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A Bi0.5Sb1.5Te3 thermoelectric (TE) element was directly soldered to a Cu
electrode using Sn-3Ag-0.5 Cu alloy. The interface was sound and the bonding
strength was satisfactory (8.6 MPa). However, the solder layer was exhausted
quickly during high-temperature storage (HTS) tests at 150�C for 300 h and
600 h, and the bonding strength drastically decreased to 1.5 MPa. The con-
sumption of the solder was prevented by electroplating a Ni barrier layer on
the TE element, though a low bonding strength of 1.9 MPa resulted. Adding a
Sn-rich thin film and a Ni barrier layer onto the Bi0.5Sb1.5Te3 element led to a
high bonding strength of 12.1 MPa, which decreased only slightly after HTS
reliability tests at 150�C for 1000 h. The sound interfaces of the Bi0.5Sb1.5Te3/
Cu joints maintained their stability even after HTS at 175�C for 1000 h.
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INTRODUCTION

Thermoelectric (TE) materials are used in appli-
cations such as power generators, heat dissipaters,
active refrigerators, and industrial waste heat recy-
clers. However, the heat transfer of a single TE
device is limited, so modules should be assembled by
bonding multiple elements with metallic electrodes.
The effectiveness of a TE module depends on the
quality of the TE/electrode joint. Among the many
techniques for bonding TE elements with metallic
electrodes, brazing results in high bonding strength,
and the brazed joints can endure high temperatures
during the operation of the TE modules.1 However,
large thermal stress can accumulate at the joint
interface or in the interior of the TE material during
the brazing process and cause damage to the brazed
TE module. An alternative is spark plasma sinter-
ing, but the high heating rate during the bonding

process can degrade the intrinsic properties of the
TE materials.2

A newly developed method, the solid–liquid inter-
diffusion bonding (SLID) process, results in satis-
factory bonding of Cu electrodes with various TE
materials, such as BiTe,3 PbTe,4 and Zn4Sb3.5,6

Although the SLID bonding process can also ensure
high operating temperatures for TE modules, its
intermetallic interlayer, having a thickness of only
several lm, may cause co-planarity in the assembly
of multiple TE elements. On the other hand, the
traditional soldering process is widely used as an
effective bonding method for electronic packaging.7

It is also employed for the die bonding of light-
emitting diode (LED) products8 and recycling of
sputtering targets.9 For application in TE modules
connected with metallic electrodes, soldering also
exhibits certain advantages.10 In comparison to the
brazing and spark plasma sintering methods, sol-
dering can be conducted at lower temperatures and
thus induces less thermal stress. In addition, the
liquid-phase solder at the TE/electrode interface has
a much greater thickness than that of the interlayer(Received September 11, 2019; accepted February 4, 2020;
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of the SLID bonding process, reducing the risk of co-
planarity in assembly. For industrial applications,
an optimized TE module can be achieved using a
soldered joint at the cold end and a SLID joint at the
hot end.

In many electronic products, Sn-3Ag-0.5Cu solder
has been employed as a replacement for traditional
Sn-37Pb solder alloy for environmental reasons. It
also has superior strength, longer thermal fatigue
life, improved creep resistance, and good wettabil-
ity.11 Chien et al.12 produced a Bi2Te3/Cu soldered
joint using Sn-3Ag-0.5Cu alloy for the study of
electro-migration between the TE material and
metallic electrode under current stressing. The Sn-
3Ag-0.5Cu soldered joints in electronic packages
also have satisfactory electrical conductivity despite
certain intermetallic compounds that may appear at
the interfaces.13

