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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This study introduces a novel technology for direct bonding of bare aluminum (Al) to aluminum nitride (AIN)
ceramics using Ag sinter paste under low-temperature conditions starting from 180 °C, and air environments. A
robust interface shear strength of up to 40.5 MPa was achieved at a low sintering temperature of 300 °C under a
pressure of 5 MPa, significantly lower than the melting point of Al (660 °C). Transmission Electron Microscopy
(TEM) observations revealed that Ag particles attach to and inter-diffuse into the natural oxide layer of Al (Al;03)
and the AIN layers during the initial stages of sintering, forming a porous structure after sintering. Additionally,
the interface bonding mechanism for Ag/Al and Ag/Al,03 was analyzed using Molecular Dynamics (MD) sim-
ulations. The results indicated that the diffusion of Ag into AlyO3 occurs moderately faster than into Al, sug-
gesting that the AlOg layer facilitates interface bonding for Ag during low-temperature, low-pressure sintering.
The high-temperature reliability of the Al/AIN bonding structure was also examined by aging it at 300 °C for 500
h. Despite the microstructural evolution within the bonding layer, the shear strength remained above 20 MPa
after aging, demonstrating excellent high-temperature stability.

Keywords:
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High-temperature storage
Interface bonding

1. Introduction

The integration of wide band-gap (WBG) semiconductors into power
electronic systems allows these devices to operate at high switching
speeds and elevated temperatures (above 250 °C), thanks to their su-
perior voltage-blocking capabilities, high-temperature endurance, and
fast switching frequencies. In WBG power modules, the die-attach ma-
terials, which bond WBG dies to ceramic-based substrates such as copper
(Cu)-ceramic-Cu and aluminum (Al)-ceramic-Al, are critical for ensuring
optimal performance in environments reaching 250 °C [1,2]. The
Cu-ceramic-Cu structure, depending on the fabrication process, is
commonly referred to as direct-bonded copper (DBC) or active metal
brazing (AMB). Similarly, the Al-ceramic-Al configuration is recognized
as a direct-bonded aluminum (DBA) substrate. Among ceramic sub-
strates, aluminum nitride (AIN) stands out as a preferred material due to
its desirable properties, including similar density, strength, and hard-
ness to silicon carbide (SiC) and aluminum oxide (Al,O3), as well as

* Corresponding author.
** Corresponding author.

significantly higher thermal conductivity. Moreover, the low coefficient
of thermal expansion (CTE) of AIN closely matches that of SiC, making it
an excellent candidate for electronic packaging applications [3,4].
Recent advancements highlight the growing implementation of DBA
substrates utilizing AIN as alternatives to DBC substrates, particularly in
insulated gate bipolar transistor (IGBT) modules for hybrid electric ve-
hicles. Studies have demonstrated that DBA substrates exhibit excep-
tional performance under thermal cycling conditions, further validating
their potential in high-reliability applications [5,6].

For effective Al/AIN ceramic bonding, enhancing the wetting prop-
erties and reducing the contact angle between Al and AIN ceramics are
crucial for achieving reliable bonding performance. Traditionally, this
requires annealing at temperatures above the melting point of Al
(~660.3 °C) [7,8]. Recent studies have shown that alloying Al with 0.42
at% Mg and 0.38 at% Si can lower its melting point, enabling bonding
with AIN at a reduced temperature of 650 °C under vacuum. Addition-
ally, the use of a CuO interlayer has been reported, where the reduction
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of CuO produces a Cu layer that diffuses into the Al foil, resulting in
robust Al/AIN joints [9]. Another approach involves the use of a tran-
sient eutectic liquid phase (TLP) in Al for joining AIN ceramics, offering
a promising alternative [10,11]. Although active metal brazing or TLP
techniques are widely applied for large-scale joining, including complex
geometries and non-flat surfaces, reliable vacuum tight joints capable of
withstanding high operating temperatures remain essential. High
annealing temperatures lead to significant internal stress, especially at
the metal/ceramic interface, as the joint cools to room temperature
[12-14]. Furthermore, the vacuum and high-temperature processing
conditions involved in these methods contribute to substantial equip-
ment and fuel costs.

