig. 3d). This behavior is in agreement with the
much higher diffusion coefficients of Sb in Cu and
Ag25–27 and the previously reported binary Cu-Sb28

and Ag-Sb29 phase diagrams, indicating the exis-
tence of only Cu- and Ag-rich compounds and no Sb-
rich compounds at all, motivating a diffusion of Sb
from the solder toward the metal-rich metallic
plates for the formation of these phases. On the
other hand, in the Ni-Sb30 and Fe-Sb31 binary phase
diagrams, Sb-rich compounds also exist, motivating
an inverse diffusion of the metals from the metallic
plates to diffuse into the Sb-richer solder for their
formation. Due to the fact that inter-metallic com-
pounds usually exhibit a mechanically brittle nat-
ure, their formation inside the metallic bridges of
the TE couples, which are subjected to high shear
stresses during the operation, is not favorable. On
the other hand, the brittleness of scattered inter-
metallic compounds inside the original Bi0.82Sb0.18

contact layer might be compensated by the solder’s
soft and ductile nature. A final decision on the
preference of one mechanism on the other, if any, for
enhancing TE couples’ durability requires further
analyses including mechanical properties and finite
elements modeling approaches that were not taken
at this stage of the research. Yet, regardless which
of the mechanisms is more preferable, TE couples,

Fig. 1. (a) Differential scanning calorimetry results of the Bi0.82Sb0.18 solder alloy. The insets indicate a SEMmacroscopic view of the Bi0.82Sb0.18
sliced plates and a TE couple soldered into a Cu metallic bridge. (b) Bi-Sb binary phase diagram18 indicating the onset (1) and the finish (2)
melting temperatures for the currently investigated Bi0.82Sb0.18 composition.
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Fig. 2. Temperature dependence of the TE transport properties of the investigated Bi0.82Sb0.18 solder, p-type Bi0.4Sb1.6Te3 and n-type Bi2
Te2.4Se0.6 alloys, (a) Seebeck coefficient, a, (b) electrical resistivity, q, (c) thermal conductivities, j, and the (d) TE figure-of-merit, ZT.

Fig. 3. SEM micrographs following Bi0.82Sb0.18 soldering of similar Ag (a), Cu (b), Fe (c) and Ni (d) plates to each other at 450�C. The inset in (b)
shows a strong interaction zone and partial melting of the leg in the vicinity of contact between the n-Bi2Te2.4Se0.6 leg and the Cu metallic bridge
following soldering at 450�C.
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based on the investigated n- and p-legs, were
Bi0.82Sb0.18 soldered to Cu plates at the same 450�C
temperature. At this temperature, a strong reaction
zone was observed in the contact with the TE legs
and the Cu metallic bridge (an example is shown in
the inset of Fig. 3b), due to possible eutectic and/or
sublimation of Te, implying that 450�C is too high
for the investigated TE legs’ composition. An en-
hanced Te sublimation at a soldering temperature
of 450�C, together with the formation of Sb-rich
phases, might enrich the Bi concentration of the n-
and p-type TE legs and the solder material, leading
at local points to nearly pure Bi phase in the vicinity
of the contact, having a melting temperature of
£300�C. Reduction of the soldering temperature to
350�C resulted in fine couples (see the righthand
inset of Fig. 1a), with contact resistance of
1.5 ± 0.5 mX mm2, which is within the range re-
quired for practical TE power generation de-
vices.24,32

CONCLUSIONS

In the current research, the Bi0.82Sb0.18 alloy, was
investigated as a solder composition for TE power
generation of (Bi1�xSbx)2(Te1�ySey)3-based devices
by being subjected to operating temperatures of up
to 250�C. Fine contacts upon soldering of two simi-
lar Ag, Fe, Cu and Ni metallic plates at 450�C were
observed. Yet, two different metallurgical mecha-
nisms were identified by SEM during the bonding
operation. For the Ag and Cu cases, Sb diffusion
outside the bonding area toward the metallic plates
was identified, while, for the cases of Fe and Ni,
atoms from the metallic plates were diffused into
the bonding area for the formation of Sb-rich pha-
ses. TE couples’ soldering at the same temperatures,
using Cu metallic plates, resulted in strong inter-
action zones in the vicinity of the contact between
the metallic bridges and the (Bi1�xSbx)2(Te1�ySey)3

alloys, which were attributed to possible eutectic
and/or sublimation of Te, implying that 450�C is too
high for practical soldering. Reduction of the sol-
dering temperature to 350�C resulted in fine couples
with contact resistance of 1.5 ± 0.5 mX mm2, which
is within the range required for practical TE power
generation devices.
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