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Abstract
Diffusion barrier film was strongly proposed to utilize in  Bi2Te3-based thermoelectric (TE) module. However, effects of 
different barriers on microstructures of solder joints and electrical properties of TE modules were still unclear, which were 
vital in practical applications. In current work,  Bi2Te3-based TE modules without barrier (TM), with Ni  (TMNi) and with 
Ni/Au  (TMNi/Au) were fabricated via reflow-soldering. Experimental results revealed that at the interface between SAC305 
solder and P- or N- type  Bi2Te3 sample, the Ni or Ni/Au barrier could efficiently inhibit severe growth of the intermetallic 
compound (IMC) phase. Remarkably, a thinner IMC layer was observed at the solder/Au/Ni/Bi2Te3 interface, which was 
attributed to effects of Au elements on suppressing the formation of IMCs. The results of power generation ability test 
revealed that  TMNi exhibited higher value of output power (P) under the temperature difference (ΔT) due to its higher values 
of open circuit voltage (V) and output current (I). On the other hand, since the lowest electrical resistance (R) and relatively 
low output current of  TMNi/Au were measured during the test, the  TMNi/Au was suggested to generate less heat, meaning it 
consumed less energy, and hence be theoretically more efficient in improving the conversion efficiency.

1 Introduction

For sake of environmental protection, the massive use of 
nonrenewable sources, such as coal, natural gas and oil, 
was gradually reduced with the rapid development of green 
technology [1–3]. Significantly, exploiting renewable and 
eco-friendly energy was one of the highly important and 
necessary methods. As a promising solution, developing 
thermoelectric generators (TEGs), which could harvest the 
thermal energy scavenged from many abandoned sources 
and convert it into electricity, has attracted widespread con-
cern [4–8]. Hence, plenty of exploration projects on design-
ing and improving TE devices were carried out in research 
works [9–15]. For instance, Torfs et al. have invented an 
autonomous wearable pulse oximeter, which was operated 
by the BiTe-based TE system and could efficiently control 
oxygen saturation under the temperature difference between 

the body surface and ambient temperature [16]. And in the 
medical field, Jaziri et al. have presented a TEG model to 
ideally replace the implantable common medical devices 
whereas the task of maintaining the rechargeable batter-
ies was arduous and time-consuming [17]. Moreover, some 
automotive industries have focused on designing TEGs to 
utilize the wasted heat from the exhaust gas, and turn it into 
electrical energy to power vehicles [18–20].

As a vital part of the TEG system, TE materials mainly 
included the following three categories: polymers, ceram-
ics and semiconductors. In previous researches, the poly-
mers and ceramics have been widely studied due to non-
toxic, high chemical stability and low cost. Typically, 
Wang et al. have investigated the effect of the multiwalled 
carbon nanotube composites in polythiophene on the TE 
performance and obtained the maximum ZT value of 
8.71 × 10–4 [21]. Kim et al. have studied the TE property 
of poly (3,4-ethylenedioxythiophene)/ styrenesulphonate 
and reported the ZT value of 0.42 at the ambient tempera-
ture [22]. Zhu et al. have examined the effect of Dy or 
Yb dopant on  CaMnO3 ceramics on the TE performance 
at 973 K. It was depicted that the maximum ZT = 0.21 
was obtained by means of the appropriate Dy and Bi dop-
ing [23]. As aforementioned earlier, though much effort 
was made to enhance the properties of these materials, 
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ZT values of polymers and ceramics were still not desired 
nowadays. Conversely, semiconductors have been con-
firmed to have higher seebeck coefficients due to their high 
atomic weight. Especially, grand specifications such as low 
thermal conductivity, high conductivity and large seebeck 
coefficient were detected on some small bandgap semicon-
ductors [24]. In an experiment conducted by Rhyee et al., 
the ZT for  In4Se3-σ have reported being 1.48 at 705 K, 
which was based on the excellent TE performance in the 
charge density wave plane [25]. Zhao et al. have obtained 
the ZT of 2.6 at 923 K for the single crystal semiconductor 
material, SnSe [26]. And in the lower temperature condi-
tion,  Bi2Te3-based semiconductors were considered as the 
more reliable materials in the fabrication of TE devices 
[27–29]. Generally, ZT values of commercial Bi-Te based 
alloys were closed to unity [30]. Furthermore, Through 
low temperature metal organic chemical vapor deposition 
(MOCVD) process, the P-type (Bi,Sb)2Te3 alloy could 
yield the ZT@300 K of 2.4 [31]. Thus, most of TE applica-
tions working at room temperature were powered by the 
Bi-Te-based TEGs nowadays.