Extensive research has explored the application of Ag sinter paste as
a promising alternative for attaching wide band-gap (WBG) die mate-
rials in high-temperature environments [15-18]. Ag sinter paste, typi-
cally fabricated by mixing Ag particles with a solvent, allows sintering at
temperatures below 300 °C under low-pressure conditions. In SiC power
modules, the die-attach structures formed using Ag sinter paste exhibit
shear strengths exceeding 50 MPa, along with excellent thermal and
electrical conductivity [19,20]. Ag sinter paste usually requires an Ag
metallization layer or an Au metallization on both chip and substrate
surfaces to form a strong joint, either through an Ag-Ag interface or
Ag-Au inter-diffusion [21,22]. However, there are very limited reports
on the direct bonding of Ag sinter paste to Al metal. Not only it is
difficult to achieve Ag-Al diffusion at low temperatures, but also Al
usually has a native oxide layer (Al;03), which acted as a barrier layer to

Ceramics International 51 (2025) 16061-16072

prevent interface inter-diffusion [23,24]. Similar to the challenges in
directly bonding Ag sinter paste to Al, bonding Ag sinter paste to AIN
ceramics is also difficult, particularly due to the limitations of the
interfacial diffusion mechanism in low-temperature, low-pressure sin-
tering processes [25,26]. Moreover, there have been few studies eval-
uating the bonding performance of Al/AIN using Ag sinter paste as an
interlayer, especially with regard to the high-temperature reliability of
these bonded structures.

In this study, we propose a novel technology for directly bonding
bare Al to AIN ceramics using an interlayer of Ag sinter paste. The sin-
tering process is conducted under low-temperature, pressure-less, and
low-pressure conditions in an atmospheric environment. The resulting
sintered Ag bonding layer achieves a thickness of less than 10 pm. The
study evaluates the bonding characteristics and fracture behavior at
different sintering temperatures. Advanced characterization techniques,
including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and energy dispersive spectroscopy (EDS), were
employed to analyze the interfacial bonding mechanisms of the Ag sinter
paste with Al and AIN substrates. A detailed investigation of the bonding
mechanism at the Ag/Al interface is presented, with particular attention
to the influence of the natural Al oxide layer (Al20s). The diffusion
behavior of Ag into Al and Al:Os was compared using Molecular Dy-
namics (MD) simulations to elucidate the effect of the oxide layer on
interface formation. To evaluate the structural reliability and fracture
mechanisms under high-temperature conditions, the high-temperature
reliability of the Al/AIN joint was examined through an aging test

N
w
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Fig. 1. (a) SEM image of Ag micron-sized flake particles, (b) the SEM cross-sectional image of Ag particles, (c) the modified view of Ag flake particle after heating for
5 min in 180 °C, (d) the AIN surface, (e) the SEM image of the Al surface, and (f) the 3D image of the Ag paste printed on Al surface, (g—j) joint process using the Ag

paste, (k) sintering profile of the Ag paste for Al and AIN joining.
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conducted at 300 °C for 500 h. The results provide insights into the
robustness and durability of the bonding structure for high-temperature
applications.

2. Methodology
2.1. Ag particle and paste

In this study, micron-sized Ag flake particles were selected as the Ag
precursor, as illustrated in Fig. 1(a). These Ag flake particles were pro-
duced through a ball milling process using sub-micron spherical parti-
cles as the base material. The particles exhibited sizes ranging from 1 to
7 pm in the longitudinal direction, with an average thickness of
approximately 300 nm. The cross-sectional view of the Ag particles,
shown in Fig. 1(b), reveals that the particles are distributed randomly
with varying sizes. During the ball milling process, dislocations formed
within the particles, resulting in significant residual stress and strain.
This phenomenon enables the Ag flake particles to undergo sintering at
relatively low temperatures. Fig. 1(c) provides a magnified view of the
Ag flake particles after heating at 180 °C for 5 min. It is evident that the
Ag flake particles are composed of multiple nanoparticles. To facilitate
low-temperature sintering, an organic solvent named CELTOL-IA was
used to prepare the Ag sinter paste. CELTOL-IA promotes sintering of Ag
particles at temperatures around 180 °C [27-29]. From the differential
scanning calorimetry (DSC) curve, the solvent exhibited exothermic
properties at approximately 250 °C [29]. The weight ratio of Ag particles
to solvent was set to 13:1 to ensure the paste has a good printability with
appropriate viscosity.

