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Bonding materials that can withstand high operating temperatures are essential for increasing the conversion
efficiencies of thermoelectric power-generation devices. Sn-based solders commonly used to join thermoelectric
materials and electrodes have the disadvantage of limiting the maximum operating temperature to 150 °C
because of their low melting point. To overcome this limitation, in the present study, Ag nanoparticle paste with
high-temperature stability, low electrical resistivity, high thermal conductivity, and printability was used for
bonding a BisTes thermoelectric material and an electroless nickel immersion gold (ENIG)-plated Cu electrode.

We performed isothermal aging at 200 °C from 0 to 1000 h to analyze the microstructural and thickness
changes in intermetallic compounds (IMCs). Initially, a heterogeneous distribution of the IMC layers was
observed at the bonding interface; over time, the IMC structures became clearly distinct. The IMC thickness
increased from <3.0 pm (initial) to 45.6 pm in 1000 h, growing by a factor of approximately 15.2. We analyzed
the growth kinetics of AgTe and BiTe IMCs. The growth exponent n of the AgTe IMC was found to be 0.3,
indicating grain boundary diffusion with grain-growth control, whereas the n value of the BiTe IMC was 0.5,
which is consistent with volumetric diffusion-controlled growth. These differences in the growth behavior

indicate that different diffusion mechanisms affect the reliability and performance of the bonding interface.

1. Introduction

Energy efficiency and global warming have recently attracted
considerable attention. There is an urgent need to reduce energy con-
sumption and carbon emissions [1]. Thermoelectric (TE) materials play
an important role in the development of renewable energy [2-4]. They
convert waste heat from plants into electricity through the Seebeck ef-
fect [5-8]. Another unique property of TE materials is the Peltier effect,
which creates a temperature gradient across the material when an
electric current passes through it [2]. TE materials such as GeTe [9],
PbTe [10], BiyTes [11], silicides [12], and Heusler alloys [13] have been
studied for use at various operating temperatures.

Many industries generate large amounts of waste heat at low tem-
peratures. It is difficult to use low-temperature waste heat in the tem-
perature range below 200 °C. TE materials convert heat into power using
temperature gradients and are effective for harvesting waste heat [14].

TE power-generation devices based on TE materials have no mechani-
cally moving parts, are compact, and remain silent during operation
[15]. TE technology has attracted the attention of many researchers for
the conversion of industrial waste heat into renewable energy.
Generally, TE materials are classified according to the temperature
range in which they are used [4]. For example, BisTeg exhibits better TE
performance at operating temperatures below 200 °C [16,17]. TE gen-
erators are manufactured by arranging p- and n-type TE materials in a
n-shaped pattern, combining them with Cu electrodes, and inserting
them between two insulating substrates with high thermal conductivity.
Heat flows from the bottom of the substrate to the top, organizing all the
TE elements thermally in parallel and electrically in series [18]. Owing
to these advantages, TE devices are used in various applications, such as
remote power supplies (radioisotope TE generators), automobiles,
temperature sensors, control devices, and wearable devices [19,20]. The
reliability of TE devices is severely limited by the figure of merit (zT) of
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the TE material, as well as the bonded interface between the TE material
and electrodes [21,22]. To develop a TE device with a reliable bonding
interface, bonding technology suitable for heat-sensitive TE materials
that supports both low-temperature bonding and high-temperature
operation is required. However, these joints suffer from problems such
as poor bonding, severe mismatch in the coefficient of thermal expan-
sion, and brittle intermetallic compound (IMC) formation [14]. In
particular, the rapid growth of IMCs between the TE material and the
electrodes must be prevented. Typically, in the production of TE devices,
a bond between the TE materials and conductive electrodes is formed
through soldering [23,24]. Sn-based solders are commonly used as
bonding materials in electronics devices [25-27] and some soldering
processes are applied [28,29]. The Sn-based solders can easily react with
BiyTes and form a brittle SnTe IMC at the interface, which reduces the
reliability of the joint, degrading the performance of the TE device
[30-33]. Chen and Chiu reported that the SnTe IMC grew rapidly when
Sn reacted with pure Te [34]. Thus, excessive growth of the IMC formed
at the interface between the TE and bonding materials affects the per-
formance of the solder joint and the reliability of the TE device. Un-
derstanding the growth kinetics of IMC is essential for developing robust
and reliable TE devices. As an alternative to Sn-based solders, a sintering
method using an Ag nanoparticle paste has been developed to bond
BiyTes and a conductive electrode for providing a more stable interface.
The main advantages of Ag sintering technology are the low elec-
trical resistivity (i.e., 2.5 to 10 p-Q-cm [35]) of the sintered Ag joints and
the low-temperature bonding process that occurs at approximately
250 °C [36]. Sintered Ag joints have demonstrated high temperature
stability and high thermal and electrical conductivities [37,38]. Even
when Ag nanoparticles are used, an IMC is created between the Bi;Tes
TE material and sintered Ag owing to the reaction among Bi, Te, and Ag
[39]. Therefore, interfacial reaction and IMC growth behavior at the
sintered interface are important. However, studies on the IMC formation
and growth at the interface using Ag nanoparticle pastes are lacking.
To investigate the growth behavior of the IMC at the interface using

