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Abstract

In order to improve the stability of Bi,Te;-based thermoelectric devices, we attempted to prepare a barrier layer via diffusion
welding using Co powder as the barrier materials. The diffusion welding process was conducted at 674 K for a duration of
5 min. The optimal connection was achieved at the interfaces of Co/Bi 4Sb, (Te; and Co/Bi,Te, ;Se, 5. The results showed
that the Co/Bi, ,Sb, (Te, joint had diffusion thickness of 1.6 um, contact resistivity of 0.83 uQ cm?, and bonding strength
of 4.86 MPa for the barrier layer. Similarly, the Co/Bi,Te, ;Se, 5 joint had diffusion thickness of 1.6 pm, contact resistivity
of 0.75 uQ cm?, and bonding strength of 3.99 MPa for the barrier layer. The thermoelectric device fabricated through this
process exhibited a hot—cold cycle number of 35,000, which was significantly higher than the device with a Ni-based barrier
layer under similar experimental conditions. Thus, it indicates that Co is a promising material for the preparation of barrier

layers in Bi,Te;-based thermoelectric devices.
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Introduction

The commercialization of Bi,Te;-based thermoelectric
materials on a large scale has made it a popular choice in the
field of thermoelectric devices.!" The encapsulation process
of these devices involves connecting the electrode and the
thermoelectric materials using soldering or brazing tech-
niques.” However, the poor wetting performance between
thermoelectric materials and solders calls for a metallization
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treatment to be performed on the two end surfaces of the
Bi,Te;-based thermoelectric arm before welding. Ni, with
good soldering performance, is often utilized as the metal-
lization layer.8 However, thermoelectric devices with Ni-
based metallization layers usually failed during the service
process.

One of the significant contributors to the failure is the
insufficient interface bonding strength of the layers between
Ni- and Bi,Te;-based elements.”!” At the contact interface
between Ni and Bi,Te;, a NiTe intermetallic compound
(IMC) is formed by reaction during use. However, the
mechanical properties of this IMC are poor, and the thick-
ness of the reaction layer at the interface increases with
the use of the device, which reduces the bonding strength
at the interface and ultimately leads to device failure.!! In
particular, in n-Bi,Te;, the continuous generation of NiTe
IMC leads to the formation of Te-deficient regions close to
the interface in the bismuth telluride base material, and the
p-Bi,Te; phase may even appear. This phenomenon seri-
ously affects the thermoelectric properties of such devices.'?
Joints prepared through methods such as magnetic sputter-
ing, electrodeposition, and electroplating have an interface
bonding strength of around 8-10 MPa.'> However, the
temperature difference between the cold and hot surfaces
on thermoelectric generators is much higher than that on


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-023-10895-9&domain=pdf
http://orcid.org/0000-0002-9266-1468

Study on the Preparation and Properties of a Co-Based Barrier Layer by Diffusion Welding 1721

refrigeration devices, leading to a corresponding increase in
interface thermal stress.'*!> Therefore, extending the service
life of thermoelectric devices can be achieved through two
approaches: either by improving the interfacial bonding of
Ni/Bi,Te; through process improvement, or by changing the
barrier layer material to minimize interfacial reactions and
the formation of IMCs that could potentially compromise
interfacial stability.