2.2. Al/AIN joint structure

The Al used in this study was commercial-grade Al1050, with an Al
content exceeding 99.9 wt%. The AIN ceramic samples were obtained
from Tokuyama Corporation, Japan. Before bonding, both the Al and
AIN substrates were cleaned with acetone in an ultrasonic cleaner to
ensure surface cleanliness. Fig. 1(d) shows the SEM image of the AIN
surface, which exhibits a scaly appearance with a rough Yttrium oxide
(Y205) layer visible. This Y20s layer acts as a sintering aid for the AIN
ceramic. The surface roughness of the AIN substrate was measured to be
0.51 pm, with a fish-scale-like texture. The SEM image of the Al surface
is shown in Fig. 1(e), while Fig. 1(f) presents a 3D image of the Ag paste
printed onto the Al surface. To fabricate the sintered joint structure for
bonding strength measurements, AIN samples with dimensions of 3 mm
x 3 mm x 0.8 mm were prepared, alongside Al samples measuring 30
mm x 30 mm x 2 mm. The bonding process using Ag sinter paste is
illustrated in Fig. 1(g-j). The Ag paste was screen-printed onto the Al
substrate through a metal mask with a thickness of 50 pm, as depicted in
Fig. 1(g). The AIN ceramic was then placed onto the Ag paste layer, as
shown in Fig. 1(h) and (i). All specimens were sintered on a hotplate at
temperatures ranging from 180 °C to 350 °C for 30 min in air. Two
sintering approaches were employed: pressure-less sintering and sin-
tering under a low pressure of 5 MPa. The heating process, from room
temperature to the target sintering temperature, took 15 min, as illus-
trated in the temperature-time profile in Fig. 1(k).

2.3. Characterization

After the sintering process, the microstructure evolution of the Ag
paste at various sintering temperatures and the morphologies of the
sintered joint cross-sections were examined using field-emission scan-
ning electron microscopy (FE-SEM, Hitachi SU8020, Hitachi). The sin-
tered Ag paste was further characterized by X-ray diffraction (XRD)
using a Rigaku SmartLab diffractometer (Akishima, Tokyo, Japan) with
Cu Ko radiation at a scanning rate of 15°/min. The shear strength of the
joint structures was evaluated using a die shear tester (DAGE, XD-7500)
with a shear rate of 50 ym/s. The height for the shear test was set to 20
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pm, corresponding approximately to the thickness of the sintered Ag
paste. To ensure statistical accuracy, five specimens were tested for each
condition, and the average shear strength was calculated. For cross-
sectional analysis, the joints were prepared using an ion-milling pol-
ishing system (IM4000, Hitachi High-Technologies, Japan). Detailed
interface observations were conducted using transmission electron mi-
croscopy (TEM, JEM-ARM200F, JEOL Ltd.), equipped with energy-
dispersive spectroscopy (EDS). Cross-sectional samples of the sintered
AIN/Al joint were prepared using a focused ion beam (FIB, FIB-2100,
Hitachi). High-temperature reliability testing of the Al/AIN joint struc-
tures was performed by subjecting the samples to aging at 300 °C for
500 h to assess their durability under prolonged thermal exposure.

2.4. Molecular dynamics simulation

To understand the interface bonding mechanism of Ag pastes on the
substrates, we employed molecular dynamic (MD) simulations to
investigate the interfacial diffusion behaviors of Ag/Al and Ag/Al,0O3 at
300 °C. The geometries for the Ag/Al and Ag/Al,O3 were modeled by
Materials Studio (MS) and subsequently processed in the Large Scale
Atomic/Molecular Parallel Simulator (LAMMPS), with the correspond-
ing geometric data files generated for analysis. Finally, the visualization
of simulation results was carried out by the OVITO software.