Generally, most TE devices always worked under 
combined effects of a series of TE modules. Each mod-
ule was mainly fabricated by connecting P- and N- type 
TE materials with copper or other metal electrodes, and 
then sandwiched using two dielectric substrates with high 
thermal conductivity. Thus, the efficiency of TE module 
depended not only on the inherent performance of TE 
materials, but also on properties of solder joints between 
TE and electrodes. Commonly, the intermetallic com-
pound (IMC), which formed at the joint interface, was 
confirmed to degrade the strength and electrical conductiv-
ity of the solder joint, and hence caused underestimation 
of the efficiency of TE generators [32–34]. And in Chen’s 
work, the similar conclusion, where contact resistance 
was considered to play an important role in improving 
the properties of TE module, has been drawn [35]. To 
cope with the issue, the introduction of diffusion barrier 
at the joint interface has been proposed [36,37]. Hsieh 
et al. have reported that electroless Co-P layer could sig-
nificantly inhibit the interdiffusion in the Ni(Cu)/PbTe 
joints [38]. Ren et al. have investigated the effect of Au 
addition on the  Bi2Te3-based joint interface, and suggested 
that the responsivity and photoconversion efficiency were 
greatly enhanced [39]. Also, other studies have reported 
that some elemental additions, such as Au [40], Ag [41] 
and Te [42], were significant in improved the thermoelec-
tric properties of  Bi2Te3-based module. Based on previ-
ous mass researches, in our investigation, effort was made 
to explore an appropriate diffusion barrier which could 
improve the microstructure of  Bi2Te3-based joint inter-
face, and consequently enhance the reliability of solder 
joints. As well as, according to the experimental data, the 

electrical properties and conversion efficiency of TE mod-
ules with various diffusion barriers would be comprehen-
sively evaluated.

2  Experimental procedures

2.1  The process of the TE module fabrication

The P- and N- type  Bi2Te3 bulks were supported by the 
commercial vendor (NanChang Hanchen New Materials 
Technology Co., Ltd, China). According to the informa-
tion provided by the supplier, these two types of TE bulks 
were synthesized by ball-milling/hot pressing method using 
different powders balanced by atomic ratio (P-type  Bi2Te3: 
 Bi0.5Sb1.5Te3; N-type  Bi2Te3:  Bi2Se0.15Te2.85), meantime, to 
ensure that no impurities were introduced, the whole prepa-
ration process was conducted in an ultra-high vacuum. And 
the details of this method have been described in our previ-
ous work [43].

Two types of TE bulks were cut to pieces with dimen-
sions of 2 × 10 × 10  mm3 by using a wire electrical discharge 
machine (DK7745), and these samples were grinded and 
polished. Then, the electroplating solution was used to 
prepare nickel coating, and appropriate formulas of solu-
tion were listed in Table 1. To enhance the adhesion of 
electroplated Ni layer on the surface of TE sample, dur-
ing the whole plating process, each sample was completely 
immersed into the plating solution at 40 °C, and the current 
density was controlled within a range of 16–20 mA/cm2 for 
8 min. To obtain the Ni/Au barrier, the ion sputtering appa-
ratus (E-1045) was used to sputter a thin Au layer (40 nm) 
on the Ni-coated  Bi2Te3 specimen.

