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A B S T R A C T   

Owing to its cost-effectiveness and low coefficient of thermal expansion (CTE), micron Si is incorporated into 
sintered Ag matrix to develop an Ag@Si composite sintering strategy. The Si integration helps reduce cost and 
alleviate CTE-mismatch of Ag-sintered die attachments. An innovative Ag@Si composite sintering structure is 
achieved by low-temperature and pressure-less sintering process, where a possibly slight diffusion of native SiO2 
on the Si surface toward Ag is indicated by TEM observation, enabling the integration of Ag and Si into one 
continuous network. Owing to the robust well-bonded composite sintering, the Ag@Si joining strategy provides 
mechanical/microstructural reliability far beyond the pure Ag sinter joining, demonstrating significant prospects 
in high-temperature interconnection applications. During the harsh thermal cycling (− 50–250 ◦C), the miti
gating effect of the Si addition on CTE mismatch is manifested through the substantial suppression of micro
structure deterioration in Ag@Si joint that occurs in pure-Ag-sintered joint, while the shear strength retention 
rate is doubled. Detailed investigation into the mechanism for elevated performance was conducted by material 
property and Missies stress analysis. The incorporation of Si helps modify the CTE, elastic properties, and stress 
distribution of Ag@Si-sintered material, synergistically contributing to the satisfactory joining reliability.   

1. Introduction 

The use of power converters has considerably increased over the past 
few decades, with a general trend of progress in the use of renewable 
energy. Third-generation wide band-gap (WBG) semiconductors, such as 
SiC, GaN, and Ga2O3, have revolutionized the use of power converters 
because of their high temperature and high power-density capabilities 
[1–3]. Although the high efficiency of WBG semiconductors has greatly 
benefited the miniaturization and versatility of power devices, it poses 
challenges in module packaging technologies. For example, the junction 
temperature could exceed 200 ◦C and even reach up to 300 ◦C in the 
application fields such as electric vehicles, aircrafts, and deep gas/oil 
extraction. Conventional tin-based solder alloys with melting points of 
183 ◦C–230 ◦C can cause remelting issues, thus significantly 

compromising the functional reliability [4–7]. Additionally, the poor 
thermal conductivity of solders can limit the effective heat dissipation, 
reducing the overall efficiency of the module. As die-attached material 
play a critical role in signal transmission, heat dissipation, and me
chanical support of power devices, their poor functioning must be 
resolved before applying them to WBG power devices on a large-scale 
[8–12]. 

With Tesla pioneering the use of Ag sintering die-attachments in the 
power modules of their Model-3 electric vehicles, Ag sinter joining has 
garnered even greater attention [13–17]. The Ag-sintering method 
outperforms various die-attached methods in terms of its high melting 
point (961 ◦C) and the superior electrical (63 × 106 S/m) and thermal 
(429 W/mK) conductivities of Ag among various metals [18–21]. Note 
that an ideal interconnect material should assure consistent 
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performance in harsh environment and survive thermal shock cycles in 
addition to offering high service temperature and mechanical
–electrical–thermal connections. However, the sintered Ag joining suf
fered degradation or performance deterioration due to 
thermomechanical stress [22–24]. Its use is hindered by the limitations 
of high cost and significant mismatch of the coefficient of thermal 
expansion (CTE) [25]. Currently, despite precedents (such as those 
proposed by Tesla), the use of 100% pure Ag die-attachment is chal
lenging for most manufacturing industries, which involves a consider
able rise in raw material expenses [26,27]. Therefore, some researchers 
have proposed the use of cost-effective Cu-sintered bonding. However, 
Cu requires a specific sintering atmosphere and displays subsequent 
oxidation issues, making its practical implementation even more diffi
cult [28–30]. 

Moreover, the sintered Ag die-attached module encounters serious 
CTE mismatch, wherein Ag (18.4 ppm/K) possesses a much higher CTE 
value than its adjacent SiC chip (4.0 ppm/K) and Si3N4 ceramic substrate 
(3.2 ppm/K) [31,32]. It renders the Ag sinter-bonded device unable to 
survive temperature fluctuations, thus causing the overall device to fail 
[33–35]. During thermal shock cycles, severe CTE mismatch subjects an 
Ag-sintered joint to alternating tensile and compressive stresses result
ing from the repeated expansion/contraction between components at 
different rates. Such thermomechanical stress could result in severe 
crack propagation, delamination, and interface plastic deformation, 
ultimately resulting in joint failures and poor reliability. Although 
certain commercial Ag pastes perform satisfactorily, it remains a sig
nificant challenge to realize a pure Ag-sinter interconnection with both 
good microstructural integrity and mechanical reliability under harsh 
thermal/power cycling conditions [36]. 

Rather than relying solely on pure Ag sintering, numerous Ag-based 
composite joining technologies were explored for cost-effective and 
long-lasting packaging service. Ag/Cu composite bonding emerges as a 
popular die-attach strategy, including Ag/Cu composite paste- and Ag/ 
Cu alloy-based bonding, which accommodates a high Cu content (20–80 
wt%) due to their good sinter-ability and compatibility [25,37–39]. 
However, the oxidation issue of Cu inevitably worsens the reliability 

during high-temperature operations. Other alternatives include the 
introduction of tiny amount of doping element (≤5 wt%), to reinforce 
the Ag sinter paste in terms of mechanical/thermal properties. Although 
thermal conductivity improved from the original 171.4 W/(m⋅k) to 240 
W/(m⋅k) with 0.25 wt% graphene addition, and Young’s modulus 
increased from 9.5 GPa to 13.4 GPa with 1.5 wt% SiC addition, satis
factory thermal shock reliability has not yet attained among these dual 
sintering structures up to date [40,41]. 