Liu et al.'® aimed to improve the Ni/Bi,Te; interface con-
nection by directly sintering Ni powder onto the end surface
through powder metallurgy. The resulting Ni/Bi,Te; inter-
face bonding strength was found to be 20-30 MPa, which is
enough to withstand the cold and hot cycle experiments of
the Bi,Te; hot surface at room temperature and above 473 K.
However, the contact resistivity of Ni/Bi,Te, ;Se;, 5 (210 uQ
cm?) was increased 40-fold compared to samples prepared
through traditional electrodeposition methods (~5 uQ cm?),
due to the formation of NiTe IMCs, voids and defects. Hsieh
et al.!” utilized a chemical deposition method to deposit a
Co-P layer on n-PbTe, and discovered that the Co-P layer
was more effective in preventing element diffusion than the
Ni-P layer. Similarly, Wang et al.'® employed electroplating
to deposit a Co-P layer on n-Bi,Te; and found that the Co-P
layer significantly improved the strength of both n-Bi,Te;
and p-Bi,Te;, increasing the former 1.5-fold and the latter
sevenfold. Additionally, the fracture mode of the samples
became more ductile with the addition of the Co-P layer.
Despite these promising results, however, the methods for
depositing the Co-P layer, such as chemical plating and
electroplating, are complex and oversensitive and can cause
environmental pollution. The P content in the coating also
has a substantial effect on its performance, and uniformity
of the coating can be compromised if the plating solution
is not regularly replenished. The current challenge is how
to develop a simple, stable and environmentally friendly
method for preparing a Co-based barrier layer.

In this work, a Co-based diffusion barrier was prepared
by diffusion welding the Co powder into Bi,Te;-based ther-
moelectric materials. The microstructure, contact resistivity,
mechanical strength, and performance of Co powder/Bi,Te,
-based materials were investigated under various tempera-
tures and time during diffusion bonding. Additionally, the
stability of the diffusion barrier also studied during service.

Experimental Section

The p-type Bi, ,Sb, (Te; and n-type Bi,Te, ;Se ; substrates
with dimensions of $p30 mm X 1.6 mm purchased from Hubei
Sagreon New Energy Technology Co., Ltd. were polished to
remove surface scratches and oxide layers, then cleaned with
acetone to remove surface stains. The polished and cleaned
substrates were placed in a graphite mold (¢p30 mm) along

with the weighed Co powder, and diffusion welding was
implemented by the spark plasma sintering method. The
sintering conditions for diffusion welding were as follows:
argon atmosphere, uniaxial pressure of 60 MPa, heating rate
of 40 K min~!, sintering temperatures of 673 K, 723 K, and
773 K, and holding times of 5 min and 10 min, with a cool-
ing rate of 5 K min~!. Lastly, n-type and p-type bismuth
telluride-based substrates with a Co barrier layer were pre-
pared, and the thermoelectric devices based on the Co-based
diffusion barrier were fabricated.

Characterization

The interface morphology and element distribution were
observed by a field-emission scanning electron microscope
(SEM, Nova 400 NanoSEM, FEI, USA) and an energy-
dispersive spectrometer (EDS, IE 350Penta FET-3, Oxford,
UK). The contact resistivity of the thermoelectric joints
was measured using a contact resistivity tester provided by
Shenzhen Advanced Electronic Materials International Inno-
vation Research Institute. The device principle is depicted
in Fig. 1. In the setup, probes 1 and 4 function as current
probes, while probes 2 and 3 act as voltage probes. Probes 1,
2, and 4 remain stationary, and only probe 3 is able to move
horizontally. By applying a fixed current / to probes 1 and 4,
the movement of probe 3 leads to a sudden voltage change
V. at the interface between the Bi,Te; and the Co layer. The
interfacial contact resistivity can be determined using Eq 1:
V. A

p=" 6]
where A is the contact area of the interface. The interfacial
bonding strength was measured using the HP-100 Digital
Push-Pull Gauge (HANDPI Instruments Ltd.). The service
performance of the thermoelectric devices was tested by an
alternating current impact testing machine.
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Fig. 1 Schematic diagram of interface contact resistivity test princi-
ple.
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Results and Discussion