To connect the P- and N-Bi2Te3 specimens in order 
with copper electrodes, the Sn3.0Ag0.5Cu solder 
(SAC305, provided by Shenzhen Kellyshun tech-
nology Co., Ltd) was pasted on the specimens in 
advance, and then welded via using the reflow furnace 
(TYR108N-C). It was noted that nitrogen served as a 
shielding gas to protect alloys from oxidation during 
reflow-soldering. After soldering at 260 °C for 3 min, 
 Bi2Te3-based TE modules without barrier (TM), with 

Table 1  Compositions of electroplating bath for Ni

Components of plating bath Concentration

NiSO4·6H2O 280.00 (g/L)
NiCl2·6H2O 35.04 (g/L)
H3BO3 32.05 (g/L)
SDS  (C12H25SO4Na) 0.04 (g/L)
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Ni  (TMNi) and with Ni/Au  (TMNi/Au) were established, 
and the schematic was shown in Fig. 1a–d.

2.2  Characterization and thermoelectric power 
generation measurement

To study influences of barriers on the growth of IMC lay-
ers, the scanning electron microscope (SEM, FEI Quanta 
200F) was used to observe the interfacial microstructure of 

all TE modules with various barrier layers. To ensure that 
the SEM images were clear and distinct, the SEM analysis 
was performed at a voltage of 30 kV and the detection was 
performed under high vacuum. Moreover, energy dispersive 
spectrum (EDS) and electron probe microanalysis (EPMA) 
were used to detect the distribution of dominated elements.

As shown in Fig. 2a–e, to make the temperature differ-
ence (ΔT) between the bottom and top of the TE module, an 
electrical heating platform (MT-2020) was used to control 
the temperature on the hot side, while the temperature of 
cold side was maintained at ~ 3.2 °C by using the ice-water 

Fig. 1  Schematic of a 
 Bi2Te3-based modules; Joint 
structures of b TM, c  TMNi and 
d  TMNi/Au

Fig. 2  a Apparatus and materi-
als prepared for the experiment; 
b The schematic structure of 
experimental system; c The 
image of TE modules (3 pairs) 
under temperature difference; 
d The real-time temperature of 
the cold side; e The real-time 
temperature of the hot side
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mixture (the room temperature was 14 °C). Notably, thin 
dielectric substrates  (SiO2) and the TE module were held 
in place by the thermal conductive silicone, as illustrated in 
Fig. 2b. In Fig. 3a, b, the open circuit voltage (V) and output 
current (I) of TE module under different ΔT were measured 
using the multimeter (VC890D), while DC resistance tester 
(HPS2510A) was used to measure the electrical resistance 
(R) of TE module.

3  Results and discussions

3.1  Interfacial reaction in the Cu/SAC305/P‑Bi2Te3 
couple

Figure 4a showed the cross-sectional SEM micrograph of the 
Cu/SAC305/P-Bi2Te3 interface. After reflowing at 260 °C 
for 3 min, it was obvious that a continuous IMC layer with 
thickness of 1–3 μm formed at the Cu/SAC305 interface. 
Prakash et al. have studied the growth mechanism of Cu-Sn 
compounds, and concluded that the η-Cu6Sn5 phase was the 
preferred product at the Sn-based solder/Cu interface [44]. 
In addition, the  Cu3Sn layer was also found at the inter-
face and mainly controlled by volume diffusion, but in this 

Fig. 3  Equipment prepared for 
measuring a the open circuit 
voltage, output current and b 
electrical resistance

Fig. 4  a The cross-sectional SEM micrograph of the Cu/SAC305/P-Bi2Te3 interface after reflow-soldering at 260 °C for 3 min; b The EDS result 
of spectrum 1; c The XRD results of SAC305/P-Bi2Te3 interface
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study, due to the short time for liquid solder solidification, 
the  Cu3Sn phase could not be detected and the IMC layer 
was mainly composed of  Cu6Sn5 phases. At the SAC305/
P-Bi2Te3 interface, another continues IMC layer was also 
observed to unevenly form, and the average thickness was 
12–15 μm. Its composition was determined to be 52.78 at.% 
Sn, 10.11 at.% Te and 37.11 at.% Sb using EDS, as shown 
in Fig. 4b, and XRD results in Fig. 4c shows that Sn, SnTe, 
SbSn and (Bi,Sb)2Te3 phases were detected at the interface 
between SAC305 solder and P-type substrate. Chen et al. 
have demonstrated that Sb atoms diffused into the SnTe layer 
during the reaction period, and especially concentrated on 
the P-Bi2Te3 side [35]. In an investigation conducted by Lee 
et al., the Sn–Te–Sb ternary system has been systematically 
studied, and it suggested that the growth rate of the SnTe–Sn 
reaction layer was significantly influenced by the Sb addi-
tion, since the SbSn phase was found to serve as nuclea-
tion agents for SnTe nuclei [45]. Furthermore, researchers 
had confirmed that SnTe compound was the dominated 
phase which had a porous microstructure, thus in the early 
stage of the reaction, liquid Sn phase could diffuse into 
the SnTe layer, and gradually solidify after reflowing [46]. 
So it indicated that the heterogeneous reaction layer was a 
SnTe + SbSn + Sn + Sb mixture at the interface.