In this regard, this study presents a novel Ag@Si composite sinter 
structure, which utilizes micron Ag-flakes as fillers, coupled with micron 
Si particles as additives. The micron Ag flakes were employed because 
our prior studies have demonstrated its favorable sintering ability under 
no-pressure and low-temperature conditions [42–45]. Si was selected as 
the doping element because of its low cost and a low CTE value of 2.6 
ppm/K [46,47]. Being the second most abundant element, Si is afford
able enough to offset the high cost of Ag, thus elevating the cost effec
tiveness of the resulting device. Moreover, Si is expected to lower the 
CTE value of the Ag@Si joining layer. A closer match between the CTE of 
the joined layer and semiconductor chips/substrates is crucial for 
minimizing the thermomechanical stress of a die attachment, which 
mitigates the microstructure deterioration and the following reinforce
ment in mechanical strength [37,48]. This could improve the overall 
Ag-sintered packaging technology in terms of cost, microstructure sta
bility, reliability, and durability. 

As such, we developed the joint structure of SiC chip and direct 
bonding copper substrate (DBC) bonded by Ag@Si composite pastes 
containing varying Si ratios. The sintering process occurred at 250 ◦C 
under ambient pressure conditions. Comprehensive investigations were 
conducted as follows. (1) The reliability of Ag@Si joint materials was 
assessed using a harsh thermal-cycling test ranging from − 50 ◦C–250 ◦C 
for 1000 cycles. (2) The CTE modification effect of Si was analyzed in 
terms of thermal expansion characteristics and mechanical properties 
(3) The stress distribution of Ag@Si joints was analyzed by finite- 
element model (FEM) simulations. 

Fig. 1. FE-SEM images of pristine micron-sized (a) Ag flakes and (b)Si particles; (c) SiC/DBC die-attached structures bonded by hybrid Ag@Si sintering for reliability 
evaluation. (d) Low-temperature and pressure-less sinter joining conditions for Ag@Si hybrid paste joining. 
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2. Material and methods 

2.1. Specimen preparation 

In this study, a composite Ag@Si paste was developed using micron- 
sized Ag flake particles (AgC-239, Fukuda Metal Foil and Powder, Kyoto, 
Japan) as fillers, with dimensional features of approximately 3 μm 
(diameter) × 250 nm (thickness), as shown in Fig. 1a. The Si particle 
additive was used following a simple mechanical ball-milling process, 
resulting in angular shapes with an average size of 10 μm, as shown in 
Fig. 1b. To analyze the effect of Si additives on the joining property of 
die attachment, composite pastes with two volume ratios of Si additives 
were prepared: 90%Ag–10%Si and 80%Ag–20%Si. These particles were 
then magnetically stirred in alcohol for 30 min, followed by ultra
sonication for 30 min. An ether-type solvent (CELTOL-IA, Daicel Cor
poration) was employed as a suitable wetting agent for paste fabrication 
because of its satisfactory viscosity and good compatibility with Ag flake 
particles. The powder mixture was dispersed in the CELTOL-IA solvent 
by using a planetary mixer (HM-500, Keyence Corporation) for 3 min at 
2000 rpm. The weight ratio of the Ag@Si powder to the CELTOL-IA 
solvent in all the pastes was controlled at 10:1, for a moderate viscos
ity level of 150–250 cPs. Hereafter, the composite pastes are referred to 
as Ag@Si10% and Ag@Si20% pastes. In addition, as the comparison 
group, a pure Ag-flake paste (denoted as Ag100% paste) was prepared 
using the same procedure without adding Si particles. 

2.2. Die-attach structure fabrication 

Dummy-grade SiC dies (3 mm × 3 mm × 0.35 mm) were employed 
for bonding to the DBC (Cu/Si3N4/Cu) with a dimension of 30 mm × 30 
mm × 0.92 mm, thus forming a SiC/DBC die-attached structure, as 
depicted in Fig. 1c. The Si3N4-DBC substrates employed herein was 
obtained through the Active Metal Brazed (AMB) method with excellent 
thermal cycling resistance. Prior to the bonding process, all chips and 
substrates underwent a metallization treatment. For the die-attached 
structure used in the thermal aging test, 100-nm-thick Ti and 1-μm- 
thick Ag were sputtered onto both the SiC dies and DBC substrates. 

While the DBC substrate was deposited with a novel surface finish, 
referred to as electroplated Ni-combined with electroless Ni-/Pt-/Ag- 
(EN-ELNPA), comprising 10-μm electroplated Ni, electroless plated 500- 
nm Ni, 100-nm Pt, and 1-μm Ag. This deposition process has been re
ported in our previous study [49]. The robust EN-ELNPA surface finish 
has been proven to protect the substrate from plastic deformation during 
thermal cycling owing to the tough Ni layer and thereby provide a 
relatively stable joint structure to study the Si additive effect [50]. After 
metallization deposition, the as-prepared pastes were printed onto 
substrates via a metal stencil mask with a thickness of 100 μm. The chips 
were then mounted onto the pastes to form a joint structure. Finally, a 
low-temperature and pressure-less sintering was applied at 250 ◦C for 
30 min for all the structures, as depicted in Fig. 1d. 

2.3. Reliability evaluation and characterization 

Prior to the reliability assessment, the interfacial connection be
tween the Ag and Si in the as-sintered Ag@Si20% structure was first 
examined through scanning electron microscopy (SEM, SU8020, 
HITACHI), transmission electron microscopy (TEM, JEM- ARM200F, 
JEOL) and energy-dispersive X-ray spectroscopy (EDS). Next, the ther
mal shock reliability of the SiC/DBC joints was investigated using a 
thermal cycling chamber (TSE-11-A-S, ESPEC, Osaka, Japan). The 
thermal cycling test was implemented from − 50 ◦C–250 ◦C with 30 min 
dwell at each extreme temperature up to 1000 cycles. The temperature 
switch between − 50 ◦C and 250 ◦C was within 10 s. The evolution of 
microstructures and mechanical properties were systematically 
analyzed. The cross-sections were prepared at specific cycling points of 
0 (initial state), 100, 500, and 1000 cycles by using an ion-milling pol
ishing machine (IM 4000; Hitachi, Japan), and then used for SEM-based 
microstructural visualization. The shear strength of the die during 
thermal aging was measured using a shear tester (DAGE 4000 bonds 
tester, UK) at a shear rate of 50 μm/s. In addition, the crack evolution 
during thermal cycling was characterized using a three-dimensional 
(3D) computed tomography (CT) X-ray system (XVA-160 N, Uni-Hite 
System Corporation, Japan), which was equipped with a motor-driven 
sample stage and image acquisition technique. The tensile properties 

Fig. 2. (a) Cross-sectional view of the Ag@Si20% paste at the as-sintered state. (b), (c) and (d) The enlarged views of bonding conditions between sintered Ag and 
Si additives. 
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and CTE of the sinter pastes were measured using a micro-force testing 
system (Tytron TM 250, MTS system Corp.) and thermomechanical 
analyzer (TMA, Netzsch Co.), respectively. All the test specimens were 
prepared by sintering the pastes at 250 ◦C for 30 min under ambient air 
conditions. 