Figure 2 displays the SEM and EDS results of the Co/
Bij 4Sb, ¢Te; joints fabricated under different diffusion
bonding conditions. The results indicate that the interface
of Co/Bi, 4Sb, ¢Te; exhibits a compact structure with-
out visible cracks. However, a distinct diffusion layer is
observed. At sintering temperatures of 673 K, 723 K, and
773 K, the thicknesses of the diffusion layer were meas-
ured as 1.6 pm, 2.9 pm, and 4.7 pm, respectively, with
a sintering time of 5 min. When the sintering time was
extended to 10 min at the same temperatures, the thick-
nesses of the diffusion layer increased to 1.9 pm, 3.5 pm,
and 5.0 pm, respectively. Therefore, increasing the sin-
tering temperature and prolonging the sintering time
have less effect on the thickness of the diffusion layer. In
Fig. 2g, it is evident that the Co content decreases sig-
nificantly as the diffusion depth increases. The dominant
element in the diffusion layer is Te, accompanied by minor
quantities of Bi and Sb. Further elemental content analy-
sis reveals that the metallized phase composition consists
of Co-8.8 at.%Sb-2.7 at.%Bi-48.3 at.%Te. Based on the
literature, this composition corresponds to a ternary alloy
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phase known as Co(Sby ;5Te g5),, With slight incorpora-
tion of Bi doping.!%?

Figure 3 presents the results of the EDS analysis con-
ducted on the Co/Bi,,Sb; (Te; joint interface produced
under the diffusion welding process of 673 K for 5 min.
The elements Te, Sb, and Bi are evenly distributed in the
Bi, 4,Sb, ¢Te; matrix, while Co is evenly distributed in the
Co plating layer. Figure 3d shows that a significant amount
of Te accumulates in the reaction layer. This could be due
to the stronger affinity of the Co layer towards the Te ele-
ment, the lower energy required for the combination of Co
and Te, and the formation of the Te-rich Co-Sb-Te ternary
compound.

The electrical performance of the Co/Bi ,Sb, (Te; joint
interface was assessed by measuring its contact resistivity
at three different diffusion welding temperatures of 673 K,
723 K and 773 K, with a diffusion welding time of 5 min.
The results show that the Co/Bi, 4,Sb, (Te; interface exhib-
ited a low contact resistivity of 0.83 uQ cm? at both 673 K
and 723 K, likely due to the formation of a heterojunction
with a matching work function that resulted in an ohmic
contact with low resistance.?! However, as the reaction
temperature increased to 773 K, the thickness of the dif-
fusion-reaction layer increased significantly, resulting in a

Fig.2 SEM images of Co/Bi ,Sb, ¢Te; joint interface prepared under different diffusion welding processes: (a) 673 K, 5 min; (b) 673 K, 10 min;
(c) 723 K, 5 min; (d) 723 K, 10 min; (e) 773 K, 5 min; (f) 773 K, 10 min; (g) EDS diagram at the yellow line in (a) (Color figure online).
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Fig.3 EDS diagram of elemental distribution at the interface of Co/Bi4Sb, ¢Te; joints prepared at 5 min with diffusion welding at 673 K: (a)

SEM image at the joint interface; (b) Co; (c) Sb; (d) Te; (e) Bi.

corresponding increase in resistivity to 7.33 uQ cm?. This
is likely because the increased thickness of the diffusion-
reaction layer caused an increase in contact resistance.
Figure 4 illustrates the interfacial bonding strength of the
Co/Bi, 4Sb, ¢Te; joint under various process conditions. At
a sintering time of 5 min, the interfacial bonding strength of
the Co/Bi 4,Sb, (Te; joint increased from 4.86 MPa at 673 K
to 5.17 MPa at 773 K as the sintering temperature rose, rep-
resenting a 6.4% improvement. When the sintering time was
extended to 10 min, the maximum enhancement in interfa-
cial bonding strength was 1.2%. This observation indicates
that the interfacial bonding strength is more strongly influ-
enced by the sintering temperature than the sintering time.
The SEM and EDS results presented in Fig. 5 illustrate
the Co/Bi,Te, ;Se 5 joints prepared under various diffu-
sion welding conditions. The findings indicate a tightly
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Fig.4 Bonding strength of Co/Bi, 4,Sb; (Te; joint prepared under dif-
ferent diffusion welding processes.
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Fig.5 SEM images of Co/Bi,Te, ;Se ; interface prepared under different diffusion welding processes:(a) 673 K, 5 min; (b) 673 K, 10 min; (c)
723 K, 5 min;(d) 723 K, 10 min; (e) 773 K, 5 min; (f) 773 K, 10 min; (g) EDS diagram at the yellow line in (a) (Color figure online).

