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ABSTRACT

This study introduces a novel rapid die attach and large-area substrate bonding technology based on an
Ag porous sheet with ultra-fine grain structure and surface-driven stress. The Ag porous sheet is fabri-
cated using Ag particles with a high dislocation density, processed via a hot-pressing method without the
addition of any organic solvents. The high dislocation density of the Ag particles promotes neck growth
during the fabrication of the Ag porous sheet. Additionally, surface polishing alters the grain structure to
ultra-fine grains, which generates surface-driven stress. A shear strength of 82.1 MPa was achieved for
the SiC dummy chip/Cu substrate joint using this Ag porous sheet, with a bonding time of only 1 min
at 250 °C. Furthermore, large-area (30 mm x 30 mm) Cu die-to-Cu substrate bonding was successfully
achieved using the Ag porous sheet, with a short heating time of 3 min at 250 °C. The bonding inter-
face exhibited a bonding ratio of over 85 % for the large-area bonding. The rapid bonding mechanism
was discussed and analyzed based on the surface stress and grain structure of the Ag porous sheet, val-
idated through electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM), and
finite element analysis (FEA). The use of this Ag porous sheet offers a highly efficient process with sig-
nificant potential for a wide range of SiC power device applications in high-temperature and high-power

electronics.

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

With the rapid development of microelectronics to meet the in-
creasing demand for wide-bandgap (WBG) semiconductors requir-
ing efficient heat dissipation and package performance, emphasis
has been placed on the heat dissipation and reliability of chip-level
packages [1-3]. WBG semiconductors can operate at considerably
higher temperatures (> 250 °C) compared to conventional Si-based
power devices (< 150 °C) [4]. To manage the high-temperature op-
eration of SiC power devices, Ag sinter joining has emerged as a
die attach material to Direct Bonded Copper (DBC) substrates, ca-
pable of withstanding harsh conditions, including temperatures ex-
ceeding 250 °C [5,6]. Ag paste sinter joining, using Ag nanoparti-
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cles (Ag nano-paste), has been developed for SiC power modules
and demonstrates superior electrical and thermal conductivity af-
ter sintering [7-9]. The thermal conductivity can exceed 300 W/(m
K), depending on the porosity of the sintered Ag [10-12]. Com-
pared to traditional solder paste, Ag sinter paste also exhibits
better initial bonding strength and higher temperature reliability
[13-16].

Recently, to reduce the high material cost of Ag nanoparticles,
Ag micro-sized particle paste (Ag micro-paste) or hybrid parti-
cle paste has been developed and demonstrated excellent thermal
stability and thermal shock resistance properties [17-19]. How-
ever, both Ag nano-paste and Ag micro-paste still require organic
solvents and a complex printing process. Additionally, Ag paste
sinter joining is influenced by the solvent used and its evapo-
ration, which usually takes >30 min for pressure-less sintering
[20,21]. Although a preheating process for Ag paste promotes sol-
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vent volatilization at low temperatures and shortens the sintering
time, further organic solvent evaporation still requires a tempera-
ture exceeding the threshold for Ag particle necking growth, lead-
ing to prolonged sintering times [22,23]. To meet industrial de-
mands and save time and cost, developing rapid bonding technolo-
gies that, like solder reflow, can be completed in just a few min-
utes is necessary [24-27].

Beyond die attach bonding, heat dissipation performance can be
further enhanced by bonding the DBC substrate to an aluminum
(Al) or copper (Cu) heatsink using high-thermal-conductivity ma-
terials. Current bonding techniques, including Pb-free solder, tran-
sient liquid phase (TLP) bonding, and thermal interface mate-
rial (TIM) grease, exhibit high thermal resistance and compro-
mise both heat dissipation and structural reliability [28]. SiC power
modules utilizing Ag paste sinter joining for both die attach and
substrate-heatsink bonding demonstrate remarkable heat dissipa-
tion, achieving 1.8 times lower thermal resistance than conven-
tional solder and grease joint structures [29]. Although Ag paste
sintering has been explored for both die attach and DBC-to-
heatsink bonding, the process often involves multiple steps and
prolonged sintering durations, especially for large-area bonding
(e.g., 30 mm x 30 mm). Such processes risk incomplete sol-
vent evaporation, resulting in interfacial voids, reduced bonding
strength, and poor thermal dissipation [30].

On the other hand, solid-state bonding, which relies on atomic
diffusion at temperatures around half the absolute melting point,
has recently gained attention as an alternative to paste-based
bonding [31-33]. Pure Ag sheets [34,35] and porous Ag sheets
[36,37] have shown potential for low-temperature bonding (<
300 °C) without requiring organic solvents. In SiC packaging pro-
cesses, solid-state bonding does not require complex printing pro-
cesses like Ag paste sinter joining, improving packaging efficiency
and reducing costs. Compared to bulk Ag sheet bonding, Ag porous
sheet bonding can relieve interface stress with SiC, improving
the reliability of SiC power devices in harsh environments. How-
ever, there are few reports on the simple preparation of uniform
Ag porous sheets, especially large-area Ag porous sheets [38,39].
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Furthermore, current solid-state bonding techniques still require
high temperature and pressure over long durations (greater than
1 h) to achieve uniform bonding and interface diffusion [34-37].
Particularly for large-area solid-state bonding with pure metal, sig-
nificant diffusion at the bonding interface requires extended pro-
cessing times. Moreover, achieving a high interface bonding ratio
remains a challenge, resulting in low initial bonding strength and
poor interface reliability during high-temperature applications [38-
40). Developing a rapid solid-state bonding method with high ther-
mal conductivity, short bonding times, and high bonding reliability
remains a significant challenge, particularly for industrial-scale ap-
plications in SiC power modules.