(a) Bi,Te,
Ag paste
6 x 6 x 0.1 mm?3

(b)

-
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Ag nanoparticle paste, aging experiments were conducted in this study
under various aging times and constant-temperature conditions. We
analyzed the diffusion behavior of the elements between the Bi;Tes alloy
and sintered Ag layer and investigated the IMC formation process. The
results of this study indicate that low-temperature bonding using Ag
nanoparticle paste is a reliable method for TE-device manufacturing.
This study contributes to the understanding of IMC growth and inter-
facial reactions at the Bi;Te3/Ag interface. By analyzing the behavior
and evolution of IMCs, we provide information that can improve low-
temperature bonding technologies and enhance the reliability and per-
formance of TE devices.

2. Experimental procedures

A Ru-doped n-type BiyTes alloy (Toshima Manufacturing Co., Ltd.,
Japan) was used in this study. The Bi;Tes sintered body was cut into 3
mm x 3 mm X 1 mm pieces using an IsoMet low-speed precision cutter
(Buehler Ltd., USA). The surface of BiyTes substrate was carefully pol-
ished using 0.1- and 1-pm Al;O3 suspensions to remove impurities and
reduce its roughness, and it was then successively cleaned with ethyl
alcohol and distilled water in an ultrasonic bath.

Ag nanoparticle paste (SR9200, Bando Chemical Industries, Ltd.,
Japan) was used as the bonding material. BisTes as the chip and an
ENIG-plated Cu disk as the conductive electrode were bonded. ENIG-
plated Cu disks with a height of 5 mm and diameter of 10 mm were
used in this study to ensure a smooth reaction with the Ag nanoparticle
paste. At this time, the thicknesses of the Ni-P and Au plating layers were
5 and 0.1 pm, respectively. A detailed structural schematic of the
BiyTes3/Ag/ENIG-Cu bonded sample is shown in Fig. 1(a)-(c).

Ag nanoparticle paste was printed onto ENIG-plated Cu disks
through a 100-pm-thick stencil pattern mask. To vaporize the solvent
and remove voids in the Ag nanoparticle paste, pre-heating was per-
formed using a hot plate at 85 °C for 480 s. This was followed by bonding
at a peak temperature of 250 °C for 600 s to ensure successful bonding of

(c)

&
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Fig. 1. (a)-(c) Schematic of the experimental procedure and (d) sintering process.
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the BipTes/Ag/ENIG-Cu samples. All the bonding processes were per-
formed under pressureless conditions in an air atmosphere. The heating
profile is shown in Fig. 1(d). The bonding was performed using a sin-
tering machine (RB-100D; Ayumi Industry Co., Ltd, Japan).

Bonded samples prepared for thermal aging were stored in an oven at
200 °C for 0, 50, 100, 200, 500, or 1000 h. After the thermal aging, they
were removed from the oven and cooled to room temperature in air.
Subsequently, the bonded samples were immersed in epoxy resin and
polished using #2000 SiC paper and a 1-pm Al,O3 suspension, and the
IMC growth of the joint was observed over time at a constant heat-
treatment temperature.