bonded interface between the Co coating and Bi,Te, ;Se 5
without any visible cracks, but with the formation of a sub-
stantial diffusion layer. The thickness of the diffusion layer
was measured as 1.6 pm, 23.1 pm, and 36.4 pm at sinter-
ing temperatures of 673 K, 723 K, and 773 K, respectively,
with a sintering time of 5 min. When the sintering time was
extended to 10 min at the same temperatures, the thickness
of the diffusion layer increased to 5.9 pm, 35.6 pm, and
65.4 um, respectively. Thus, increasing the sintering temper-
ature and prolonging the sintering time significantly affect
the thickness of the diffusion layer, which contradicts the
observations in the case of p-Bi,Te,. This difference may be
attributed to the variations in their composition. Xiong et al.
investigated the formation energy between Co and bismuth
telluride by first-principles calculations, and found that the
formation energy of Co with Te is higher than that of Co
with Bi.?? Consequently, based on the principle of lowest
energy, the higher the Bi content, the more stable the com-
pound formed by Co with bismuth telluride. This explains
why the interfacial reaction layer of n-Bi,Te; with Co is
thicker than p-Bi,Te;. Additionally, higher temperatures pro-
vide a stronger diffusion driving force, further promoting
element diffusion.”® The combined effect of these factors
makes the Co/Bi,Te, ;Se 5 joint interface more sensitive to

@ Springer

variations in sintering temperature and time. EDS analysis in
Fig. 5g indicates that the diffusion layer consists of approxi-
mately 9.5 at.% Co, 53.1 at.% Te, and 48.3 at.% Bi, which
likely corresponds to a Bi-doped CoTe, binary alloy phase.”*

To further analyze the elemental distribution of the
interface layer, EDS analysis was performed on the Co/
Bi,Te, ;Se 5 joint interface prepared under the diffusion
welding process with a temperature of 673 K and a dura-
tion of 5 min. The results of this analysis are depicted in
Fig. 6. As illustrated in Fig. 6d and e, it is evident that the
Te element is concentrated in the diffusion reaction layer,
while the Bi element is slightly enriched at the edge of the
Bi,Te, ;S¢, ; matrix material. This can be attributed to the
fact that during the diffusion welding process, the Co ele-
ment in the Co layer diffused into the Bi,Te, ;Se ; base
material, resulting in a solid solution that formed at the Co/
Bi,Te, ,Se, ; interface. This is likely because the combina-
tion of Co and Te requires the lowest binding energy, thus
easily forming CoTe, compounds.'® The Te on the left side
of the diffusion layer is pulled towards the Co layer, causing
the relative enrichment of missing Bi in Te.

The contact resistivity of the Co/Bi,Te, ;Se 5 joint inter-
face was tested for three different diffusion welding tempera-
tures of 673 K, 723 K and 773 K, with a diffusion welding
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Fig.6 EDS diagram of elemental distribution at the interface of Co/Bi,Te, ;Se 5 joints prepared under 5 min with diffusion welding at 673 K:

(a) SEM image at the joint interface; (b) Co; (c) Se; (d) Te; (e) Bi.

time of 5 min. The results demonstrate that the interface of
the Co/Bi,Te, ,Se 5 joint presents a low contact resistivity
at low temperatures, with a value of 0.75 uQ cm? at 673 K.
This phenomenon is consistent with the Co/Bi 4Sb, (Te;
interface and can be attributed to the formation of a low-
resistance metal compound layer. As the reaction tempera-
ture increases, the contact resistance of the Co/Bi,Te, ;Se 5
interface increases dramatically, reaching 4.51 pQ cm? and
10.18 uQ cm? at 723 K and 773 K, respectively.