To determine the distributions of elements at joint inter-
faces, element line profiles of relative elements at the Cu/
SAC305/P-Bi2Te3 interfaces were exhibited in Fig. 5. As 
shown in Fig. 5a, it was clearly seen that the Sn atoms were 
mainly distributed in the solder after reflowing. Meantime, 
the content of Sn atoms was higher in the P-Bi2Te3 compared 

that in the Cu electrode, thus it strongly confirmed the above 
viewpoint, in which Sn atoms were confirmed to more easily 
diffuse into SnTe layer, and hence reacted with Te atoms. 
As shown in Fig. 5b, d, the Te and Sb atoms diffused into 
the solder under concentration gradient, but the diffusion 
processes would be efficiently prevented at the Cu/solder 
interface. In Fig. 5c, Cu atoms were found to almost retain in 
the Cu electrode, which were inhibited by the  Cu6Sn5 layer. 
In previous investigations, researchers have concluded that 
in the Sn/Cu joint system, the growth of  Cu6Sn5 was mainly 
diffusion-controlled during the reflow-soldering, and with 
thickening of the IMC layer, dominated elements would dif-
ficultly diffuse from the grain boundaries of  Cu6Sn5 phases 
due to the low concentration gradient [47–49]. Furthermore, 
the intensity of Cu in the solder at the position marked by 
the red oval in Fig. 5c indicated that Cu-Sn compounds pro-
duced in the solder matrix during the reflow-soldering.

3.2  Interfacial reaction in the Cu/SAC305/
Ni/P‑Bi2Te3 couple

Figure 6 showed the cross-sectional SEM micrograph of 
the Cu/SAC305/Ni/P-Bi2Te3 interface after reflow-sol-
dering at 260 °C for 3 min. As shown in Fig. 6a, on the 
electrode side, the IMC layer with thickness of 1–3 μm 
was observed at the interface between the electrode and 
the solder, which was similar to that in Cu/SAC305/P-
Bi2Te3 couple, suggesting that the growth rate of  Cu6Sn5 
IMC layer was not affected with the introduction of Ni 
barrier in this joint system. On the side of the Ni barrier, 

Fig. 5  Element line profiles of relative elements at the Cu/SAC305/P-Bi2Te3 interface in Fig. 4a. a Sn; b Te; c Cu; d Sb
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the Ni–Cu–Sn ternary IMC was detected to form at the 
interface between solder and Ni barrier, and its compo-
sition was determined to be 31.63 at.% Ni, 11.23 at.% 
Cu and 57.14 at.% Sn, as shown in Fig. 6b. According 
to the Sn–Cu–Ni isothermal section, it was identified as 

the (Ni,Cu)3Sn4 phase [50]. Meanwhile, at the interface 
between the Ni barrier and P-Bi2Te3, another thin layer 
(layer 1 in Fig. 6a) was detected, which was consistence 
with the previous reported studies. Typically, Yusufu et al. 
have detected this phase using X-ray diffraction (XRD), 

Fig. 6  a The cross-sectional SEM micrograph of the Cu/SAC305/Ni/P-Bi2Te3 interface after reflow-soldering at 260 °C for 3 min; b The EDS 
result of spectrum 2

Fig. 7  Element line profiles of relative elements at the Cu/SAC305/Ni/P-Bi2Te3 interface in Fig. 6a. a Sn; b Te; c Cu; d Sb; e Ni
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and suggested that it was a NiTe layer which grew at a 
sluggish rate at the Ni/BiTe interface [51].