In addition, reasonable modeling parameters are essential pre
requisites for obtaining reliable FEM simulation results. The details of 
FEM simulation are given below: to accurately characterize voids, the 
mesh near the bonding layer is the densest, i.e., 0.5 μm. To minimize the 
total mesh count, the mesh density gradually decreases from the 
bonding layer outward, transitioning from finer to coarser. Specially, 
0.5 μm at Ag/Ag@Si sinter layer, 0.5 μm at the both Ag- sputtered and 
Ni-/Ag- plating layers, and range from 0.5 to 10 μm within the Si chip 
and DBC substrate areas. The boundary condition is defined as: left edge 
Ux = 0; bottom edge Uy = 0; utilizing a 1/2 Symmetry model. The 
classical elasto-plasticity-isotropic hardening model serves as the func
tional equation in this study. 

3. Results: analysis of Ag@Si composite interface 

In the context of a composite joined material, the condition of het
erogeneous interfaces is highly significant, as these interfaces represent 
vulnerable areas, where various defects can readily occur [51]. There
fore, the interface of sintered Ag/Si additives in the Ag@Si sintering 
structure must be confirmed before the reliability evaluation. Fig. 2a 
exhibits the cross-sectional view of an initially sintered Ag@Si20% 
joining layer. In the uniform Ag microporous network, irregular Si 
particles with sizes of approximately 1–10 μm were randomly dispersed. 
Multiple locations containing the Ag/Si interface were examined, as 
shown in Fig. 2b–d. Fig. 2b and c shows the formation of a narrow and 

elongated Ag necking around the Si particles for bridging the porous, 
sintered Ag with Si. Fig. 2d shows that the connective ratio could even 
reach up to ~2.6 μm, suggesting the formation of robust Ag@Si bonding. 
SEM observations reveal the formation of a composite sintering network 
with Ag and Si closely bonded to each other with almost no visible gaps. 

The Ag/Si interface was further examined through STEM-EDS ob
servations. The thin film specimen was prepared by polishing the 
Ag@Si20% sintered material under a cured epoxy resin support. Fig. 3a 
shows an Ag/Si interconnective region surrounded by the epoxy sup
port. Detailed elemental analyses were conducted on both the Ag/Si 
interface and the epoxy/Si interface. In Fig. 3b–a distinct intermediate 
layer of approximately 10 nm thick was observed between the Ag sin
tered neck and Si through High-Angle Annular Dark-Field (HAADF) 
imaging. According to the EDS mapping analysis, the distribution of Ag, 
O, and Si elements can be differentiated, with the prominent O element 
located in the middle, identifying the intermediate layer as SiO2. Further 
details of the Ag/Si bonding interface are displayed in the Supporting 
Information (SI) Fig. S1. Fig. S1a reveals the visible presence of a uni
form middle layer. The sandwich bonding structure at interface, with 
two crystalline layers closely adhered to a middle amorphous layer, is 
more clearly discernible in HRTEM in Fig. S1b. Finite Fourier transform 
(FFT) diffraction patterns distinctly matched the lattice features to Ag 
[110] and Si [110] facets, respectively. The SiO2 layer could originate 
from the native passivation layer on the Si surface. TEM analysis 
revealed that sintered Ag and Si remain tightly integrated even at the 
nanoscale level. Interestingly, a new contrast layer has emerged at the 
interface between SiO2 and Ag, indicating a change in the average 
atomic mass in this region. Further supported by EDS mappings, it is 
evident that within the new contrast layer, the concentration of O and Si 
elements are higher than that in the sintered Ag layer, indicating the 

Fig. 3. (a) STEM observation of the interface between Ag and Si. HAADF and EDS mapping analysis of the (b) Ag/Si interface and (c) epoxy/Si interface.  
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slight diffusion of SiO2. Additionally, an intermediate layer of SiO2 is 
also present at the epoxy/Si interface in Fig. 3c–and a subtle change in 
contrast is observed in the region of its junction with the epoxy. 
Meanwhile, the diffusion of O and Si elements toward epoxy was 
revealed by EDS mappings. 

Based on the results of TEM analysis, it appears that there might be a 
slight diffusion of SiO2 into Ag, which is attributed to the possible 
growth or rearrangement of the SiO2 passivation layer caused by the 
sintering process. This would favorably contribute to the reinforcement 
of the bonding interface. The well-integrated Ag@Si sintering network 
might be formed as follows: during the sintering process, substantial 
recovery and reshaping may take place in Ag flakes, transforming them 
from a flat sheet to a spherical morphology, as reported previously [52]. 
This leads to the exposure of multiple fresh silver surfaces. Simulta
neously, the SiO2 layer diffuses into these surfaces through slight growth 
or rearrangement, ultimately forming a sturdy bonding structure. 
Herein, being different from a simple physical mixture between 

heterogeneous substances, the Ag@Si network formed based on SiO2 
diffusion offers a mechanically stronger matrix, laying the foundation 
for achieving a robust and close CTE-matched composite joint. 