This study proposes a novel approach to fabricating Ag porous
sheets through hot-pressing of micro-sized Ag particles without
organic solvents. By leveraging the high dislocation density and
grain boundaries induced by ball milling, the resulting Ag porous
sheets achieve rapid microstructural necking growth and high-
density formation. A rapid solid-state bonding process based on
these porous sheets is introduced, utilizing surface stress accumu-
lation to enhance bonding efficiency. This method is evaluated for
die attach bonding and large-area substrate-to-heatsink bonding
(30 mm x 30 mm) under various conditions, including heating
times (1-5 min) and temperatures (200-300 °C). Interface bond-
ing quality, bonding strength, and the bonding mechanism are an-
alyzed using SEM, XRD, TEM, EBSD, and 3D-finite element analysis
(FEA). The proposed technique aims to address key limitations of
existing methods, providing a scalable, cost-effective solution for
high-performance SiC power module packaging.

2. Methodology
2.1. Ag porous sheet fabrication

In this study, Ag micron-sized flake particles with a median
diameter range of 2.0-3.4 nm were utilized as the raw material.

These particles were prepared through ball milling, which employs
high-speed ball impact, as illustrated in Fig. 1(a). TEM observa-
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Fig. 1. (a) Micron-sized Ag flake particles with a ball milling process, (b) the TEM image of Ag flake particles, (c) the twin grain boundaries, (d) the dislocation in the Ag
flake particle, (e) the image of hot pressure for the Ag flake particles, (f) the Ag porous sheet fabrication, (g) the surface polishing of Ag porous sheet, (h) SiC die bonding by

Ag porous sheet, (i) large-area Cu substrate bonding by Ag porous sheet.
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tions revealed the presence of numerous grain boundaries and dis-
locations within the Ag flake particles, as shown in Fig. 1(b-d). In
our previous studies, it was suggested that grain boundaries act
as sources for dislocation generation, while dislocations contribute
to the low-temperature deformation of nanocrystalline materials
[41,42]. Thus, the high density of grain boundaries and dislocations
in the initial Ag flake particles likely facilitates grain structure de-
formation and residual strain development.

The preparation of large-area (30 mm x 30 mm) Ag porous
sheets using these Ag micron-sized flake particles is schematically
illustrated in Fig. 1(e). The Ag particles were placed into a square
groove with a depth of 200 um and subjected to a pressure of
20 MPa using a hot press at 300 °C for 3 min. During this process,
the Ag particles underwent necking, forming a porous Ag sheet
with dimensions of 30 mm x 30 mm and a thickness of approxi-
mately 100 pm.

Afterward, the Ag sheet was fixed onto a flat substrate using
wax, and its surface was polished under pressure using an auto-
mated mechanical polisher. Initial polishing was performed with
1500- and 2000-grit SiC papers to achieve a nearly uniform sur-
face on both sides. Subsequently, fine polishing was carried out
using 4000-grit SiC papers to obtain the desired grain structure.
The Ag sheet was then removed by heating, and the waxy residue
was cleaned using acetone. An automated polishing process was
employed to precisely control the sample thickness, reducing it
to a consistent value of approximately 50 pm, as schematically
illustrated in Fig. 1(g). The average surface roughness decreased
from 228 nm before polishing to 40 nm after polishing. Follow-
ing polishing, the microstructure of the Ag porous sheet exhibited
an ultra-fine grain layer on the surface. This refined surface mi-
crostructure, which aids in achieving rapid interface bonding, will
be further discussed in subsequent sections.

2.2. Die bonding and large-area substrate bonding

The dummy chips were composed of SiC with an area of 3
mmx 3 mm and a thickness of 0.4 mm. Cu substrates with dimen-
sions of 10 mmx 10 mm and a thickness of 1 mm were also pre-
pared. Both the SiC dummy chips and Cu substrates were coated
with Ti/Ag layers (200 nm/1 pm) using a sputtering device (QAM-
4C-SL). The Ag layer was applied to enhance interfacial bonding
properties and prevent Cu diffusion. A schematic representation of
the bonding structure between the SiC chip and Cu substrate, using
an Ag porous sheet with a polished surface, is shown in Fig. 1(h).
For this bonding process, the Ag porous sheet was cut to dimen-
sions of 4 mm x 4 mm. Bonding was performed at different tem-
peratures (200, 250, and 300 °C) and durations (1, 3, and 5 min)
under a pressure of 20 MPa in air.

For large-area substrate bonding, bare Cu substrates with di-
mensions of 50 mm x 50 mm x 0.8 mm (length, width, and thick-
ness) and Cu chips with dimensions of 30 mm x 30 mm x 0.8 mm
were prepared. The Cu chips underwent a pretreatment cleaning
process. Both bonding surfaces of the Cu chips and Cu substrates
were sputtered with Ti/Ag layers (200 nm/1 pm) using the same
sputtering device. A schematic diagram of the large-area bonding
process using the Ag porous sheet is presented in Fig. 1(i). The Ag
porous sheet was placed between the Cu chip and the Cu substrate,
and the assembly was sintered at 250 °C for 3 min under a pres-
sure of 20 MPa in air.