Figure 7 showed element line profiles of relative ele-
ments at the Cu/SAC305/Ni/P-Bi2Te3 interface in Fig. 6a. 
As shown in Fig. 7a, it was clear that Sn atoms distributed 
mainly in the SAC305 solder. And the intensities of Te and 
Sb in the P-Bi2Te3 at the position marked by the red rectan-
gle showed that these two kinds of atoms were prevented to 
diffuse into the solder, as shown in Fig. 7b, d. On the side 
of the electrode, as shown in Fig. 7c, Cu atoms mainly dif-
fused into the solder and reacted with Sn atoms. Meanwhile, 
the Cu was also observed in the solder matrix, indicating 
that the inner reaction has occurred in the solder during 
the reflow-soldering. Remarkably, Ni atoms in the barrier 
were barely diffused into the solder or P-Bi2Te3, as shown 
in Fig. 7e. But the intensity of Ni at position marked by the 
black oval was detected at the interface between Cu and 
solder, which suggested that a tiny amount of Ni atoms dis-
solved into the  Cu6Sn5. According to some literatures, the 
Ni addition was found to modify the scallop-liked  Cu6Sn5 
into a hexagonal rod-liked morphology, and the (Cu,Ni)6Sn5 
has been confirmed to be thermodynamically stable phase 

at the Sn-Ni-Cu system [50]. In order to examine the gradi-
ent distribution of dominated elements, EPMA results of 
relative atoms were presented in Fig. 8. Obviously, Sn, Te 
and Sb elements were efficiently separated by Ni coating, 
as shown in Fig. 8a–d. And in Fig. 8e, lower concentration 
of Cu elements has been detected on both sides of SAC305 
solder, which indicated that Cu preferentially participated in 
the reaction during reflow-soldering.

3.3  Interfacial reaction in the Cu/SAC305/Au/
Ni/P‑Bi2Te3 couple

Figure 9a showed the cross-sectional SEM micrograph of 
the Cu/SAC305/Au/Ni/P-Bi2Te3 interface after reflow-sol-
dering at 260 °C for 3 min. Only the Ni barrier with thick-
ness of 5–8 μm was observed adhering to the P-Bi2Te3 
bulk, and the Au layer was absent. It suggested that Au 
atoms in the sputtering layer have absolutely dissolved 
during the soldering. Meantime, compared with IMC lay-
ers in the other two systems, the continuous IMC layer in 
Cu/SAC305/Au/Ni/P-Bi2Te3 system was thinner. And its 
composition was determined to be 24.1 at. % Ni, 18.82 

Fig. 8  EPMA results of relative elements at the Cu/SAC305/Ni/P-Bi2Te3 interface. a Sn; b Te; c Sb; d Ni; e Cu

Fig. 9  a The cross-sectional SEM micrograph of the Cu/SAC305/Au/Ni/P-Bi2Te3 interface after reflow-soldering at 260 °C for 3 min; b The 
EDS result of spectrum 3
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at. % Cu, 15.32 at.% Au and 41. 85 at.% Sn, as shown in 
Fig. 9b, indicating that some Au atoms have participated 
in the reaction. In the Sn–Cu–Ni-Au system, Au atoms in 
the molten solder were confirmed to mainly react with Sn, 
and stable products, such as  Cu6Sn5,  Ni3Sn4, AuSn, etc., 
would aggregate adjacent to substrate and form a dense 
layer [52]. Furthermore, Lee et al. have demonstrated that 
with Au addition, a more stable interfacial microstructure 
with relatively slow growth rate was observed in the solder 
joint [53]. Figure 10 showed element line profiles of rela-
tive elements at the Cu/SAC305/Au/Ni/P-Bi2Te3 interface 
in Fig. 9a. As shown in Fig. 10a–e, the distribution of Sn, 
Te, Cu, Sb and Ni elements was consistence with that at 
the Cu/SAC305/Ni/P-Bi2Te3 interface, and the intensity of 
Ni in the P-Bi2Te3 at the position marked by the red oval 
indicated that some Ni atoms have diffused into the TE 
sample and formed a NiTe phase. Furthermore, as shown 
in Fig. 10f, the Au intensity in the solder at the position 
marked by the black rectangle shows Au atoms have ran-
domly diffused into the SAC305 solder and participated 
in the reaction which occurred at the interface between 
solder and Ni barrier.