Samples for micro-X-ray diffraction (XRD) analysis were prepared
using the diagonal grinding method. For expanding the thin IMC layer to
a larger area, a support material was placed at the bottom of the bonded
sample to set the desired angle of inclination. The sample immersed in
epoxy resin was delicately polished in the vertical direction relative to
the support material, and the IMC layer, which was initially as thin as
<10 pm, was expanded to a maximum thickness of 100 pm. After
sampling, a micro-X-ray diffractometer (D8 Discover, Bruker, United
States) was used to identify the IMC phase formed at the bonding
interface between the BipTes and sintered Ag. XRD patterns were
collected using the micro-X-ray diffractometer with Co Ka radiation at
room temperature in the 26 range of 20°-80°. The conditions were as
follows: 45 kV and 100 mA; step size, 0.02°; scan rate, 4°/min; incident
angle, 0.2°.

The cross-section of each sample was examined using backscattered
electron (BSE) images via a scanning electron microscopy (SEM;
SU8220, Hitachi, Japan) to analyze the interfacial IMC. The chemical
compositions of the phases were determined via energy-dispersive X-ray
spectroscopy (EDS).

To determine the thickness of the IMCs, a quantitative metallography
technique was used [40]. The average thickness of the interfacial IMC
was calculated by measuring the area of the IMC formed at the interface
using an image analysis program and dividing it by the total length of
the image. To increase the accuracy, the average thickness was obtained
from five random locations. The growth behavior of the IMC was eval-
uated by quantifying the change in the IMC thickness according to the
isothermal aging time.

3. Results and discussion
3.1. Initial interfacial microstructure
The structure of the as-bonded Bi;Te3/Ag interface was evaluated via

cross-sectional observations. Fig. 2 shows a cross-sectional BSE image of
the as-bonded interface between the Bi;Te3 and sintered Ag layer. The

o A2

Reaction layer

Sintered Ag layer

Fig. 2. Cross-sectional BSE image of the reaction layer at the Bi;Tes/Ag
bonding interface under the as-bonded condition.
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reaction between BisTes and Ag confirmed that a thin reaction layer was
formed at the interface, with an average thickness of approximately 3.0
pm. The reaction layer contained two phases with different color con-
trasts that were homogeneously mixed. Point analysis by EDS was per-
formed to investigate the composition of the two phases observed in the
reaction layer, as shown in Fig. 2. Al consisted of 57.8 at.% Ag, 40.6 at.
% Te, and 1.6 at.% Bi, while A2 consisted of 53.2 at.% Bi, 45.3 at.% Te,
and 1.5 at.% Ag.

As shown in Fig. 3, the elemental mapping analysis was conducted by
EDS to analyze the microstructure and phases within the reaction layer
at the Bi-Tes/Ag bonding interface under the as-bonded condition. Fig. 3
(a) shows a BSE image of the reaction layer at the interface, where two
phases appear as regions with distinct color contrasts. The elemental
mappings for Ag, Te, and Bi in Fig. 3(b)-(d) reveal regions with distinct
elemental distributions, indicating the formation of separate phases
within the reaction layer. According to the EDS results, Ag, Te, and Bi
were observed to be mixed within the reaction layer, indicating that the
three elements diffused into each other.

XRD analysis was used to identify the phases in the IMC layer at the
bonding interface, as shown in Fig. 4. Peaks corresponding to each phase
were identified using JCPDS cards for Ag (No. 01-071-4613), BiTes
(No. 00-002-0524), BiTe (No. 00-042-1268), and AgTe (No. 00-016-
0412). The XRD and EDS results indicated that Ag and Bi;Tez were
present in the sintered Ag layer and BiyTes chip, respectively. According
to the XRD results, the IMC layer shown in Fig. 3 consisted of BiTe and
AgTe phases.

3.2. Interfacial microstructure after thermal aging for 50 h

The structure of the Bi;Tes/Ag bonding interface aged at 200 °C for
50 h was evaluated through cross-sectional observations. Fig. 5 shows a
cross-sectional BSE image of the interface between the Bi;Tes and the
sintered Ag layer after 50 h of aging. Through the solid-state reaction
between BiyTeg and Ag, a thick multilayer IMC was formed at the
interface. The multilayer IMC was composed of three layers: A, B, and C,
from the Bis;Tes chip side to the sintered Ag layer side. Layers A and B
were flat and dense, respectively. Layer C was thicker than layers A and
B and comprised a mixture of dark and bright regions. After aging for 50
h, the average thickness of the overall IMC was increased from 3.0 to
12.2 ym. Additionally, the average thicknesses of layers A, B, and C were
approximately 2.7, 1.6, and 7.8 pm, respectively.