2.3. Characterization

The shear strength of the die-attached structure was mea-
sured using a shear test conducted with a die shear tester (DAGE,
XD-7500) at a shear rate of 50 pm/s. The microstructure of the
Ag porous sheet under different bonding temperatures and times
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was initially mechanically polished and subsequently fine-polished
using an ion milling process (IM 4000, HITACHI). The surface
morphologies, components, and structures of the sintered joint
cross-section were observed using field-emission scanning elec-
tron microscopy (FE-SEM, Hitachi SU8020) equipped with energy-
dispersive spectroscopy (EDS). Scanning acoustic tomography (SAT)
was employed to examine the chip joint structure and large-area
substrate joint structure under various bonding conditions. This
analysis aimed to assess the interface bonding rate and the state
of interface voids. To elucidate the solid-state bonding mecha-
nism, the surface residual stress of the Ag porous sheet was mea-
sured before and after polishing, as well as before and after heat-
ing at different temperatures, using an X-ray residual stress mea-
surement system (p-X360 Ver. 3240). In this study, the cos-alpha
(cos ) method evaluates residual stress by analyzing the distor-
tion of Debye-Scherrer rings captured by a two-dimensional X-
ray detector, with further confirmation provided by 3D finite el-
ement simulations. The crystallographic characteristics of the Ag
porous sheet and bonding interface were quantitatively analyzed
through electron backscatter diffraction (EBSD, Velocity Super,
EDAX, USA). Additionally, the bonded interface between the SiC
and Ag porous sheet at various bonding temperatures was investi-
gated using transmission electron microscopy (TEM, JEM-ARM200F,
JEOL).

3. Results and discussion
3.1. Ag porous sheet

Fig. 2(a) shows a photograph of the Ag porous sheet after sur-
face polishing. No cracks or defects were observed on the surface,
indicating that the Ag porous sheet can be fabricated with good
uniformity over a large area. A magnified view of the surface is
shown in Fig. 2(b), where fine Ag grains can be clearly observed.
The grain structure of the polished surface was analyzed using
EBSD, and the Inverse Pole Figure (IPF) image in Fig. 2(c) reveals
that the grain orientation was random, with an average grain size
of approximately 0.3 pm.

Fig. 2(d) depicts the cross-section of initial Ag particles be-
fore hot-pressing, and Fig. 2(e) shows the cross-section of the Ag
porous sheet after the hot-pressing process, with the top surface
polished. The Ag porous sheet formed by hot pressing, featur-
ing both nano- and micro-pores. The porosity of the Ag porous
sheet was approximately 12.2 %. Based on the relationship between
porosity and thermal conductivity of porous Ag [43], the thermal
conductivity of this sheet is estimated to be around 300 W/(m k).
The microstructure, including the induced porosity and pore size,
can be easily adjusted by modifying the temperature, time, and
pressure during the hot-pressing process (see Fig. S1 in Support-
ing Information).

The top surface of the polished layer, shown in Fig. 2(f), ex-
hibited a denser structure where the porosity decreased to about
3.7 %, approaching a bulk-like structure with a thickness of approx-
imately 2 pm. This densification is likely due to the deformation
of the Ag porous material during mechanical polishing, as large
plastic deformation led to the observed reduction in porosity. Fur-
thermore, it was evident that surface polishing reduced the grain
size, forming an ultra-fine grain structure on the surface of the Ag
porous sheet, where Ag resembles polycrystalline porous materials,
as shown in Fig. 2(g, h).

3.2. SiC/Cu die-attached structure
To investigate the effects of bonding conditions on the struc-

ture and interface bonding, the evolution of the joint under differ-
ent times and temperatures was observed. Cross-sectional images
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Fig. 2. (a) The photo of large area Ag porous sheet, (b) the SEM image of Ag porous sheet after polishing, (c) the grain structure of Ag porous sheet surface by EBSD analysis,
(d) the cross section of Ag micro flake particle, (e) the cross section of Ag porous sheet, (f) the magnified view of Ag porous sheet at the polished surface, (g) the EBSD grain
structure after surface polishing, (h) the magnified view of grains at the surface polished part.

of the Ag porous sheet SiC/Cu joints bonded for a short time of
1 min at 200, 250, and 300 °C are shown in Fig. 3. At 200 °C,
the Ag porous sheet joints exhibited rapid bonding evolution, as
shown in Fig. 3(a). While a rapid interface bonding process was
achieved, some voids and cracks were observed at both the bonded
interfaces with the SiC and Cu substrate, as illustrated in Fig. 3(b,
c). At a heating temperature of 250 °C (Fig. 3(d)), some interface
voids were still present at the bonded interface between the Ag
porous sheet and SiC (Fig. 3(e)); however, no significant interface
cracks were evident along the bonded line. Furthermore, the in-
terface between the Ag porous sheet and Cu substrate exhibited
good bonding quality, with no cracks or obvious voids, as shown
in Fig. 3(f). The increase in temperature enhanced the interfacial
bonding within the same bonding time. The longer bonding time
can also improve the interfacial bonding at 250 °C (Fig. S2).