In this study, it was found that directly soldering
the Bi0.5Sb1.5Te3 thermoelectric material with the
Cu electrode using a Sn-3Ag-0.5Cu solder caused
rapid consumption of the solder alloy, and various
thick intermetallic compounds formed at the TE/sol-
der interface after high-temperature storage (HTS)
at 150�C for 300 h and 600 h, leading to poor
bonding strength. The excessive intermetallic
growth at the soldered interface was reduced by
electroplating a Ni barrier layer on the Bi0.5Sb1.5Te3

surface. However, the Bi0.5Sb1.5Te3/Ni/Cu soldered
joint still had a low bonding strength due to the
weak interaction between the Bi0.5Sb1.5Te3 thermo-
electric material and the Ni barrier layer. Further
improvement was achieved by pre-coating the ele-
ment with a Sn thin film having a thickness of about
1 lm, preheating the coated element at 250�C for
3 min, and electroplating a Ni barrier layer onto the
Sn thin film. The pretreated Bi0.5Sb1.5Te3 thermo-
electric element was then soldered with the Cu
electrode using Sn-3Ag-0.5Cu solder. A satisfactory
joint with high bonding strength was achieved in
this case.

EXPERIMENTAL

For this study, the Bi0.5Sb1.5Te3 thermoelectric
material was prepared by vacuum melting at 750�C
and zone refining with a speed of 1 mm/min. The
Bi0.5Sb1.5Te3 ingot was then cut into TE elements
with dimensions of 3 mm 9 3 mm 9 3 mm and
ground with 4000-grit SiC paper. The TE element
was bonded with a Cu electrode using a commercial
Sn-3Ag-0.5Cu solder paste and reflowed according
to the temperature profile shown in Fig. 1. Various
modified soldering processes were employed to
evaluate the improvements of the soldered interface
and bonding strength. For this purpose, the inter-
faces of the Bi0.5Sb1.5Te3/Cu soldered joints were
observed via scanning electron microscopy (SEM),
and the intermetallic compounds formed at the
interfaces were analyzed by energy-dispersive x-ray
spectroscopy (EDX) in the scanning electron

microscope. The bonding strengths of various
Bi0.5Sb1.5Te3/Cu joints were shear tested with a
DAGE 4000 bond tester at a speed of 0.3 mm/s. The
fractured surfaces of the shear-tested specimens
were also observed by SEM.

RESULTS AND DISCUSSION

Figure 2 shows the interfacial morphology of a
Bi0.5Sb1.5Te3 thermoelectric material directly
bonded with a Cu electrode using a Sn-3Ag-0.5Cu
solder. It can be seen that a thick layer of Sn (Te, Bi)
phase with a composition (at.%) of Sn/Te/Bi =
60.5:36.9:2.6 formed at the SAC 305/Bi0.5Sb1.5Te3

interface. The formation of such a Sn3(Te, Bi)2

intermetallic compound at the SAC305/Bi0.5Sb1.5Te3

interface is consistent with the Bi-doped SnTe phase
at the interfaces of Sn/Te and Sn-Bi/Te diffusion
couples reported by Chen et al.14 and Chiu et al.15

Shear tests indicated a bonding strength of about
8.6 MPa in this case. After HTS testing of the SAC
305/Bi0.5Sb1.5Te3 soldered joint at 150�C for 300 h in
an air furnace, the Sn3(Te, Bi)2 intermetallic layer
had grown from 50 lm to about 90 lm, as shown in

Fig. 1. Temperature profile for the soldering of Bi0.5Sb1.5Te3/Cu
joints using Sn-3Ag-0.5Cu alloy.

Fig. 2. Interfacial structure of a Bi0.5Sb1.5Te3/Cu joint directly
bonded with Sn-3Ag-0.5Cu solder.
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Fig. 3a. Figure 3b shows that when the HTS time
was increased to 600 h, the SAC 305 solder disap-
peared, and a 200-lm-thick Sn-Sb intermetallic
layer with a composition (at.%) of Sn/Sb = 54.1:45.9
formed between the Sn3(Te, Bi)2 and Cu electrode.
In addition, a continuous crack was found at the
Sn3(Te, Bi)2/Sn-Sb interface. The shear strength of
this Bi0.5Sb1.5Te3/Cu joint dropped from 8.6 MPa to
1.5 MPa due to the SAC 305 solder being exhausted
and the weak cohesion between the Sn3(Te, Bi)2 and
Sn-Sb intermetallic layers.