XPS studies were conducted on Si additive particles, both in their 
pristine state and after heat treatment under the same conditions as 
sintering process (i.e., 250 ◦C for 30 min in air), to confirm their surface 
condition. Fig. 4a demonstrates the survey scan spectrum of pristine Si 
particles, clearly indicating the presence of C 1s, O 1s, and Si 2p. 
Deconvolution of Si 2p spectra in Fig. 4b shows two main chemical states 
corresponding respectively to a Si at 99.31 eV and Si–O bond at 103.21 
eV. The O 1s at 532.63 eV also fitted well with the characteristic peak of 
Si–O–Si as shown in Fig. 4c. These verify the presence of SiO2 passiv
ation layer in the pristine state. Fig. 4d–f exhibits the XPS spectra 
analysis of Si particles after the heat treatment. Compared with the 
initial state, spectra are not very different, which also indicates that 
changes such as growth or rearrangement of SiO2 layer during sintering 
are relatively minor. 

Fig. 4. XPS survey scan, deconvoluted peaks of Si 2p and O 1s spectra of Si additive particles. (a–c) pristine Si; (d–f) Si particles after heat treatment.  

Fig. 5. (a) Die-shear strength of joint structures produced by sintering of Ag100%, Ag@Si10% and Ag@Si20% pastes during thermal shock cycles. (b) Strength 
retention of each joint based on ratio of actual strength to initial strength. (c) Shear strength distribution of low CTE die-attached systems prepared by compositing Ag 
with different materials. 
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4. Results: reliability evaluation 

4.1. Shear strength of Ag@Si joints 

Fig. 5a shows the die shear strength of joint structures formed by 
three sinter pastes (Ag100%, Ag@Si10%, and Ag@Si20%) during ther
mal cycling. The result showed that Si additives cause a gradual drop in 
strength at the initial state, where the as-sintered strengths for the 
Ag100%, Ag@Si10%, and Ag@Si20% joints were evaluated as 60.10, 
and 47.53, and 33.99 MPa, respectively. The initial strength reduction in 
Ag@Si joints could be attributed to the doping effect of heterogeneous Si 
element. 

Unsurprisingly, the Ag100% joint experienced a rapid bonding 
deterioration from the initial 60.10 MPa–33.21 MPa after 500 thermal 
cycles, and further decreased to 19.73 MPa after 1000 cycles. The 
Ag@Si10% joint also exhibited a similar declining trend in strength, 
retaining only 15.76 MPa of the strength after 1000 cycles. In contrast, 
despite having the lowest initial bonding strength among all structures, 
Ag@Si20% exhibited the highest bonding strength of 22.07 MPa after 
1000 cycles. These results suggest the high strength-retention capability 
of the Ag@Si20% joint, as clearly demonstrated in Fig. 5b. Ag100% and 
Ag@Si10% joint structures exhibited poor capability of retaining their 
original strength over repeated cycles, with strength-retention rates of 
only 32.82% and 33.15%, respectively, after 1000 cycles. However, the 
Ag@Si20% joint consistently showed a much higher retention rate, up to 
64.93% at 1000 cycles, which is twice that of the Ag100% joint. These 
findings indicate that the Ag100% joint suffered significant buildup of 
thermal stress, and the addition of 10% Si appeared to have no obvious 
impact on the stress buildup. The Ag@Si20% joint is clearly more 
resistant to the strength weakening induced by thermal cycling, 
implying a thermal stress-alleviated effect. 

To date, few composite die-attached systems have been developed by 
modifying Ag pastes through the incorporation of different low CTE 
elements, including Al, SiC, hBN, and diamond [37,53–55]. The chal
lenge lies in not only reducing the CTE but also preserving the me
chanical property of the die-attached structure at the meantime. Fig. 5c 
summarizes the distribution of the die-shear strength in the low-CTE 
composite sinter joints. Although the CTE of the composite sintering 
materials can be effectively modified, with values dropping to as low as 
~8 ppm/K in the Ag@Al and Ag@diamond sintered composites, the 

mechanical strength was significantly compromised. Owing to the poor 
initial strength, most studies have limited their investigation of me
chanical properties to the initial bonding stage. The Ag@diamond joint, 
with a high initial strength of 43.8 MPa, demonstrated a residual 
strength of only 3.7 MPa after 1000 thermal cycles from − 50 ◦C to 
250 ◦C, resulting in a complete detachment of the joint structure. These 
sintering composites consist of a simple physical mixed structure, which 
is mechanically unstable and fails to show any CTE-mismatch mitigation 
effects under harsh environment. Herein, the proposed Ag@Si com
posite sinter joint could simultaneously achieves low CTE and favorable 
bonding strength retention of 22.07 MPa, surpassing that of the pure Ag 
sinter joint. The substantial increase in mechanical strength is mainly 
attributed to the formation of an integrated Ag@Si sintering network, 
providing a mechanically stable bonding framework that enables stress 
relief effects. 

4.2. Microstructure-evolution analysis 

A wide range of cross-sectional observations were made on the 
overall joint structures for comprehensive evolving information. Fig. 6 
showcases the microstructure evolution of the Ag100% joint at the 
initial stage, after 500 cycles, and after 1000 cycles of thermal cycling. 
From the as-sintered state (Fig. 6a) to after 500 cycles (Fig. 6b), the 
Ag100% joined layer was significantly damaged, i.e., the formation of 
coarsened Ag particles, vertical/horizontal cracks running through the 
bonding layer. As such, the mechanical strength rapidly reduced to 
approximately 50% of its as-bonded state. After 1000 cycles, Fig. 6c 
displayed a more serious delamination phenomenon along the upper 
and bottom bonding interfaces, with a separation distance reaching 
~10 μm at both bonding interfaces. Apparent interfacial debonding 
undoubtably resulted in the further reduction of the shear strength, as 
evidenced by the finally poor strength retention rate of 32.82%. Owing 
to the EN-ELNPA protective layer, the bonding interfaces with DBC 
substrate could remain flat without any obvious deformation until 1000 
thermal cycles. Therefore, the thermomechanical stress in the Ag100% 
joint was released primarily through the propagation of large cracks, 
triggering severe debonding and greatly compromising the integrity of 
the Ag100% joint. 