When the heating temperature was increased to 300 °C, as
shown in Fig. 3(g), significant grain growth occurred between
neighboring particles, leading to the formation of localized dense
areas and robust interface bonding. The bonded interfaces between
the Ag porous sheet and SiC, as well as between the Ag porous
sheet and Cu substrate, are shown in Fig. 3(h) and Fig. 3(i), respec-
tively. These interfaces became indistinguishable, indicating a high
bonding strength. The microstructure at the interface was seam-
lessly connected to the Cu substrate without the generation of
voids or cracks.

The bonded interface between the SiC and Ag porous sheet
was examined using EBSD to analyze the grain structure of the
Ag porous sheet and its influence on interfacial bonding behav-
ior under different bonding conditions. Fig. 4(a, c, e, g) shows the
EBSD analysis results for the high-magnification bonded interface
between the SiC and Ag porous sheet under bonding conditions
of 200 °C for 1 min, 250 °C for 1 min, 250 °C for 3 min, and
300 °C for 1 min, respectively. Corresponding inverse pole figure
(IPF) maps of these regions are shown in Fig. 4(b, d, f, h), where ar-
eas with high-angle grain boundaries (HAGBs) and low-angle grain
boundaries (LAGBs) are identified. The EBSD analysis results for the
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Ag porous sheet under different bonding conditions can be found
in Fig. S3.

The EBSD results indicate that the grain orientation of the Ag
porous sheet was randomly distributed, irrespective of bonding
temperature or time. Additionally, the Ag sputtered layer exhibited
a nano-twinned grain structure, with crystal grains growing in a
columnar shape. In the cross-sectional direction, most grains were
oriented in the [110] direction. Nano-twinned and columnar grain
structures contribute to interfacial bonding under low-temperature
and low-pressure conditions [44-47], and their formation is influ-
enced by the Ag sputtering machine settings [47]. In this study,
the Ag sputtering was performed using a direct current (DC) mode
sputtering system with a deposition rate of 30 nm/min. The base
pressure of the sputtering vacuum chamber was maintained at
5.0 x 1072 Pa. Meanwhile, an ultra-fine grain layer structure was
observed in the Ag porous sheet near the bonding line, which was
denser than the grain structure farther from the bonding line for
all the sintering conditions. This dense and fine-grained structure
corresponds to the polished surface layer.

Under bonding conditions of 200 °C for 1 min, as shown in
Fig. 4(a), a large gap is observed between the Ag sputtered layer
and the Ag porous sheet, indicating insufficient interface diffusion.
When the bonding temperature is increased to 250 °C for 1 min,
interface bonding improves, although voids remain in some loca-
tions. With an extended bonding time of 3 min or an increased
temperature of 300 °C, most grain particles join on the nanome-
ter scale on both sides of the interface, as shown in Fig. 4(e, g),
respectively.

These results demonstrate that pure metal Ag interfaces can
achieve bonding in a very short time and at low temperatures.
The physical mechanism of this interfacial bonding should be af-
fected by the fine-grain layer that enhances interfacial diffusion
[48,49], which will be discussed in detail later. From the IPF maps,
large grains in the Ag porous sheet, far from the bonding line, of-
ten exhibit low-angle grain boundaries (LAGBs), as seen in Fig. 4(b,
d). These large grains may have formed during the manufacturing
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Fig. 3. Ag porous sheet joints obtained with a short bonding time of 1 min at (a) 200 °C, (d) 250 °C, and (g) 300 °C, the bonded interface between SiC chip and Ag porous
sheet at (b) 200 °C, (e) 250 °C, and (h) 300 °C, the bonded interface between Ag porous sheet and Cu substrate at (c) 200 °C, (f) 250 °C, and (i) 300 °C.
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Fig. 4. (3, c, e, g) EBSD analysis results of the high magnified bonded interface between SiC and Ag porous sheet at the bonding condition of 200 °C for 1 min, 250 °C for
1 min, 250 °C for 3 min and 300 °C for 1 min, respectively; (b, d, f, h) the inverse pole figure (IPF) maps corresponding to the same location shown in (a, c, e, g), respectively.
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Fig. 5. (a) The interface bonding ratio between SiC and Ag porous sheet at the different bonding time and temperature, (b) the shear strength of joint structure at different
sintering condition, fracture surfaces of Ag porous joints fabricated at 250 °C at bonding time of (c) 1, (d) 3, and (e) 5 min, respectively.

process of the Ag porous sheet, where the Ag flake particles un-
dergo relatively rapid necking. In contrast, near the bonding line,
high-angle grain boundaries (HAGBs) dominate. The presence of a
polished layer near the bonding line suggests that the HAGBs are
caused by significant plastic deformation during the polishing pro-
cess.

The interface bonding ratio between the SiC and Ag porous
sheet at different bonding times (1, 3, and 5 min) and tempera-
tures (200, 250, and 300 °C) was investigated to understand the
relationship between interface behaviors and bonding conditions.
The interface bonding ratio represents the degree of connection at
the interface between the Ag sputtering layer and the Ag porous
sheet and is calculated using the following equation [50,51] based
on SEM images:

§ = P lconnected (1)

ltotal
where § is the bonding ratio, I, length of the interface, and
Zlconnected 15 the total length of bonded locations between the in-
terface.