To improve the soldered Bi0.5Sb1.5Te3/Cu joints,
an electroplated Ni layer with a thickness of about
7.5 lm was employed as a diffusion barrier between
the SAC 305 solder and the Bi0.5Sb1.5Te3 thermo-
electric material. As shown in Fig. 4, a scallop-
shaped layer with a composition (at.%) of Cu/Ni/

Sn = 49.5:5.0:45.5, corresponding to a (Cu, Ni)6Sn5

intermetallic phase, formed between the SAC 305
solder and the Ni barrier layer. In addition, Cu6Sn5/
Cu3Sn double layers appeared at the interface
between the SAC 305 solder and Cu electrode,
which is common in the reflow of Sn-based solder on
Cu substrate in electronic packages.16 The
microstructures of the Bi0.5Sb1.5Te3/Cu joints after
HTS tests at 120–175�C for 500 h are shown in
Fig. 5a, b, and c. As can be seen in those figures, the
thickness of the Ni barrier layers decreased, while
the interfaces remained similar to those of the as-
soldered specimens shown in Fig. 4. However, it can
be observed in Fig. 5d that large voids and cracks
formed in the matrix of the SAC 305 solder after an
HTS test at 200�C for 500 h. After an HTS test for
1000 h at 120�C, a large crack appeared at the
Bi0.5Sb1.5Te3/Ni interface, and the crack became
continuous along the Bi0.5Sb1.5Te3/Ni interface after
an HTS test at 150�C for 1000 h, as shown in Fig. 6a
and b, respectively. As shown in Fig. 6c, continuous
cracks formed at the upper (Cu, Ni)6Sn5/SAC 305
and lower SAC 305/Cu6Sn5 interfaces. Although the
addition of a Ni barrier layer to the soldered
Bi0.5Sb1.5Te3/Cu joints resulted in sound interfaces
after HTS tests of 120�C and 175�C for 500 h, the
bonding strengths were only about 1.9 MPa, which
could be attributed to the weak cohesion between
the Bi0.5Sb1.5Te3 thermoelectric material and the Ni
barrier layer. In fact, after shear tests, the fracture
surfaces of the soldered Bi0.5Sb1.5Te3/Cu joints
formed with the Ni barrier layer revealed separa-
tion of the Bi0.5Sb1.5Te3 and Ni surfaces, as shown
in Fig. 7a and b, respectively, which confirmed the
inference of the fracture mode in this case. In fact, it

Fig. 3. Interfacial structures of Bi0.5Sb1.5Te3/Cu joints soldered with Sn-3Ag-0.5Cu after high-temperature storage tests at 150�C for (a) 300 h
and (b) 600 h.

Fig. 4. Interfacial structure of a Bi0.5Sb1.5Te3/Cu joint soldered with
Sn-3Ag-0.5Cu using a Ni barrier layer.
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can be seen in Fig. 8 that a reaction layer with a
composition (at.%) of Ni/Te/Se = 62.1:32.1:5.8, cor-
responding to a Ni3(Te, Se)2 intermetallic phase,
appeared at the soldered interface between the
Bi0.5Sb1.5Te3 thermoelectric material and the Ni
barrier layer after HTS tests at temperatures
higher than 150�C for 500 h and 1000 h. The
interfacial reaction did not yield a beneficial effect
for the Bi0.5Sb1.5Te3/Cu joints soldered with SAC
305. The failure of the Ni barrier was also reported
by Lin et al., who found that a NiTe intermetallic
compound layer formed between the Ni layer and
Bi2Te3 in a Ag (10 lm)/Au (2 lm)/Ni(5 lm)/Bi2Te3

joint after aging at 250�C for 10 h.17 The mechanical
weakness of the NiTe intermetallic compound led to
the fracture of this multilayer structure.