Figure 7 presents the interfacial bonding strength of Co/
Bi,Te, ;Se, ; joints under different processing conditions.
The results demonstrate a general trend of increasing and
then decreasing interfacial bonding strength with increas-
ing sintering temperature and sintering time. This behavior
may be attributed to the rapid growth of the diffusion layer
thickness. Initially, as the thickness of the diffusion layer
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Fig.7 Bonding strength of Co/Bi,Te, ;Se, 5 joints prepared using dif-
ferent diffusion welding processes.
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Fig.9 SEM images of the (a) Bi, 4,Sb; (Te;/Co, (b) Bij4Sb; ¢Te;/Co/Sngg sAg;Cuy s, and (c) Co/Snyg sAg;Cuy 5 interface after service; (d) EDS

diagram at the dotted line.

increases, the bonding between the Co layer and the bis-
muth telluride substrate becomes stronger. This leads to an
increase in the interfacial bonding strength. However, with

sion layer.

the increasing thickness of the diffusion layer, the interfacial

@ Springer

bonding strength starts to decrease due to the poor mechani-
cal properties of the compound CoTe, formed in the diffu-
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Fig. 10 EDS diagram of elemental distribution at the interface of Bi, 4Sb; ¢Tes/Co/Sngs sAg;Cuy 5 after service: (a) SEM image at the joint inter-

face; (b) Co; (c) Te; (d) Sb; (e) Sn; (f) Bi; (g) Ag; (h) Cu.

The performance of thermoelectric devices with Co and
Ni as barrier layer materials was evaluated through a 10-90
alternating current shock test. Figure 8 displays the changes
in the performance of the devices during the test. The results
indicate that the internal resistance of the thermoelectric
device with Co as the barrier layer increases with the num-
ber of cycles, and after 35,000 cycles, the increase in resist-
ance exceeds 5% of the initial resistance value, making the
device fail according to GR-468. The temperature difference
(AT) of the device also decreases with the increase in cycles;
however, the decrease is gradual before 20,000 cycles, sug-
gesting that the Co-plating diffusion welding process has
excellent barrier properties. The service life of the device
with Co as the barrier layer is significantly longer than that
of the Ni barrier layer device, thereby highlighting Co's suit-
ability as an outstanding barrier material.

Figure 9 presents the SEM and EDS results of
Bi 4Sb; ¢Te;/Co/Snys sAg;Cuy 5 after service testing. As
shown in Fig. 9a, the contact between the Co/Bi ,Sb, ¢Te; is
found to be intact without any visible cracks. Moreover, the
thickness of the diffusion layer remains mostly unchanged,
suggesting that the reaction between Co and the bismuth
telluride matrix occurs at a slow rate. EDS analysis reveals

that the diffusion layer consists primarily of Te, Sb, and Co,
while no elements from the solder are detected. This indi-
cates that the Co barrier layer effectively hinders the diffu-
sion of solder elements into the bismuth telluride matrix.
Figure 9c illustrates the formation of a distinct metal com-
pound layer between the solder and the Co layer. The EDS
results demonstrate a high concentration of Cu in this com-
pound layer, indicating the aggregation of Cu elements from
the solder at the Co/Snyg sAg;Cu 5 interface during service.
Additionally, some Te and Sb elements diffuse from the bis-
muth telluride matrix into the interior of the solder. This
behavior might be attributed to the higher melting point of
Co compared to 1673 K. Consequently, the Co layer cannot
fully densify at the sintering temperature of 673 K, leading
to the formation of voids that serve as channels for the dif-
fusion of Te elements.

The results of the EDS analysis of the post-service inter-
face of the solder/Co/Bi, 4Sb, ¢Te; particle component are
shown in Fig. 10. The analysis reveals that the Co barrier
layer provides a clear barrier to elements Sn, Bi, and Cu,
but its effect on the diffusion of Te and Sb elements from
the Bi, ,Sb, (Te; into the solder is relatively weak, which is
identified as a key factor contributing to the device failure.

@ Springer
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Fig. 11 SEM images of the (a) Bi,Te, ;Se ;/Co, (b) Bi,Te, ;Se, s/Co/Snys sAg;Cuy s, and (c) Co/Snys sAg;Cu 5 interface after service; (d) EDS

diagram at the dotted line.