Subsequently, the microstructural changes in the Ag@Si composite 
joints were also analyzed. The Ag@Si10% joint maintained better 

Fig. 6. Microstructure changes in the cross-sections of Ag100% joint structure during thermal cycling period: (a) at initial state, (b) after 500 cycles (c) after 
1000 cycles. 
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integrity as only crack growth was observed in the vertical/horizontal 
directions after 500 and 1000 thermal cycles, as depicted in Fig. 7a–c. 
The extension of long horizontal cracks explain its rapid decline in 
bonding strength. In addition, the crack reduced to approximately 5 μm 
in width, along with inhibition of the interfacial delamination as shown 
in Fig. 7d. Although the mechanical reliability of Ag@Si10% joint did 
not differ much from that of the Ag100% joint, there is a clear 
improvement in microstructural integrity, suggesting the effect of CTE 
modification on thermo-mechanical stress mitigation. However, it is 
likely due to the less amount added, the stress-alleviated effect is limited 
and cracks as wide as 5 μm can also lead to a rapid decrease in strength. 

Thus, 10% Si addition failed to show an effect on the mechanical 
reliability. 

Interestingly, the microstructure of Ag@Si20% joint almost main
tained its homogeneity and integrity throughout the thermal cycling 
process, without any typical drastic evolutions. The minor de
teriorations involved a few fine, short vertical cracks formed after 500 
cycles and additional horizontal cracks at the upper bonding interface 
after 1000 cycles, as shown in Fig. 8a–c. The satisfactory microstructure 
integrity allows the Ag@Si20% joint structure to possess the highest 
strength-retention rate among the studied three structures. A difference 
in joint thickness existed due to the manual mounting process. The 

Fig. 7. Microstructure changes of cross-sections in the Ag@Si10% joint structure during thermal cycling period: (a) at initial state, (b) after 500 cycles, (c) after 1000 
cycles. (d) The enlarged views of cracking growth after 1000 cycles. 

Fig. 8. Microstructure changes in the cross-sections of Ag@Si20% joint structure during thermal cycling period: (a) at initial state, (b) after 500 cycles (c) after 
1000 cycles. 
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thickness of most joints falls within a 50–70 μm range, considered 
reasonable and minimally impacting the thermal fatigue, provided suf
ficient test specimen are available. It is worth noting that the shear 
strength is an average value obtained from 7 samples, effectively miti
gating the impact of few exceptionally thick joints. Thereby, it is 
believed that the mechanical/microstructural evolution trends of each 
type of joint are credible to reflect their thermal fatigue behaviors. 

Fig. 9 shows a comparison of the microstructural changes between 
Ag100% and Ag@Si20% joints after 1000 thermal cycles, along with 
evolving details at various locations. As shown in Fig. 9a and b, the fa
tigue characteristics of the sintered Ag microstructure largely changed 
with the incorporation of 20% Si. In other words, not only did the 
number and size of cracks decrease but the interfacial debonding was 
also suppressed. Specifically, in the Ag100% joint, the average width of 
the vertical cracks and horizontal delamination exceeded ~10 μm, as 
shown in Fig. 9a1–a4. As reported, the presence of large voids 

(measuring ~500 nm in diameter) and Kirkendall delamination 
(measuring ~1 μm in width), would directly impact mechanical integ
rity and heat dissipation of joint structures from top to bottom [56,57]. 
Likewise, an interfacial delamination as wide as 10 μm would inevitably 
cause greater damage on the mechanical/thermal properties of Ag100% 
joint. Furthermore, these vertical cracks and horizontal delamination 
were interconnected, causing the Ag100% joined network to be 
incomplete and disconnected, thus resulting in premature detachment. 
In contrast, with the increase in Si content, the crack width was observed 
to narrow from over 10 μm in the pure Ag joint to ~5 μm in the 
Ag@Si10% joint and further to ~2 μm in the Ag@Si20% joint, as shown 
in Fig. 9b1–b4. The finer cracks were relatively independent of each 
other, allowing the Ag@Si20% joining layer to remain intact. The 
gradually strengthened microstructure strongly suggests the role of Si 
additives in alleviating stress buildup. 

Additionally, as a CTE mismatch also exists between the sintered Ag 

Fig. 9. Comparative schematic drawing of the microstructure evolution between (a) Ag100% joint and (b) Ag@Si20% joint structures after 1000 thermal cycles. (a1- 
a5) and (b1-b5) are the evolving details at multiple locations within both joint structures, respectively. 

Fig. 10. X-ray CT images of three types of die-attached structures at initial, 500 cycles and 1000 cycles: (a–c) Ag100%, (d–f) Ag@Si10%, (g–i) Ag@Si20%; (c1) and 
(i1) are the magnified details of evolution in the Ag100% and Ag@Si20% joint structures after 1000 thermal cycles. 
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and Si additives, the resulting stress may preferentially initiate the de
fects along the Ag/Si interface. Therefore, we carefully investigated the 
origin and propagation of cracks. Fig. 9b2 shows a crack originating 
from the Ag/Si interface. However, as depicted in Fig. 9b3 and 9b4, 
many cracks originated and propagated exclusively in the region of pure 
sintered Ag. Moreover, Si particles near the cracks still retained their 
bonding with the sintered Ag, indicating the mechanical stability of the 
Ag@Si composite sintering against thermal stress. Based on these ob
servations, there is no evidence to suggest that cracks preferentially 
occurred along the Ag/Si interface; instead, they tended to grow 
randomly under the driving force of thermal stress. When comparing 
Fig. 9a5 and Fig. 9b5, visible grain coarsening is found in the Ag100% 
joint, while Ag grains in the Ag@Si20% joint maintain a fine structure, 
indicating the impeding effect of Si addition for Ag thermal motions. 
Moreover, the Ag and Si particles are still well connected after 1000 
thermal cycles. 