3.4  Interfacial reaction in the Cu/SAC305/N‑Bi2Te3 
couple

In Fig. 11a, the cross-sectional SEM micrograph of the 
Cu/SAC305/N-Bi2Te3 interface was established. It was 
significant that a very thin IMC layer with thickness of 
0.5–1  μm formed at the interface between solder and 
N-Bi2Te3. According to some information reported by 
Chen et al., small amounts of Se elements added to  Bi2Te3 
bulk would not join the interfacial reaction, but dramati-
cally reduce the reaction phases. Meanwhile, they sug-
gested that this reaction phase was mainly composed of the 
SnTe compound [54]. Thus, it indicated that Se elements 
in N-Bi2Te3 bulk were the key factor which completely 
altered the reaction results in the current work. However, 
the question of why Se elements could efficiently inhibit 
the IMC growth was still interesting and needed to be fur-
ther solved in the future. Figure 11b–e showed the elemen-
tal line profiles of relative elements at the Cu/SAC305/
Ni/N-Bi2Te3 interface. As shown in Fig. 11b, after reflow-
soldering at 260 °C for 3 min, it was clearly found that 
Sn atoms were mainly dissolved into the solder part. And 

Fig. 10  Element line profiles of relative elements at the Cu/SAC305/Au/Ni/P-Bi2Te3 interface in Fig. 9a. a Sn; b Te; c Cu; d Sb; e Ni; f Au
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on N-Bi2Te3 side, the Sn content decreased remarkably, 
which confirmed that there were few Sn atoms joining 
the reaction at the interface between solder and N-Bi2Te3. 
However, as exhibited in Fig. 11c, the intensity of Te in the 
solder, which was at the position marked by the red rec-
tangle, indicated that Te atoms have strongly diffused into 

the molten solder during diffusion process. Furthermore, 
as shown in Fig. 11e, the Se intensity on N-Bi2Te3 side, 
which was at the position marked by the black rectangle, 
showed a growing tendency along the scan line. And it 
demonstrated that there were hardly any Se elements dif-
fusing into the interface between solder and N-Bi2Te3.

Fig. 11  a The cross-sectional SEM micrograph of Cu/SAC305/N-Bi2Te3 interface after reflow-soldering at 260 °C for 3 min; b–e Element line 
profiles of relative elements at the Cu/SAC305/Ni/N-Bi2Te3 interface
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3.5  Interfacial reaction in the Cu/SAC305/
Ni/N‑Bi2Te3 couple

Figure 12a exhibited the cross-sectional SEM micrograph 
of the Cu/SAC305/Ni/N-Bi2Te3 interface. At the interface 
between Ni barrier and SAC305 solder, the (Ni,Cu)3Sn4 
phase appeared adjacent to Ni barrier after reflow-soldering, 

and the microstructure was no difference from that of 
SAC305/Ni/P-Bi2Te3 interface. But the interface between 
Ni barrier and N-Bi2Te3, in contrast, was observed that no 
obvious NiTe layer formed. According to the EDS line anal-
ysis, as shown in Fig. 12e, it was detected that there were 
very small amount of Ni atoms diffusing into the TE sam-
ple, which suggested that there were few reactions occurring 

Fig. 12  a The cross-sectional SEM micrograph of the Cu/SAC305/Ni/N-Bi2Te3 interface after reflow-soldering at 260 °C for 3 min; b–e Ele-
ment line profiles of relative elements at the Cu/SAC305/Ni/N-Bi2Te3 interface
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at the interface between Ni barrier and N-Bi2Te3. Further-
more, EPMA results of relative elements were exhibited to 
determine the element distribution of bonding interface. 
As shown in Fig. 13a, b, under the effect of Ni barrier on 
inhibiting the atom diffusion, Sn atoms mainly retained in 
the solder while all of Te atoms retained in the N-Bi2Te3. 
Meantime, Fig. 13c indicated that Cu atoms from the elec-
trode could diffuse to the molten solder during reflow-sol-
dering, and preferentially reacted with Sn and Ni atoms on 
both sides of the SAC305 solder. Due to consumption of 
Ni atoms, the Ni barrier with thickness of only 3–5 μm was 
observed in Fig. 13d, and there were no obvious Ni atoms 
diffused into the N-Bi2Te3.