The IMC compositions after 50 h of aging were determined using
EDS, as shown in Table 1. Regions B1 and B5 shown in Fig. 5 represent
the BiyTes chip and sintered Ag layer, respectively. Region B2 within
layer A showed a composition of 56.5 at.% Ag, 39.4 at.% Te, and 3.9 at.
% Bi, indicating a high contents of Ag and Te, i.e., an Ag-Te IMC. Region
B3 within layer B showed a composition of 52.6 at.% Bi, 45.3 at.% Te,
and 2.0 at.% Ag, indicating a high contents of Bi and Te, i.e., a Bi-Te
IMC. The resolution of the EDS analysis was insufficient to distinguish
the mixed dark and bright regions in the BSE image; however, region B4
within layer C showed a composition of 56.1 at.% Bi, 25.3 at.% Ag, and
18.6 at.% Te.

The distributions of Ag, Te, and Bi at the Bi;Te3/Ag bonding interface
as observed via EDS are shown in Fig. 6. Fig. 6(a) shows a BSE image of
the IMC structure at the interface after aging at 200 °C for 50 h. First, the
layered IMC structure with dark gray and light gray color phases were
observed on the Bi;Teg side. Then, an IMC region with two phases with
distinct color contrast was observed below the layered IMC structure.
Fig. 6(b) shows the distribution of Ag in the sintered Ag layer as well as
in the upper and part of middle regions of the IMC area. This distribution
indicates that sintered Ag layer react with the Bi-Tes chip during aging.
Fig. 6(c) shows the distribution of Te, showing that it is evenly distrib-
uted across the Bi-Tes chip and the IMC area. Fig. 6(d) shows the dis-
tribution of Bi, which is distributed within the Bi-Tes chip and part of the
IMC area.

Fig. 7 shows that the XRD analysis was used to identify the phases in
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(a) BiyTe;

Reaction layer

Sintered Ag layer
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Fig. 3. Elemental distribution of Ag, Te, and Bi in the reaction layer at the Bi;Te3/Ag bonding interface investigated by EDS-Mapping under the as-bonded condition.

(a) BSE image. (b)—(d) Elemental mapping for Ag, Te, and Bi, respectively.
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Fig. 4. XRD pattern of the IMC at the Bi,Tes/Ag bonding interface under the as-
bonded condition.

the IMC layer at the Bi;Tes/Ag bonding interface after aging at 200 °C
for 50 h. Bi and Cu peaks are observed in addition to the Ag, BisTes,
BiTe, and AgTe peaks observed for the as-bonded sample, which were
compared with the Ag (No. 01-071-4613), BisTes (No. 00-002-0524),
BiTe (No. 00-042-1268), AgTe (No. 00-016-0412), Bi (No. 01-070-
5673), and Cu (No. 00-004-0836) cards of the JCPDS database to
confirm excellent crystallinity. These XRD results are consistent with the
EDS elemental analysis results, as detailed in Table 1. The EDS analysis
indicated that layer A contained 56.5 at.% Ag and 39.4 at.% Te, and XRD
pattern confirmed it to be an AgTe phase. Likewise, layer B contained
52.6 at.% Bi and 45.3 at.% Te, and XRD pattern confirmed it to be a BiTe
phase.

Fig. 5. Cross-sectional BSE image of the IMC microstructure at the Bi,Te;/Ag
bonding interface after aging at 200 °C for 50 h.

Table 1
Composition of the IMC formed at the Bi,Te3/Ag bonding interface after aging at
200 °C for 50 h.