The X-ray CT observation shown in Fig. 10 offers a nondestructive, 
full-chip scale detection of structural deterioration. As shown, the three 
as-bonded structures demonstrated few fine voids, which could be 
attributed to the incomplete evaporation of solvents during the initial 
sintering process. Although all joints achieved well-established interface 
bonding, crack growth was particularly pronounced in the Ag100% 
joint. Fig. 10a–c shows dense crack propagation after 500 thermal cy
cles, which further extended to the overflowed area around the chip 
after 1000 cycles. The dense spiderweb-like pattern of crack propagation 
is more clearly displayed in Fig. 10c1, corresponding to multiple cracks 
observed in the cross-sections. By comparison, Fig. 10d–f shows that 
after 1000 cycles, the spiderweb-like pattern of cracks in the Ag@Si10% 
joint becomes less dense, as indicated by the fewer cracks in the cross- 
sectional views in Fig. 7. In the case of the Ag@Si20% joint, the crack 
propagation in both the chip-bonding and overflow areas was visibly 
reduced, as shown in Figs. 10g–11i. Fig. 10 c1 and 10i1 evidently 
demonstrate the crack-inhibiting role of the Si additive, as only sparse 
cracks existed in the Ag@Si20% joint instead of the dense spiderweb 
pattern. Cross-validation by X-ray CT detection and SEM observations 
confirmed the efficacy of the Si additive in mitigating microstructural 
degradation of Ag sintering. 

4.3. Fracture behavior analysis 

The fracture surfaces are crucial to provide valuable information 
related to the failure mechanisms. Fig. 11 presents the fracture analyses 
for the three joint structures. In the Ag100% joint, the initial fracture 
surface exhibited an uneven texture with Ag grains piled on the metal
lized DBC substrate (Fig. 11a and a1). This result corresponds to the 
failure route along the joined layer/metallized DBC interface, as illus
trated in Fig. 11a2. After 1000 cycles, the fracture surface in Fig. 11b–b1 
still show the residue of some coarsened Ag particles. In addition, large 
cracks appeared in the EN-ELNPA metallized layer on the DBC substrate, 
which could be attributed to the occurrence of through-thickness cracks 
in the cross-section. The severe deterioration at the interface, involving 
factors, such as substrate damage and delamination, contributed to a 
continued fracture route at the joined layer/metallized DBC interface 
(Fig. 11b2). 

Fig. 11c–c2 and Fig. 11d–d2 shows that in the Ag@Si10% joint, both 
before and after thermal cycling, a fracture mode similar to that in the 
Ag100% joint is observed along the joined layer/metallized DBC inter
face. However, the unaffected and intact EN-ELNPA metallization layer 
implies stress relief (Fig. 11c1 and 11d1). Furthermore, a different 
fracture pattern was observed inside the joining layer in the Ag@Si20% 
joint structure. Fig. 11e–e2 show that the initial fracture surface exhibits 
a smooth texture and displays remnants of the Ag@Si sintered layer. The 
inner fracture mode is likely due to the increased brittleness of the 
Ag@Si20% joined materials, which is induced by the hindrance of Ag 
atom mobility due to the addition of 20% Si. After 1000 thermal cycles, 
Fig. 11f–f2 show that the remaining Ag@Si layer on the fracture surface 
visibly increased in thickness, suggesting a fracture route closer to the 
joined layer/SiC interface. This may be attributed to the extension of 
horizontal cracks at the interface with SiC, as revealed in the cross- 
section in Fig. 8c. Moreover, Fig. 11f1 shows that near the exposed 
cracks within the joined layer, Ag and Si still retain close contact, further 
confirming that not all cracks primarily originated along the Ag/Si 
interface. 

The crack origin trend in Ag@Si20% joints was also confirmed by 
evolution of fracture surfaces as shown in SI Fig. S2. After 500 cycles, 
Fig. S2a shows early crack origin within both the pure sintered Ag and 
Ag@Si areas, consistent with the cross-sectional observation (See 
Fig. 8b), wherein the crack in pure sintered Ag area appeared even much 

Fig. 11. The fracture surface morphology, magnified details and schematic plot of the joints before and after 1000 thermal cycles; (a-a2) and (b-b2) for the Ag100%; 
(c-c2) and (d-d2) for the Ag@Si10% joint; (e-e2) and (f-f2) for the Ag@Si10% joint. 
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more prominent. Moreover, in the enlarged Ag@Si areas (Figs. S2b and 
c), many sintered Ag particles remained on the Si surface even after the 
forceful die shearing, indicating the combination between Ag and Si 
should be more than the simple physical contact. After 1000 cycles, the 
crack within pure sintered Ag area evidently grew largely (Fig. S2d). 
Fig. S2e further shows that near the crack, the Si particles maintain good 
adhesion with the sintered Ag. These fracture details beneficially evi
dence the formation of mechanically stable Ag@Si composite sintered 
structure. In addition to the influence of microstructure evolution, 
different fracture behaviors suggest changes in material properties, as 
discussed in the next section. 

5. Discussion 

5.1. Material property analysis 

The results of the analysis presented in previous sections collectively 
point to a thermal stress-mitigating effect of Ag@Si sintering in terms of 
improved mechanical and microstructural stability, including shrinking 
cracks, suppressed substrate damage, and delamination. The mecha
nisms for stress mitigation are explored according to material property 
analysis (e.g., CTE and mechanical properties) and stress distribution 
simulation. 

Fig. 12a shows the schematic of the experimental setup for CTE 
characterization, wherein a disc-shaped sintering specimen with a 

thickness of 1.5 mm and a diameter of 8 mm was prepared. The mea
surements were performed from − 25 to 300 ◦C at a heating rate of 5 ◦C/ 
min. Fig. 12b plots the CTE variation trend of the three joined materials, 
namely Ag100%, Ag@Si10%, and Ag@Si20%. At lower temperatures, 
the addition of 10% Si exhibits a limited impact on CTE, while 
contributing to a reduction in CTE within the temperature range of 
150–250 ◦C. As shown, 20% Si exhibited a more pronounced doping- 
effect, resulting in a much lower CTE for Ag@Si20% sintering. More
over, the Ag100% specimen displays a reduction in CTE after 175 ◦C. 
This change might be attributed to the heat-treatment during CTE 
testing, which may serve as an additional sintering process, inducing 
slight thermal shrinkage in the Ag sinter structure. This effect would, to 
some extent, mitigate thermal expansion behavior [58]. Specifically, at 
250 ◦C, the CTE was 16.03 ppm/K of the original Ag100% specimen. 
This value changed to 15.55 ppm/K in the Ag@Si10% sintering struc
ture and significantly dropped to 11.08 ppm/K in the Ag@Si20% sin
tering structure. Hence, a much closer match was achieved in CTE of the 
Ag@Si20% joined structure, which displayed lesser differential expan
sion/contraction between components, consequently demonstrating a 
lower tensile/compressive stress theoretically. This is clearly one of the 
key factors leading to the improved reliability and overall performance 
of the Ag@Si20% joint. 