In this study, SAT images of the joint structure under various
bonding conditions were also referenced (Fig. S4). At 200 °C for
1 min, the interface bonding ratio reached 55.6 %, as shown in
Fig. 5(a). When bonding times were extended to 3 min and 5 min
at the same temperature, the interface bonding ratios increased to
64.3 % and 68.7 %, respectively. At 250 °C, the interface bonding
ratio improved significantly, reaching 75.6 %, 84.1 %, and 89.3 % for
bonding times of 1, 3, and 5 min, respectively. These values are
higher than those achieved using Ag sinter paste on Ag metalliza-
tion and Au substrates [50-52]. Additionally, the interface bonding
ratio exceeded 90 % at a bonding temperature of 300 °C, which
is markedly different from solder joints. In solder joints, the inter-
face typically exhibits numerous Kirkendall voids during the reflow
process [53,54].

The shear strength of the joint structure comprising SiC/Ag
porous sheet/Cu substrate at different bonding temperatures and
times is shown in Fig. 5(b). When bonding was performed at
200 °C for 1 min, the shear strength reached 39.7 MPa. The shear
strength of the Ag porous sheet joint increased as the bond-
ing temperature rose from 200 to 250 °C, which correlates with

251

the interface bonding rate. At 250 °C, the joint strength achieved
79.8 MPa after a short bonding time of 1 min. Such a short pro-
cessing time is advantageous for enhancing chip packaging effi-
ciency.

Furthermore, extending the bonding time to 3 min at 250 °C
significantly increased the shear strength to 87.4 MPa, a value no-
tably higher than those reported for Ag sinter paste under slower
sintering conditions [19,22,55-58]. The fracture surfaces of Ag
porous joints bonded at 250 °C for 1, 3, and 5 min are shown in
Fig. 5(c-e), respectively. Clear tensile deformation was observed in
all joints. Notably, for the joint bonded for 5 min, the fracture sur-
face exhibited a typical honeycomb-like plastic deformation pat-
tern, indicating an elongation-to-failure process during fracture.
These results demonstrate the high bonding capability of the Ag
porous sheet, even with a short heating time of 1 min. Addition-
ally, the fractures occurred within the Ag porous sheet layers, sug-
gesting that the weakest region of the joint was the Ag porous
sheet itself rather than the bonded interfaces.

3.3. Interface bonding mechanisms analysis

The interface bonding mechanism was analyzed and studied,
and it was believed that the reason for the rapid interface bond-
ing is affected by three factors: first, the nano-twinned and colum-
nar crystal structure of the Ag sputtering layer; second, the surface
ultra-fine grain structure of the Ag porous sheet; third, the surface
stress caused by plastic deformation and grain structure changes.
For the first factor, metal nano-twinned structures, such as those in
Cu and Ag, have emerged as a promising method for electronic in-
terconnections to improve the performance and durability of elec-
tronic devices [59-62]. The influence of the twin and columnar
crystal structure of the Ag sputtering layer on low-temperature in-
terface bonding has been confirmed in many studies [62-64].

On the other hand, in the process of solid low-temperature
bonding for pure metals without intermetallic compound (IMC)
growth, the most important parameter is the interface diffusion
rate. The interface diffusion rate is mainly affected by the activa-
tion energy acting on the interface, which depends on external and
internal parameters [65,66]. The external parameters, such as pres-
sure, bonding temperature, and time applied to the interface, can
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Fig. 6. (a-c) The SEM image, GB image and IPF image of the polished surface of Ag porous sheet after heating at 200 °C for 1 min, (d-f) after heating at 250 °C for 1 min,

and (g-i) after heating at 300 °C for 1 min.

be varied during the bonding process. The diffusion coefficient (D)
can be expressed as a function of the bonding temperature using
the following equation [67,68]:

D = Dgexp(#) (2)

where Dy is the frequency pre-exponential, Q is the activation en-
ergy, R is the Boltzmann constant, and ¢ is the temperature. There-
fore, the higher temperature increases the interface diffusion, re-
sulting in a good interface bonding rate and shear strength.

Internal parameters include the properties of the metal at the
interface, grain size, grain boundary (GB) structure, and surface
states such as plastic deformation and creep. According to the re-
sults of EBSD, the average grain size after polishing is 0.35 times
that before surface polishing. Because there is an inverse relation-
ship between the size of crystal particles and the density of GBs
in the same volume, smaller grain sizes correspond to higher GB
densities. In previous studies, it has been confirmed that temper-
ature affects the growth rate mainly through the grain boundary
mobility m(T), which can be written as in Eq. (3) [69,70].

Qmig
KgT

where my is a constant and Qpg is an effective activation energy
for boundary migration [71]. The value of Qu;g is usually found to
be close to the grain boundary diffusion activation energy for grain
growth in polycrystals. Therefore, in this study, the surface polish-
ing of the Ag sheet surface leads to smaller grains and increased
GB density, which in turn increases the interfacial diffusion.

On the other hand, the surface undergoes significant plastic de-
formation during the polishing process, corresponding to surface
severe plastic deformation (SPD) mechanisms [72-75], where grain
size changes through the sample depth, and gradient microstruc-
tures can, in some cases, be a superposition of different gradients.
Significant plastic deformation leads to substantial residual stress

mop

m(T) = 2 exp (- 3)
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accumulating on the surface. In previous studies, it was found that
the stress on the Ag surface coated on Si would be released during
the heating process, resulting in abnormal grain growth and even-
tually leading to hillock formation on the surface [43,44]. Abnor-
mal grain growth has also been observed on cold-rolled Ag sheets
and nano-gradient structures on Ag-plated substrates during heat-
ing [76,77]. This stress-driven abnormal grain growth accelerates
bonding and diffusion between interfaces.