Region Main elements (at.%) Expected phase
Ag Te Bi
B1 0.41 59.00 40.59 BiyTes
B2 56.53 39.46 3.92 AgTe
B3 2.06 45.32 52.62 BiTe
B4 25.31 18.57 56.12 Mixture of AgTe and BiTe
B5 100.00 - - Sintered Ag layer

No peaks corresponding to the Ag-Bi-Te ternary phase were detected
in the XRD pattern. Therefore, layer C may have been a mixture of AgTe
and BiTe. The Bi peak identified in the XRD analysis indicates that some
Bi, which did not participate in the interdiffusion reaction between
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Fig. 6. Elemental distribution of Ag, Te, and Bi in the IMC layer at the Bi;Te3/Ag bonding interface investigated by EDS-Mapping after aging at 200 °C for 50 h. (a)

BSE image. (b)-(d) Elemental mapping for Ag, Te, and Bi, respectively.
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Fig. 7. XRD pattern of the IMC of Bi;Tes/Ag bonding interface after aging at
200 °C for 50 h.

Bi-Tes and Ag during aging, remained in its pure form rather than
forming a compound. Additionally, the Cu peak observed in the XRD
results could be an artifact of the XRD sampling process.

3.3. Interfacial microstructure after thermal aging from 100 to 1000 h

The BiyTes/Ag bonding interface was subjected to aging treatment at
200 °C for 100, 200, and 500 h to observe the changes in the IMC
microstructure, as shown in the BSE images in Fig. 8(a)-(c). The
microstructural morphology at the BiyTe3/Ag bonding interface
remained similar to that of the sample aged for 50 h. As the aging time
increased, the IMC grew while maintaining a constant layered structure,
and its thickness increased. The IMC aged for 100 h had an average
thickness of 16.6 pm and was relatively thin and irregularly shaped. As

the aging time increased to 200 and 500 h, the average thickness of the
IMC increased to 19.7 and 29.0 pm, respectively. This microstructural
evolution suggests that the IMC continued to grow with increasing aging
time, becoming thicker and flatter.

Fig. 9 presents a cross-sectional BSE images of the IMC microstruc-
ture at the Bi;Tes/Ag bonding interface after aging for 1000 h. As shown
in Fig. 9(a), the IMC microstructure retained a uniform layered struc-
ture, similar to the samples aged for 50-500 h. After aging for 1000 h,
the IMC thickness increased to an average of 45.6 pm.

Fig. 9(b) presents a high-magnification BSE image of IMC layer C.
The IMC composition after aging for 1000 h was determined via EDS
analysis, and the results are presented in Table 2. The continuously
formed layers A and B were identified as AgTe and BiTe phases,
respectively, based on the EDS analysis of regions C1 and C2. Addi-
tionally, region C3a in IMC layer C was determined to have a compo-
sition of 57.5 at.% Bi, 22.9 at.% Te, and 19.5 at.% Ag. Because of the
resolution limit of EDS, Ag elements from adjacent areas were detected,
which led to the inclusion of Ag in the results. Furthermore, region C3b
in IMC layer C was determined to have a composition of 59.7 at.% Ag,
35.9 at.% Te, and 4.2 at.% Bi. These results confirmed that the IMC
microstructure, even after aging for 1000 h, was similar to that observed
under the aging conditions from 50 to 500 h. It was confirmed that IMC
layer C was composed of a mixture of AgTe and BiTe phases.

3.4. Aging effects on IMC formation

The aging effect on the IMC microstructure formation at the BiyTeg/
Ag bonding interface was investigated. The composition of this unique
multilayer structure was confirmed through EDS and XRD analysis.
Fig. 10 presents a schematic of the formation of the interfacial micro-
structure. Fig. 10(a) shows the initial arrangement of each element and
the starting point of the Bi;Te3/Ag bonding process. Fig. 10(b) shows the
IMC layer in the as-bonded condition. A thin IMC layer was formed at
the interface between BiyTes and Ag, with a thickness of <3 pm. The IMC
microstructure consisted of a mixture of AgTe and BiTe, which was
formed by the interdiffusion reaction at the interface. This indicates that
the IMC begins to form through a solid-state diffusion process initiated
by an interdiffusion reaction involving Ag, Te, and Bi.
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(c) Bi,Te;

Sintered Ag layer

Fig. 8. Cross-sectional BSE images of the IMC microstructure at the Bi;Te3/Ag bonding interface after aging at 200 °C for (a) 100 h, (b) 200 h, and (c) 500 h, under

different conditions.