Owing to the distinct difference in the bonding properties between 
the Ag100% and Ag@Si20% joints, their tensile behaviors were inves
tigated at different temperatures. Fig. 12c shows the dumbbell-shaped 

Fig. 12. (a) Schematic plot of the CTE measurement system and the dimensional depiction of disc-shaped specimen prepared by paste sintering. (b) CTE testing of 
Ag@Si sintered materials over a temperature range of − 25 ◦C–300 ◦C. (c) Schematic diagram of the dumbbell-shaped sintering specimen for tensile testing with a 
detailed size description. (d) The micro-force testing system equipped with a flexibly controlled temperature chamber. (e) The sintered specimen fixed on the sample 
holder. Tensile stress-strain behaviors of Ag100% and Ag@Si20% sintered materials at (f) room temperature and (g) 150 ◦C. 
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specimen used for tensile testing with a detailed dimensional depiction. 
The micro-force testing system equipped with a controllable tempera
ture chamber was utilized (see Fig. 12d and e). Young’s modulus was 
calculated by dividing stress by strain, and the yield stress was deter
mined based on the 0.2% offset yield strain. Table I summarizes the 
obtained material properties including CTE, fracture strength, Young’s 
modulus, and yield strength. Fig. 12f shows that at 25 ◦C, similar 
Young’s modulus values were evaluated as 11.89 ± 0.3 and 12.36 ± 0.8 
GPa in the sintered Ag100% and Ag@Si20%, respectively. The original 
sintered Ag exhibited greater ductility with a yielding strength of 59.46 
MPa, whereas the Ag@Si20% structure displayed no well-defined 
yielding point because of rapid fracture. That is, the incorporation of 
Si did not significantly modify the sintered Ag in terms of the elastic 
property at room temperature but led to a decrease in material ductility. 
The decrease in both fracture stress and strain suggested reduced ductile 
deformation prior to failure in Ag@Si20% compared to pure Ag sinter
ing, as well as the increased brittleness. As the plastic deformation is 
obtained primarily owing to the dislocation motions and grain boundary 
sliding for metallic materials [59]. Note that the typical grain coarsening 
did not occur in the Ag@Si20% sintering during thermal cycling, as the 
presence of Si hindered atomic migration, recrystallization and grain 
boundary movements. Such hindering-effect would also work under 
applied stress during tensile test. In Ag@Si20% sintering, since most of 

sintered Ag adheres to Si, the restricted movements of grain boundary 
and dislocation render poor plastic deformation before fracture. The 
reduced plastic behaviors may then result in a fracture inside the main 
body of Ag@Si20% layer, differing from the fracture modes in other 
initial joints. 

Fig. 12g shows that at 150 ◦C, both joined materials exhibited 
reduced fracture strength and Young’s modulus, with values of 4.04 ±
0.7 and 5.88 ± 0.4 GPa for sintered Ag100% and Ag@Si20%, respec
tively, while displaying a more obvious ductile deformation. This could 
be attributed to the softening nature of the sintered Ag at elevated 
temperatures. The slight increase in Young’s modulus allows a favorable 
trend of enhanced resistance to elastic deformation under low applied 
stress. However, a more pronounced and detrimental change is observed 
under further applied stress: both yield and fracture strength of sintered 
Ag@Si20% declined obviously at 25 ◦C and 150 ◦C. This demonstrates 
that, despite a well-integrated Ag@Si20% structure, its inherent mate
rial strength still falls short of pure Ag sintering, resulting in lower 
ductility and poorer fatigue resistance under the same stress levels. 
However, a clear increase in thermal fatigue resistance was achieved in 
the Ag@Si20% joint, indicative of the mitigated thermal stress by closer- 
matched CTE effect. The modifying effect on thermal stress is further 
analyzed by FEM simulation in the following section. 

5.2. Stress-simulation analysis 

The FEM simulation was used to study the impact of Si additive on 
the Mises stress distribution within joint structures. The Mises stress, 
which represents the cumulative effect of tensile, compressive, and 
shear stresses caused by temperature changes, is a valuable parameter 
for analyzing fatigue and failures in Ag@Si joints. As the stress distri
bution tends to stabilize with thermal cycles, the simulation environ
ment was established after five cycles of thermal cycling (− 50–250 ◦C, 
see Fig. 13a), The detailed modeling of Ag@Si10% and Ag@Si20% 
joined layers is shown in Fig. 13b. To better reflect the Ag@Si network, 
the shapes and distribution of Si particles within the joined layers were 
determined based on the actual SEM cross-section images (refer to 
Figs. 7a and 8a). 

Fig. 14a shows the FEM modeling corresponding to the SiC/DBC die- 
attached structures. The inset shows the simulation analysis of the joint 

Table 1 
The comparison in material properties between Ag100% and Ag@Si20% sin
tered materials.  