For the solid–liquid interdiffusion bonding of a
Bi0.5Sb1.5Te3 thermoelectric element with a Cu
electrode using a Sn-rich thin film interlayer in a
previous study,18 the cohesion between the TE
material and Ni barrier was enhanced by pre-
coating a Sn-reactive layer on the surface of the
Bi0.5Sb1.5Te3 thermoelectric element. The beneficial

effect of pre-coating a Sn thin film on the
Bi0.5Sb1.5Te3 material to improve the TE/Ni inter-
face was also confirmed for a SLID-bonded
Bi0.5Sb1.5Te3/Cu couple using an In interlayer.19 A
similar process was conducted for soldering
Bi0.5Sb1.5Te3/Cu joints with a Ni barrier layer: The
Bi0.5Sb1.5Te3 specimens were electroplated with a 1-
lm-thick Sn layer and heated at 250�C under
10�4 Pa vacuum for 3 min. While being heated,
the electroplated Sn layer reacted with the
Bi0.5Sb1.5Te3 material and was transformed into a
continuous Sn-Sb-Bi layer embedded with many Sn-
Te-Bi islands having compositions similar to those
reported in previous studies on the SLID bonding of
Bi0.5Sb1.5Te3/Cu couples.18,19 The bonding surface of
this pretreated Bi0.5Sb1.5Te3 element was then
electroplated with a 10-lm-thick Ni barrier layer
and soldered with SAC 305 alloy. The resultant
interfacial structure of the Bi0.5Sb1.5Te3/Cu joint is
shown in Fig. 9a. As shown in the higher magnifi-
cation of the soldered Bi0.5Sb1.5Te3/Ni interface in
Fig. 9b, a Te-Bi-Sb/Sn-Te-Bi/Sb-Bi-Ni sandwich
structure formed between the Bi0.5Sb1.5Te3 thermo-

Fig. 5. Interfacial structures of Bi0.5Sb1.5Te3/Cu joints soldered with Sn-3Ag-0.5Cu using a Ni–P barrier layer after high-temperature storage
tests at various temperatures for 500 h: (a) 120�C, (b) 150�C, (c) 175�C, (d) 200�C.
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electric material and the Ni barrier layer. The upper
Te-Bi-Sb and Sb-Bi-Ni thin layers had a composition
(at.%) of Te/Bi/Sb = 51.0:29.9:19.1, corresponding to
a (Bi, Sb)Te intermetallic phase, and the lower Sb-
Bi-Ni thin layer had a composition (at.%) of Sb/Bi/
Ni = 60.0:20.2:19.8, corresponding to a (Ni, Bi)2 Sb3

intermetallic phase. In addition, the thick Sn-Te-Bi

layer between the (Bi, Sb)Te and (Ni, Bi)2 Sb3 thin
films revealed a composition (at.%) of Te/Sn/Bi =
48.9:45.7:5.4, corresponding to a Te (Sn, Bi) inter-

metallic phase. The bonding strength of this
Bi0.5Sb1.5Te3/Cu joint, soldered with this modified
method of pre-coating a Sn-rich interlayer between
the Bi0.5Sb1.5Te3 TE element and the Ni barrier,

Fig. 6. Interfacial structures of Bi0.5Sb1.5Te3/Cu joints soldered with Sn-3Ag-0.5Cu using a Ni–P barrier layer after high-temperature storage
tests at various temperatures for 1000 h: (a) 120�C, (b) 150�C, (c) 175�C.

Fig. 7. Fracture surfaces of Bi0.5Sb1.5Te3/Cu joints soldered with Sn-3Ag-0.5Cu using a Ni barrier layer after shear tests: (a) thermoelectric
element side, (b) Cu electrode side.
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increased to a satisfactory value of 12.1 MPa, which
is higher than those of Bi0.5Sb1.5Te3/Cu joints SLID-
bonded under optimized conditions using a Sn
interlayer (10.7 MPa)18 and an In interlayer
(11.7 MPa)19 in previous studies. The fractography
shown in Fig. 10 evidenced that the fracture path
changed to the interior of the Bi0.5Sb1.5Te3 materi-
als, indicating that the cohesion at the TE/Ni
interface had been effectively improved.