(a) Bi,Te,

LayerA c1:i:

Layer B

Layer C

Sintered Ag layer

Fig. 9. Cross-sectional BSE images and EDS point analysis of the IMC microstructure at the Bi;Te3/Ag bonding interface (a) after aging at 200 °C for 1000 h and (b)

high-magnification image of IMC layer C.

Table 2
IMC composition formed at the Bi,Te3/Ag bonding interface after aging at
200 °C for 1000 h.

Region Main elements (at.%) Expected phase
Ag Te Bi

C1 57.87 39.68 2.45 AgTe

c2 5.41 40.46 54.13 BiTe

C3a 19.51 22.96 57.53 BiTe

C3b 59.77 35.96 4.27 AgTe

The IMC formation process is described by Eq. (1).
BiyTe; + Ag — AgTe + 2BiTe (€8]

This reaction is based on the interdiffusion of Bi;Tes and Ag, where
AgTe and BiTe IMCs are formed as reaction products.

Fig. 10(c) shows that during the aging, the IMC microstructure
became more distinctly divided into three layers, indicating an increase
in the overall IMC thickness. In the early stage of aging, the overall
thickness of the IMC increased, and a continuous layer was formed at the
interface between the BiyTes and sintered Ag layers. This multilayer
structure consisted of an AgTe IMC, a BiTe IMC, and mixed AgTe and
BiTe IMC layers. It was formed by interdiffusion and rearrangement at
the interface. Fig. 10(d) shows that the IMC microstructure finally
formed at the BipTe3/Ag bonding interface in the later stage of the long-
term aging treatment. Even in the later stage of aging, the thickness of
the IMC continued to increase, while the morphology was maintained.

3.5. Formation mechanism of the mixed AgTe and BiTe layer

At the interface between the Bi;Tes and sintered Ag layer, the mixed
AgTe and BiTe IMC layer was formed in the as-bonded condition and the

multilayer structure was formed during the aging. The formation
mechanism of the mixed AgTe and BiTe IMC layer observed at the
Bi-Tes/Ag bonding interface was investigated by analyzing the ther-
modynamic properties of these layers. Table 3 summarizes the standard
Gibbs free energy change (AG®), enthalpy change (AH®), and entropy
change (AS°) for each compound, as obtained in previous studies [41,
42].

For both AgTe and BiTe, the changes in the Gibbs free energy,
enthalpy, and entropy play a critical role in their formation behaviors.
The values of AG°, AH°, and AS° were —20.41, —15.98, and 107.1 J/
K-mol for AgTe, respectively, and —29.3, —45.1, and 53.0 J/K-mol for
BiTe, respectively. The more negative Gibbs free energy for BiTe sug-
gests a higher thermodynamic stability during its formation compared to
AgTe. In addition, the enthalpy of formation (A¢ H°) for BiTe (—45.1 +
1.3 kJ/mol) is significantly lower than that of AgTe (—15.98 + 0.06 kJ/
mol). This lower enthalpy further reinforces the thermodynamic sta-
bility of BiTe, allowing it to become a more prominent phase within the
structure during extended aging. This thermodynamic stability com-
bined with the interdiffusion reaction contributes to formation of the
mixed AgTe and BiTe layer.

3.6. Growth behavior of the AgTe and BiTe intermetallic layer

The growth behavior of the AgTe and BiTe IMC formed at the Bi;Tes/
Ag bonding interface was investigated. The thickness changes of the IMC
and the growth rates during aging were analyzed to investigate the IMC
growth mechanisms.