In this study, the Ag porous sheet after surface polishing was
heated at 200, 250, and 300 °C for 1 min, and hillocks were in-
deed observed, as shown in Fig. 6(a), (d), and (g), respectively. At
200 °C, the average diameter of these hillocks was several hundred
nanometers, increasing to over 1 pm at 300 °C. This confirmed that
surface polishing induces residual stress, potentially contributing
to rapid interface bonding. The grain structures of the surface after
heating at 200, 250, and 300 °C are shown in Fig. 6(b, e, h), respec-
tively. Notably, hillocks exhibit larger grain sizes compared with
other Ag grains, indicating the presence of single or twin grain
structures, as confirmed by the inverse pole figure (IPF) obtained
through EBSD analysis. For the twin grain structures, hillocks dis-
play a LAGB structure, as shown in Fig. 6(c, f, i).

In addition, the surface residual stress of the Ag porous sheet
before and after polishing was measured as shown in Fig. 7(a).
The samples were prepared using the same hot-press process in-
troduced in Section 2.1. Residual Stress of the Ag sheet surface be-
fore and after heating was measured by X-ray diffraction with the
Cos-Alpha Method [78]. The measured Debye ring and the mea-
surement conditions—including X-ray tube current (1.50 mA), tube
voltage (30.00 kV), sample-to-detector distance (51.00 mm), X-ray
incidence angle (35.0°), and X-ray wavelength (Ko, 2.229 A, Cr)—
were established for the analysis. Information on the test samples,
the Debye ring for the sample before polishing, and the measure-
ment conditions can be found in the Supporting Information (Fig.
S5). In addition, the raw diffraction data (26 shifts along «) are fit-
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Fig. 7. (a) The sample for surface stress measurement, (b) the measured surface stress before and after surface polishing, and after heating with different time, (c) the
3D finite element simulation model for the surface polishing Ag porous sheet, (d) the Mises stress distribution on the surface polished Ag porous sheet at the heating

temperature of 250 °C, and (e) Mises stress distribution on Ag porous sheet.

ted to determine the strain distribution. The strain is converted to
stress using Hooke’s law:

E
=17 (4)

where E is Young’s modulus, and v is Poisson’s ratio, € is the strain.
The value of E is 32 GPa and v is 0.37 in this study [79].

No residual stress was detected before surface polishing. After
surface polishing, residual compressive stress of —21.3 MPa was
detected. This compressive stress acted as the driving force for ab-
normal grain growth. When the surface-polished Ag porous sheet
was heated at 250 °C for 1, 3, and 5 min, the stress was released
to —18.1, —7.49, and —5.12 MPa, respectively, as shown in Fig. 7(b).
This indicates that as the heating time increases, the surface stress
decreases progressively, and the released stress is converted into
energy for abnormal grain growth on the surface and within the
Ag porous sheet.

The compressive stress is related to surface plastic strain, which
is induced not only by external stress but also by temperature
and phase changes during polishing. This compressive stress, re-
ferred to as thermal stress (o), is caused by mismatches in mate-
rial properties (e.g., coefficient of thermal expansion (CTE), Young’s
modulus, and hardness) between the polished surface layer and
the Ag porous sheet. The thermal stress (o) is related to the tem-
perature change (AT) as follows [80]:

X €

Oth = 1 (5)

Here, Er and vy represent the Young's modulus and Poisson’s
ratio of the film, respectively, while «s and o denote the coeffi-
cients of thermal expansion (CTE) of the polished surface and the
Ag porous sheet, respectively. AT is the temperature difference be-
tween the initial state and the heated state. In this study, the com-
pressive stress in the surface-polished porous Ag structure was also

i(ots —ap) AT
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confirmed through a 3D finite element simulation during the heat-
ing process. The 3D model was found by the 3D Gaussian Filtering
Algorithm method, which applies a Gaussian function as a convo-
lution kernel across all three spatial dimensions (X, Y, and Z) [81].
In the 3D model presented in Fig. 7(c), the polished surface, char-
acterized by a dense layer, was assigned the same coefficient of
thermal expansion (CTE) as bulk Ag (19.6 nm/(m K)). The CTE of
the porous Ag sheet, along with other material properties such as
elastic modulus and yield stress, was set to values determined ex-
perimentally at various temperatures in our recent study [82]. The
Mises stress distribution within the model was analyzed during a
temperature change from 25 to 250 °C, as illustrated in Fig. 7(d).
Fig. 7(e) shows the stress distribution within the porous Ag struc-
ture, where the maximum stress of 17.6 MPa was observed at the
interface with the polished layer. This stress acts as the driving
force for hillock formation.

Furthermore, to investigate the interfacial microstructure of the
bonded joints in more detail, TEM analysis was conducted on the
interface between the Ag sputtered layer and the Ag porous sheet.
TEM specimens were prepared using focused ion beam (FIB) tech-
niques. Fig. 8(a) shows the interface bonded at 250 °C for 1 min.
Most of the Ag sputtered layer exhibits a twin structure. Despite
the low bonding temperature and short bonding time, the inter-
face was almost fully bonded, with only a few interfacial voids ob-
served. Fig. 8(b) presents the elemental mapping obtained by EDS
analysis. Additionally, large grains were observed near the bond-
ing interface between the Ag sputtered layer and the Ag porous
sheet, suggesting interfacial diffusion and grain growth, as shown
in Fig. 8(c, d).