High-temperature storage tests of this SAC 305
soldered Bi0.5Sb1.5Te3/Cu joint pre-coated with a Sn-
rich layer and a Ni barrier layer were also con-
ducted at 150�C in air for 300–1000 h. Figure 11
reveals that the interfacial structures of the spec-
imens aged for various times remained almost
unchanged. In addition, the bonding strengths
decreased only slightly from 12.1 MPa for the as-
soldered specimen to 11.0 MPa after the HTS tests
at 150�C for 1000 h, as shown in Fig. 12. To confirm
the sound reliability of Bi0.5Sb1.5Te3/Cu joints sol-
dered with this modified process, the specimens
were aged at temperatures of 120–200�C for 500 h.
Figure 13 shows that the interfaces of these sol-
dered TE specimens did not fail after HTS tests

conducted at lower than 175�C, but damage resulted
during tests at 200�C. The Bi2Te2.55Se0.45/Cu joints
survived even after long-term HTS tests at temper-
atures below 175�C for 1000 h, as evidenced in
Fig. 14b.

CONCLUSIONS

A Bi0.5Sb1.5Te3 thermoelectric material was
bonded with a Cu electrode using a Sn-3Ag-0.5Cu
solder. Although directly soldering the TE element
to the Cu electrode resulted in a sound interface and
satisfactory bonding strength of 8.6 MPa, the solder
was exhausted quickly during high-temperature
storage tests at 150�C for 300 h and 600 h, and
the bonding strength drastically decreased to
1.5 MPa. The addition of a 10-lm-thick Ni barrier
between the Bi0.5Sb1.5Te3 thermoelectric element
and the SAC 305 solder prevented the consumption
of the solder alloy, and sound interfaces remained
after soldering and after HTS reliability tests at
temperatures of up to 175�C for 500 h. However,
due to the weak cohesion between the thermoelec-
tric material and the Ni barrier, the bonding
strength was only 1.9 MPa. The Bi0.5Sb1.5Te3/Cu

Fig. 9. (a) Interfacial structure of a Bi0.5Sb1.5Te3/Cu joint soldered with Sn-3Ag-0.5Cu with an inserted sandwich structure of Sn-rich alloy thin
films and a Ni barrier layer, (b) higher magnification of the soldered Bi0.5Sb1.5Te3/Ni interface.

Fig. 8. Ni3(Te, Se)2 intermetallic layer between the Bi0.5Sb1.5Te3
thermoelectric element and the Ni barrier after soldering and high-
temperature storage tests at 150�C for 500 h.

Fig. 10. Fracture surface of a Bi0.5Sb1.5Te3/Cu joint soldered with
Sn-3Ag-0.5Cu with an inserted sandwich structure of Sn-rich alloy
thin films and a Ni barrier layer.
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joints fractured along the interface between the
Bi0.5Sb1.5Te3 element and the Ni barrier after shear
tests. Increasing the HTS test time to 1000 h caused
continuous cracks to appear at the bonding inter-
faces, further decreasing the bonding strength. Pre-
coating the Bi0.5Sb1.5Te3 element with a 1-lm-thick
Sn layer and heating it at 250�C under 10�4 Pa
vacuum for 3 min led to the formation of a Sn-rich
thin film on the TE surface. Further electroplating a
Ni barrier on the pretreated Bi0.5Sb1.5Te3 thermo-
electric element and soldering it with SAC 305 alloy
resulted in a satisfactory bonding strength of
12.1 MPa. The fracture path of the Bi0.5Sb1.5Te3/
Cu joints after shear tests changed to the
Bi0.5Sb1.5Te3 matrix. The interfacial structure of
the soldered Bi0.5Sb1.5Te3/Cu joints remained
almost unchanged, and their bonding strengths
decreased only slightly after HTS tests at temper-
atures up to 175�C for 1000 h.

Fig. 11. Interfacial structures of Bi0.5Sb1.5Te3/Cu joints soldered with Sn-3Ag-0.5Cu with an inserted sandwich structure of Sn-rich alloy thin films
and a Ni barrier layer after HTS tests at 150�C for various times: (a) 300 h, (b) 600 h, (c) 800 h, (d) 1000 h.

Fig. 12. Bonding strengths of Bi0.5Sb1.5Te3/Cu joints soldered with
Sn-3Ag-0.5Cu with an inserted sandwich structure of Sn-rich alloy
thin films and a Ni barrier layer after HTS tests at 150�C for various
times.
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