Figure 11 shows the SEM and EDS results of the
Bi,Te, ,Se; 3/Co/Snyq sAg;Cuy 5 system after service. From
Fig.11a, it can be observed that there is a good contact
between Co/Bi,Te, ;Se, ; without any obvious cracks. How-
ever, an obvious elemental diffusion phenomenon is visible,
and combined with the EDS results, it shows that the dif-
fusion layer mainly contains Bi, Te, and Co. No elements
from the solder are found, indicating that the Co barrier layer
can effectively block the diffusion of elements from solder
into the bismuth telluride substrate during the service pro-
cess. It can be observed from Fig. 11c that an obvious metal
compound layer is formed between Co/Sngg sAg;Cuy 5. The
EDS results show that the compound layer is enriched with
Cu, indicating that the Cu in the solder will be aggregated
at the Co/Sngyg sAg;Cuy 5 interface during the service pro-
cess. Concomitantly, noteworthy diffusion of Te elements
from the bismuth telluride matrix into the solder interior is
discernible, likely attributable to the higher melting point
of Co exceeding 1673 K. Therefore, it is not possible to
fully densify the Co layer at the sintering temperature of

@ Springer

673 K. These voids provide a channel for the diffusion of
Te elements.

A detailed analysis of the diffusion behavior of elements
was conducted by performing EDS analysis on the service-
aged solder/Co/Bi,Te, ;Se, 5 interface, as illustrated in
Fig. 12. The results, as shown in Fig. 12¢ and d, reveal that
Te was concentrated at the Co/Bi,Te, ;Se) ; interface due to
its attraction to Co in the diffusion reaction layer, while Bi
was hindered and enriched in the barrier layer.

The results of the EDS analysis shown in Fig. 12 reveal
that the Co barrier layer has a clear barrier effect on the
elements Sn, Bi, and Cu, as demonstrated by the enrich-
ment of these elements at the interface of the solder/Co.
However, the barrier effect of the Co layer on the diffusion
of Te elements from the Bi,Te, ;Se, 5 into the solder is rela-
tively weak, as evidenced by the enrichment of Te at the Co/
Bi,Te, ;Se 5 interface and its attraction towards Co in the
diffusion reaction layer. This weakness in the barrier effect
of the Co layer is identified as one of the primary reasons
for device failure.
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Fig. 12 EDS diagram of elemental distribution at the interface of Bi,Te, ;Se,, 3/Co/Sngs sAg;Cuy, 5 after service: (a) SEM image at the joint inter-

face; (b) Co; (c) Te; (d) Sb; (e) Sn; (f) Bi; (g) Ag; (h) Cu.

Conclusions

In this study, the authors examine the diffusion and connec-
tion effects of Co/Bi, 4Sb, ¢Te; and Co/Bi,Te, ;Se 5 joints
under various diffusion welding conditions. The focus of the
research is on evaluating the performance of thermoelec-
tric devices with a Co-plated barrier layer that are produced
through diffusion welding. The results show that the thick-
ness of the diffusion layer at the Co/Bi 4,Sb, (Te; interface
increases with the temperature and duration of the diffusion
welding process, although the degree of diffusion is low and
the maximum thickness does not exceed 6 um. The contact
resistance at the interface also increases with the tempera-
ture, while the hardness of the Co barrier layer increases
with both temperature and duration. Based on these findings,
the authors conclude that a temperature of 673 K and a dura-
tion of 5 min is the optimal process for preparing the Co bar-
rier layer for the Bi, ,Sb, (Te;. Similar results are found for
the Co/Bi,Te, ,Se, 5 joints, with the authors recommending
the same diffusion welding conditions for the Bi,Te, 5S¢ 3.
The authors also show that thermoelectric devices produced

through this diffusion welding and plating process exhibit
a cycle number of over 35,000 before failure, significantly
outperforming devices produced with Ni as the barrier layer
material. This study highlights the excellent barrier effects of
Co on elements such as Cu, Sn, and Bi, leading to improved
performance of thermoelectric devices in service.
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