Fig. 11 shows a visual representation of the average thickness change
of the IMC formed at the BisTe3/Ag bonding interface during aging at
200 °C for various times. As the aging time increased, the total IMC
thickness at the Bi;Tes3/Ag bonding interface increased. To analyze the
growth rate of the IMC formed at the Bi;Tes/Ag bonding interface with
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Fig. 10. Schematic of the IMC formation process at the Bi,Te3/Ag bonding interface: (a) initial stage; (b) as-bonded condition; (c) 50-100 h; (d) 200-1000 h.

respect to the aging time, the thickness of each IMC layer was measured.
As the aging time increased from 0 to 1000 h, the thicknesses of the AgTe
IMC, BiTe IMC, and mixed AgTe and BiTe IMC aged samples were
measured to be 10.8, 15.6, and 19.1 um, respectively. The total IMC
thickness increased from an initial 3.0-45.6 pm, i.e., by a factor of
approximately 15.2, as aging progressed.
AgTe —-20.41 £0.06  -1598£0.06  107.1 £0.9 [41] In this study, we analyzed the growth behaviors of AgTe and BiTe
BiTe —293+£24 —451£13 53.0+60 1421 IMCs. However, the growth of the IMC layer C region, where the AgTe
and BiTe IMCs were randomly mixed, is not discussed, because of its
complex interdiffusion.

Table 3
Standard thermodynamic properties of compounds in the Ag-Te and Bi-Te
system at 298.15 K and 1 bar.

Compound  A¢G° (kJ AfH® (kJ S°(JK 'mol™!)  Reference
mol 1) mol 1)
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Fig. 12. Logarithmic plot of AgTe and BiTe IMC layer thickness as a function of
aging time at 200 °C, represented by squares and circles, respectively.
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ordinate and abscissa axes indicate the natural logarithms of y and ¢t,
respectively. As shown, the thickness of the IMC layer (um), In(y), in-
creases with the aging time, In(t). This implies that y can be mathe-
matically expressed as a power function of t using Eq. (2) [43]:

In(y)=In(k) + neln(t/t,), (2)

where ty represents the unit time (1 s), which is introduced to ensure that
t/to is dimensionless. The proportionality coefficient k has the same
dimensions as that for the thickness, and n is the growth exponent,
which is dimensionless. Using the experimental data points in Fig. 12,
the values of k and n were estimated by applying the least-squares
method, as indicated by the solid lines.

In general, if the IMC growth mechanism obeys the diffusion-
controlled process, the n value is equal to 0.5. This value is obtained
for layer growth controlled by volume diffusion, provided no grain
growth occurs within the intermetallic layer. However, if grain growth
occurs, the presence of grain boundaries reduces the effective diffusion
path, resulting in an n value less than 0.5, indicating grain boundary
diffusion control [44]. Researchers have reported similar
rate-controlling processes for solid-state reactive diffusion in various
metal systems, such as Ta/Cu-Sn-Ti and Cu/Zn [45,46]. Furthermore, n
can equal 0.25 if grain growth follows the parabolic law, where the
mean grain size increases in proportion to the square root of the aging
time [47,48].

In this study, the n value of the AgTe IMC was 0.3, suggesting layer
growth was predominantly controlled by grain boundary diffusion with
grain growth at 200 °C. Conversely, the n value of the BiTe IMC was 0.5,
consistent with volume diffusion-controlled growth. As grain growth
occurs in the AgTe IMC, the decreasing fraction of the grain boundaries
reduces the effective diffusion coefficient, decelerating layer growth,
and resulting in an n value below 0.5. The observed growth behavior
reflects distinct diffusion pathways. AgTe IMC grows through grain
boundary diffusion with grain growth, while BiTe IMC grows through
volume diffusion. This difference corresponds to the measured n values
of 0.3 and 0.5, respectively. These findings are important for under-
standing the reliability and performance of IMC growth and its impact
on bonding interfaces in practical applications.

4. Conclusion

In this study, the microstructural changes and growth behaviors of
IMCs formed at the BiyTe3/Ag bonding interface were investigated
through a series of aging treatments at 200 °C. The initial interface
exhibited a thin IMC layer consisting of AgTe and BiTe phases. As the
aging progressed, the IMC layer evolved into a multilayer structure with
distinct AgTe and BiTe layers and a mixed AgTe and BiTe layer. The
thickness of the IMC layer increased significantly as the aging time
increased, from an initial 3.0 pm—45.6 pm after 1000 h.

The growth kinetics of the IMC layers were characterized by
analyzing the growth exponent n. For the AgTe IMC, the n value was 0.3,
indicating that its growth was predominantly controlled by grain
boundary diffusion. In contrast, for the BiTe IMC, the n value of was 0.5,
indicating that its growth was controlled by volumetric diffusion.
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