When the bonding temperature increased to 300 °C for 1 min,
the Ag interface exhibits a high-quality FCC single-crystal struc-
ture with a specific crystallographic orientation, as evidenced by
the clear lattice fringes in the HRTEM image and FFT pattern, as



C. Chen, L. Zhang, E. Huo et al.

~

‘. Interfacé

5 /\.

l%g sputtering layer
Ti

Ag sheet

- Ag s;hee,t

Ag interdiffusion

/ 4
/ Interface b
b

7 35
j LV"’\ ﬁ__'

Ag sputtering layer
50 nm

Fig. 8. (a) TEM image of Ag sputtering layer on SiC chip, interface between Ag sput-
tered layer and Ag porous sheet at bonding temperature of 250 °C for 1 min, (b)
EDS element mapping, (c) the magnified view of bonded interface, and (d) the in-
terface diffusion and interface formation.

shown in Fig. S6. The discrete diffraction spots suggest that the
sample is oriented along a high-symmetry crystallographic zone
axis, likely [100] or [110]. The large grains exhibit a single-crystal
structure, corresponding to the abnormal grains observed on the
surface of the Ag porous sheet in Fig. 6. Based on the experimen-
tal and simulation analyses, the abnormal grain growth is primarily
attributed to surface-driven stress. Similarly, the interface forma-
tion and single-grain growth may also be predominantly caused
by interfacial stress during such a short bonding time.
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The rapid interface bonding mechanism of the Ag porous sheet
is illustrated in Fig. 9. First, during hot pressing, Ag particles form
a porous sheet in a short period without the need for additional
solvents, as the particles bond together through neck formation.
After surface polishing, the Ag porous sheet develops an ultra-
fine-grained layer, as shown in Fig. 9(a), which possesses high
surface energy and generates compressive residual stress due to
changes in the grain structure. This compressive residual stress
acts as the driving force for the formation of abnormal grains from
the Ag grain boundaries on the surface during heating, as depicted
in Fig. 9(b).

When the Ag porous sheet is bonded with SiC at a relatively
low bonding temperature, the interface compressive stress is not
fully released, leading to a slow growth rate of abnormal Ag grains.
Additionally, insufficient interdiffusion at the interface results in
the presence of voids and cracks, as shown in Fig. 9(c), leading to
a low bonding rate. However, when the temperature increases to
250 °C, the abnormal Ag grains grow rapidly. With the accelerated
interdiffusion at the interface, the bonding becomes complete. The
abnormal Ag grains continue to grow, eventually forming a super-
large single-crystal grain structure with the Ag sputtered layer,
which enhances the bonding strength and solidifies the interface.

This bonding process and mechanism differ from traditional Ag
paste sinter joining, which relies solely on interface interdiffusion
to achieve bonding. The presence of interface-driven stress accel-
erates the diffusion process. Additionally, because no organic sol-
vents are involved, there is no concern about solvent volatilization.
Furthermore, this mechanism fundamentally differs from the tra-
ditional Transient Liquid Phase (TLP) bonding mechanism [83,84].
At this interface, only a single Ag element is present, and no
intermetallic compounds (IMCs) are formed, which meets the
high-temperature, high-thermal-conductivity, and high-reliability
requirements of SiC die attachment.

3.4. Large area Cu—Cu bonding

After Cu-Cu bonding over an area of 30 mm x30 mm using
an Ag porous sheet at 250 °C for 3 min under an applied pres-

(a) Ultra-fine

grains layer

Ag porous

sheet
© . @ . © _

Sic " SiC Abnormal SiC Grains
Interface voids grain growt integration
erjing Ad sputtéri
13ye / |laye
Pore
Grain growth Grain growth

Fig. 9. (a) Schematic diagram of Ag porous sheet with ultra-fine grains layer, (b) the abnormal Ag grains grow caused by driving stress on the surface during heating process,
(c) the joint structure with SiC at the bonded interface during a low temperature of 200 °C, (d) 250 °C, and (e) 300 °C.
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Fig. 10. (a) Schematic diagram of Cu--Cu large area bonding with numbered small joint, (b) the shear strength of small joint, (c) the calculated bonding performance based

on the recently reported large-area sintering studies.

sure of 20 MPa, the joint structure was sectioned into smaller
pieces of 5 mm x 5 mm for shear strength measurement. Each
small joint structure was numbered, as shown in Fig. 10(a), and
the shear strength of several joints was measured, as illustrated
in Fig. 10(b). The average shear strength calculated for these small
joint structures was 47.9 MPa. The SAT image for the large area in-
dicates that a good interface bonding ratio can be achieved using
the Ag porous sheet (Fig. S7). In addition, cross-sectional micro-
graphs of the large-area sintered joint are shown in Fig. S8. The Ag
sheet was well bonded with no significant interfacial delamination
across most of the bonding area, except for a small crack extend-
ing approximately 300 pm from the right edge, which disappears
toward the center. The grain size and grain boundary characteris-
tics were also similar to those observed in small die-size bonding.
Considering that the side length of the Ag sheet used for bonding
is 30 mm, the 300 pum crack corresponds to only 1/100 of the side
length. While the presence of a crack in this localized edge area
may affect interfacial reliability and thermal transport properties,
its influence over the entire bonded region can be considered neg-
ligible.