3.6  Interfacial reaction in the Cu/SAC305/Au/
Ni/N‑Bi2Te3 couple

Figure 14a showed the cross-sectional SEM micrograph 
of the Cu/SAC305/Au/Ni/N-Bi2Te3 interface after reflow-
soldering at 260 °C for 3 min. Here, only Ni barrier was 
obsrved at the interface between solder and N-Bi2Te3, and 
the sputtering Au layer completly disapperaed. Meantime, 
the intensity of Au in the solder at the position marked 
by the red rectangle, as shown in Fig. 14f, indicated that 
Au atoms have strongly diffused into the molten solder 
and participated in the reaction. In previous reports, Lee 
et al. has confirmed that Au additon in the Sn-based solder 
could react with Sn and evetually form the thermodynami-
cally stable AuSn and  Au5Sn phases [53]. Another inves-
tigation conducted by Lin et al. has detected that dendritic 
(Ni,Cu,Au)3Sn4 and scallop-shaped (Cu,Ni,Au)6Sn5 have 
formed in the solder matrix at the heat aging duration [52]. 
Moreover, as shown in Fig. 14d, e, the intensities of Cu and 
Ni in IMC layer at positions marked by the black ovals indi-
cated that these two kinds of atoms have also participated in 
the interfacial reaction. Similar with the microstructure of 
IMC layer at the SAC305/Au/Ni/P-Bi2Te3 interface, the IMC 
layer at the SAC305/Au/Ni/N-Bi2Te3 interface was pretty 

thin, which provided the further evidence that Au elements 
have remarkably decreased the growth rate of IMC layer.

3.7  Results of the power generation ability test

As shown in Fig. 15a, V values of three P-N modules signifi-
cantly increased with increase of ΔT, suggesting that V was 
proportion to ΔT. According to the previous investigation, 
the relationship between V and ΔT could be summarized as 
the follow formula [55]:

where SP and SN denoted seebeck coefficients of P- and N- 
 Bi2Te3 materials, respectively. As can be seen from Fig. 15a, 
with the elevation of ΔT, V values of  TMNi increased more 
dramatically than those of TM and  TMNi/Au. Precisely, when 
the ΔT increased from ~ 20 oC to ~ 90 °C, V values of  TMNi 
significantly increased from 3 mV to 18.2 mV, while those of 
TM increased from 3.3 mV to 12.1 mV and those of  TMNi/Au 
increased from 2.5 mV to 13.8 mV. It indicated that the fast-
est rising rate led to the highest V in  TMNi at similar range 
of ΔT. In Fig. 15b, the relationship between I and ΔT was 
exhibited. With the increase of ΔT, I values of three kinds 
of modules have remarkably increased. But Imax of TM was 
measured to be 6.01 mA when ΔT was 85.2 °C, while those 
of  TMNi/Au and  TMNi were 7.80 mA (ΔT = 85.9 °C) and 
10.57 mA (ΔT = 85.2 °C), respectively. Due to the value of 
output power (P) was calculated from V and I, and the equa-
tion could be expressed as below:

In Fig. 15c, the relationship between P and ΔT was illus-
trated. Obviously, in each module, the maximum value of P 
was obtained when ΔT reached the maximum. Typically, the 
Pmax for a ΔT of 85.2 °C reached to 192.374 μW in  TMNi.