Temperature Material Thermal 
expansion 
coefficient 
(ppm/◦C) 

Fracture 
strength 
(MPa) 

Young’s 
Modulus 
(GPa) 

Yielding 
strength 
(MPa) 

25 (◦C) Ag100% 17.87 97.46 ±
2.0 

11.69 ±
0.3 

59.46 ±
2.8 

Ag@Si20% 12.66 76.31 ±
8.3 

12.66 ±
0.8 

– 

150 (◦C) Ag100% 19.84 80.88 ±
7.0 

4.04 ±
1.7 

44.47 ±
3.3 

Ag@Si20% 12.61 69.02 ±
2.1 

5.88 ±
0.4 

34.38 ±
1.2  

Fig. 13. (a) The FEM simulation condition was under thermal cycling from − 50 ◦C to 250 ◦C for 5 cycles. (b) The FE modeling of Ag@Si joint structures with 
magnified Ag@Si10% and Ag@Si20% joined layer. Inset: The distribution and shape of Si additive particles within Ag@Si layers in the model were established based 
on actual SEM observation. 
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edge region, as stresses are easily accumulated at the edge of a module 
structure. In particular, the Mises-stress simulation for the Ag@Si sinter 
structures was performed from two perspectives to provide compre
hensive information, i.e., considering Ag@Si as both a heterogeneous 
and homogeneous material. In the case of heterogeneous material, the 
properties of Ag and Si were separately integrated into the FEM, wherein 
the Ag characteristics was determined according to the above- 
mentioned thermal and tensile analyses of Ag100% sintered material. 
In terms of Ag@Si as a homogeneous material, as-obtained tensile 
properties and CTE of Ag@Si sinter pastes were utilized as composite 
parameters and applied in the FEM modeling. The properties of the other 
components are listed in Table II. Among these, the sintered Ag-based 
pastes, Ni, and Cu were assumed as elasto-plastic materials. 

First, in the case of the heterogeneous Ag@Si material, Fig. 14b 
highlights the Mises-stress distribution in the Ag100% and Ag@Si joined 
layers, with Ag@Si20% used as the representative case. The distribution 
of nonuniform stress was observed in the Ag100% layer, wherein the 
stress was highly concentrated at the joint edge area. While the edge- 
concentrated stress was effectively alleviated in the Ag@Si20% joined 

layer; however, numerous high-stress points were dispersed along the 
bonding layer. When decomposing the stress distribution map of 
Ag@Si20% layer according to the element, as shown in the magnified 
view, the stress concentration points were observed to primarily origi
nate from the Ag/Si interfaces; this could be attributed to the stress 
caused by the Ag/Si–CTE mismatch. As shown in Fig. 14c, the node 
stress intensity plotting further corroborates the different stress distri
bution trends caused by the addition of Si. Although all the three joints 
show a similar maximum stress of ~90 MPa, compared to the dense 
high-stress nodes at edge in the Ag100% joint, the high-stress nodes are 
evenly distributed across the Ag@Si joined layers. In this aspect, while 
the strength of stress was not decreased, the stress distribution within 
the Ag@Si bonding layer has been uniformized. The achievement of 
uniform stress distribution in pure sinter Ag joints is of great importance 
as well, as edge-concentrated stress is highly prone to crack initiation 
and even the warping of the joint structure [60–62]. The uniform stress 
distribution allows for elevated joint structure stability, as evidenced by 
shrinking cracks in the Ag@Si10% joint and the elevated mechanical/
structural reliability in the Ag@Si20% joint. 

Furthermore, the Mises-stress distribution and corresponding node 
stress intensity of the homogeneous Ag@Si material are displayed in 
Fig. 15. In this case, the three joints show a consistent trend of edge- 
concentrated stress distribution (See Fig. 15a-c), but there is a notice
able reduction in stress intensity. Fig. 15d shows that most high-stress 
nodes lie in the intensity level range of 40–60 MPa in the Ag100% 
joint, with a maximum stress of up to 92 MPa. The addition of 10% Si 
results in almost no change in stress intensity, while the inclusion of 20% 
Si demonstrated a decrease in the maximum node stress to 75 MPa, as 
shown in Fig. 15e and f. By utilizing the Ag@Si20% joined material with 
reduced CTE to 11.08 ppm/K, we demonstrated that the closer CTE- 

Fig. 14. (a) The Finite-element model corresponding to the die-attached structure consisting of SiC chip, Ag sinter-based paste and EN-ELNPA metallized DBC 
substrate. (b) In the case of Ag@Si treated as a heterogeneous material, Mises stress distribution in Ag100% and Ag@Si20% joined layers after thermal cycling test. 
(c) The corresponding stress intensity across nodes within the Ag100%, Ag@Si10% and Ag@Si20% joint structures. 

Table 2 
The material properties incorporated into the FEM analysis.  

PROPERTIES SiC Si Ni Cu Si3N4 

Young’s modulus (GPa) 430.00 112.40 163.00 110.00 290.00 
Poisson’s ratio 0.16 0.28 0.32 0.34 0.27 
CTE (ppm/◦C) 4.40 3.60 12.49 16.50 2.90 
Stress- 

Plastic 
strain 

Yielding 
stress 

/ / 59.00 33.30 / 

Hardness 
modulus 

/ / 16300.00 883.50 /  
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matched joint structure experienced less stress build-up and conse
quently elevated the bonding stability/reliability during thermal 
cycling. Therefore, from both viewpoints, the Si addition can either 
favorably even or minimize the Mises stress of the sintered Ag joint 
structure. 

6. Conclusions 

This study has successfully sintered micron Ag and Si particles into 
an integrated network under the low-temperature and pressure-less 
conditions. The well-bonded Ag@Si sinter matrix allows for inherently 
good material strength, resulting in high mechanical/microstructural 
reliability of the die-attached structure under harsh thermal cycles. This 
is essential for applications, such as electronic components and auto
motive parts, wherein a consistent performance is required. This novel 
Ag@Si joined material, with its good cost-effectiveness and superior 
reliability to that of pure sintered Ag joints, holds significant promise for 
large-scale, high-power module joining applications. 

The key findings of this study are as follows. 

(1) With an increase in the Si additive amount, a noticeable inhibi
tory effect was exhibited on the deterioration of Ag sintered joint 
during the thermal cycling. That is, the average crack width was 
obviously narrowed, and the substrate cracking and interface 
delamination were completely suppressed.  

(2) These microstructural improvements ultimately endow the 
Ag@Si20% joint with much higher mechanical reliability, 
exhibiting a shear-strength-retention rate twice that of a pure Ag 
joint.  

(3) The effectiveness of mitigated thermo-mechanical stress was 
collectively demonstrated through CTE measurement, tensile 
testing, and FEM simulations. In particular, the FEM results 
showed that Si addition actively adjusted the thermal stress to be 
uniform or reduced within the module. These factors together 
contribute to the enhancement of material resistance to thermal 
cycling stress. 
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