The crack formation is likely due to the non-uniform thickness
of the Ag sheet caused during the polishing process—particularly
at the edges, which may be polished more than the central re-
gion, resulting in a thinner layer. This localized thinning could lead
to interfacial cracking. However, the non-uniform thickness can be
controlled and optimized in future processing.

To compare this method with Ag paste sinter joining for large
areas, a new parameter was introduced to simplify the evaluation
of sintered material performance in this study. In the case of Ag
paste sinter joining, the bonding quality of the sintered joint is in-
fluenced by the sintering conditions, sintering area, and the intrin-
sic bonding performance of the sintered material. Generally, sin-
tering temperature (T), time (t), and applied pressure (P) positively
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contribute to the bonding quality of the joint, representing the ex-
ternally provided energy (E). The intrinsic bonding performance of
the material during sintering is represented by material parame-
ters (8), which are positively correlated with the shear strength of
the joint.

A good bonding material (§) demonstrates characteristics such
as rapid particle necking and interface necking, fast evaporation
of organic solvents, minimal void generation, and other favorable
properties. In this study, the externally provided energy during sin-
tering is defined as the integration of applied pressure over time at
a specific temperature, as expressed in Eq. (6).

E— / T x P de (6)
The externally provided energy per unit area can be expressed
using the following Eq. (7):
E

E(unit) = S (7)

There, Epiry is the externally provided energy per unit area,
and S is the bonding area. The joint quality (Q) after bonding
should have a positively correlated relationship with Epniry and
performance of the bonding material () as defined as the follow-
ing Eq. (8). Then, the performance of the sinter material (§) can be
expressed as Eq. (9)

Q=% x5 (8)
x S
SZQE (9)

If the joint quality (Q) is equated to the shear strength of the
joint, the performance of the bonding materials can be quantified
numerically. In this study, units were omitted as defining precise
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The recently reported large-area sintering (> 10 mm x 10 mm) data with the calculated bonding performance for various bonding materials.

Bonding material Sintering Sintering Applied Bonding area, Shear strength, Bonding performance,
temperature, T (°C) time, t (min) Pressure, P (MPa) S (mm?) o (MPa)

Cu nanopaste [83] 250 30 10 10 x 10 39.0 0.052
Cu nanopaste [83] 250 30 5 10 x 10 21.0 0.056
Cu nanopaste [83] 180 30 2 10 x 10 5.4 0.050
Cu-Ag paste [84] 300 90 5 30 x 30 31.9 0.212
Ag nanopaste [85] 250 10 1.77 10 x 10 50 1.129
Ag nanopaste [86] 275 20 5 10 x 10 31.6 0.114
Ag nanopaste [87] 300 30 1 15 x 15 29.8 0.745
Ag nanopaste [88] 180 120 5 20 x 20 12.5 0.227
Ag nanopaste [89] 275 60 2.8 41 x 23 59.3 1.21
Ag sheet film [90] 300 60 0.4 15 x 15 31.5 0.98
This study 250 3 20 30 x 30 47.9 2.874

physical units remains challenging. Based on the shear strength of
Cu sinter paste for a 10 mm x 10 mm bonding area under various
sintering temperatures, times, and pressures reported in a previous
study [85], the calculated bonding performance is nearly identical,
as shown in Table 1. This consistency indicates that the hypothesis
is partially validated by reference data.

Furthermore, by comparing recently reported large-area sinter-
ing (> 10 mm x 10 mm) data with the calculated bonding perfor-
mance, it is evident that the bonding performance of the Ag porous
sheet significantly surpasses that of traditional Ag paste, Cu nano-
paste, and Cu-Ag mixed sinter paste joining. The detailed results
are presented in Fig. 10(c) and Table 1 [85-92].

4. Conclusions

A rapid solid-state bonding technology was achieved using an
Ag porous sheet with a surface ultra-fine-grained layer. The shear
strength of the joint structure reached 82.1 MPa at a bonding tem-
perature of 250 °C in just 1 min. This rapid and compact interface
formation is attributed to the exceptional bonding characteristics
introduced by the Ag porous sheet. The ultra-fine-grained struc-
ture on the surface of the Ag porous sheet, along with the forma-
tion of compressive residual stress, significantly accelerated Ag dif-
fusion and promoted hillock generation. These factors greatly en-
hanced the bonding capability between the SiC and Cu substrate
within a short timeframe. Furthermore, for Cu-Cu bonding over an
area of 30 mm x 30 mm using this Ag porous sheet at 250 °C
for 3 min, the average shear strength of the joint structures was
479 MPa. A comparison with recently reported large-area sinter-
ing data reveals that the bonding performance of the Ag porous
sheet significantly exceeds that of traditional Ag paste, Cu nano-
paste, and other bonding materials. In addition, the sheet bonding
process eliminates the need for paste printing and avoids storage-
related issues associated with solvent-based materials. The adop-
tion of this Ag porous sheet offers a highly efficient bonding pro-
cess, making it highly suitable for a wide range of applications in
high-temperature and high-power electronics.
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