As shown in Fig. 15d, R of  TENi/Au remained stable 
at 4.701 mΩ, while that of TE severely increased from 

(1)V =
(

S
P
− S

N

)

∗ ΔT

(2)P = V ∗ I

Fig. 13  EPMA results of relative elements at the Cu/SAC305/Ni/N-Bi2Te3 interface. a Sn; b Te; c Cu; d Ni
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Fig. 14  a The cross-sectional SEM micrograph of the Cu/SAC305/Au/Ni/N-Bi2Te3 interface after reflow-soldering at 260 °C for 3 min; b–f Ele-
ment line profiles of relative elements at the Cu/SAC305/Au/Ni/N-Bi2Te3 interface
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11.243 mΩ to 12.857 mΩ. In whole process of testing, the 
average R values of TM,  TMNi and  TMNi/Au were 12.187 
mΩ, 5.101 mΩ and 4.701 mΩ, respectively. Chen et al. 
have conducted the investigation to explore the effect of Ni 
barrier on TE properties of the module, and suggested that 
the barrier was of great important in depressing the contact 
resistance (Rc) of TE modules [35]. Thus in the current 
work, the Ni/Au barrier was suggested to be more efficient 
in inhibiting the IMC growth, and hence depressing the 
Rc value of the TE module. Commonly, with increase of 
R and I, the heat generated by TE module would increase. 
Therefore, in TM and  TMNi, the open-circuit heat flow 
would cause underestimation of the conversion efficiency. 
In the Singsoog’s report, the theoretical conversion effi-
ciency (η) of one pair of the P-N module could be derived 
by the Eq. (3) [56]:

According to research results, the SP of P-Bi2Te3 was larger 
than the SN of N-Bi2Te3, and thermal conductance (K) of both 
types were high value at operating temperature [35,57,58]. So, 
it further suggested that  TMNi/Au was more efficient in improv-
ing the conversion efficiency though its P value was still lower 
than that of TM. And our future work will involve an investiga-
tion on exploring the relation between the output power and 
the conversion efficiency.

(3)� =

I
[(

S
P
− S

N

)

ΔT − IR
]

KΔT
(

S
P
− S

N

)

IT
H
−

1

2
I2R

Fig. 15  Values of a V, b I, c P, and d R of three kinds of modules as function of ΔT 
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4  Conclusions

In the current work, three kinds of TE modules (TM, 
 TMNi and  TMNi/Au) were established and tested to explore 
effects of Ni and Ni/Au barriers on the performance of 
P-N  Bi2Te3 modules. Here, microstructures of solder joints 
were observed and electrical properties of modules were 
tested and analyzed. And some contributions of this study 
could be summarized as follows:

(1) At the interface between SAC305 solder and P-Bi2Te3, 
a heterogeneous IMC layer, which was composed of 
SnTe, SbSn, Sn and Sb phases, severely thickened dur-
ing reflow-soldering. SEM results revealed that the 
rapid growth of IMC layer could be efficiently inhibited 
by Ni or Ni/Au barrier. And EDS elemental profiles 
also revealed that the diffusion of relative elements 
were suppressed by the barriers. On the other hand, due 
to the introduction of Ni and Au elements, composi-
tions of IMC layers at the interface between solder and 
barriers completely changed. At the solder/Ni/Au/P-
Bi2Te3 interface, the IMC layer with the more sluggish 
growth rate was observed, which was attributed to the 
effect of Au elements on decreasing the formation of 
IMC phases.

(2) Se elements in the N-Bi2Te3 sample could dramatically 
reduce the reaction phases, which led to a 0.5–1 μm 
SnTe layer forming adjacent to the N-Bi2Te3 sample. 
With the presence of barriers, microstructures and com-
positions of IMC layers would absolutely change. The 
(Ni,Cu)3Sn4 phase, as the dominated production, was 
detected at the interface between SAC305 solder and Ni 
barrier. Moreover, SEM and EDS results revealed that 
the IMC layer at solder/Ni/Au/N-Bi2Te3 interface was 
pretty thin, and it provided the further evidence that Au 
elements could remarkably decreased the growth rate 
of the IMC phases.

(3) According to results of the power generation ability 
test, due to higher values of V and I, the  TMNi exhib-
ited the higher value of P than TM and  TMNi/Au with 
increase of ΔT. On the other hand, due to lowest R 
value and relatively low value of I, the  TMNi/Au was 
considered to generate less heat during test process. 
Thus in theory, it suggested that  TMNi/Au was more effi-
cient in improving the conversion efficiency.
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