The MD models of Ag/Al and Ag/Al,O3 are depicted in Fig. 2. The
simulation box for the Ag/Al model measured approximately 50 x 50 x
120 A and contained 18750 atoms, while the simulation box for the Ag/
AlL:0s model was about 53 x 51 x 104 A, containing 23188 atoms. The
number of Ag atoms in the Ag/Al model was kept roughly equivalent to
that in the Ag/Al-0s models. Periodic boundary conditions were applied
in the x, y, and z directions to simulate an infinite lattice. For diffusion at
the Ag/Al interface, the interaction between Ag and Al atoms was
described using the Embedded Atom Method (EAM) potential, a fitted
potential function that has been widely used in modeling systems
involving metals for a wide range of metals, including the two metals
used in this simulation [30]. The Ag/Al,03 system employed the EAM
potential, charge optimized many-body (Comb3) potential and modified
embedded atom method (Mean) potential to describe the interatomic
interactions.

Before initiating the simulation, an energy minimization was per-
formed by the conjugate gradient algorithm, while relaxation process
was then conducted within the canonical (NVT) ensemble for 5 ps to
allow this system to reach thermal equilibrium. After relaxation, the
diffusion process was simulated at 300 °C by an isothermal isobaric
(NPT) ensemble to allow complete diffusion of the atoms. This ensured
that both temperature and pressure conditions remained stable while
promoting atomic diffusion across the interface.

Fig. 2. MD models of: (a) Ag/Al,03 interface, (b) Ag/Al interface.
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3. Results and discussion
3.1. Sintered Ag paste

To understand the sintering behaviors of Ag paste, the morphology
evolution at different sintering temperatures was investigated. Fig. 3
(a—d) presents SEM images of the Ag paste sintered at 180 °C, 200 °C,
250 °C, and 300 °C for 30 min in air. At the lower temperature of 180 °C,
the microstructure of the Ag paste becomes apparent as the solvents
evaporate or burn off. At this stage, necking at the particle interfaces
begins, though the initial Ag flake shape remains observable. As the
sintering temperature increases to 200 °C, the system transitions to a
lower energy configuration, allowing for the rearrangement of Ag par-
ticles and promoting more pronounced necking growth between them.
Despite the compactness of the sintered Ag paste at this stage, contin-
uous pores remain due to incomplete decomposition of the solvent
coating on the Ag particles’ surface. At a sintering temperature of
250 °C, a smoother surface and a more compact microstructure are
observed. The morphology evolution observed at these temperatures
aligns closely with results from previous studies [31-34]. When the
sintering temperature is further increased to 300 °C, the Ag particles
bond tightly, resulting in a denser structure with only a few remaining
pores. The thermal and electrical properties of sintered Ag are signifi-
cantly influenced by its microstructure, with denser Ag structures
providing better thermal and electrical conductivity [35,36].

Fig. 3(e) shows the X-ray diffraction (XRD) curves of the Ag paste
before and after sintering at different temperatures. The initial Ag par-
ticles, both pre- and post-sintering, exhibit a polycrystalline structure,
with the Ag (111) plane displaying the highest diffraction peak as re-
ported in previous study [34]. Usually, the intensity of the peaks in an
XRD pattern is influenced by the amount of crystalline material present.
Higher crystallinity means a more ordered atomic arrangement, which
results in sharper and more intense diffraction peaks. In this study, with
the temperature increase, the Ag (111) diffraction peak becomes more
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Fig. 3. SEM image of Ag particles sintering at (a) 180 °C, (b) 200 °C, (c) 250 °C,
and (d) 300 °C for 30 min, (e) XRD curves of Ag paste before and after sintering
at different temperatures at the Ag (111) diffraction peak, (f) Ag crystallite size
evolution at different sintering temperatures.
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intense, indicating an increase in crystallinity. In addition, comparing
with initial Ag particles, an increase in temperature can cause thermal
expansion or contraction of the crystal lattice, thereby altering the lat-
tice spacing and resulting in a shift of the diffraction peak positions after
sintering.

Fig. 3(f) illustrates the average crystallite size of the Ag paste before
and after sintering at various temperatures, measured through XRD
analysis. The initial crystallite size of the Ag flake particles was
approximately 30.7 nm, which significantly increased to 60.2 nm after
sintering at 180 °C. This indicates that necking between Ag particles had
already commenced at this lower temperature. The crystallite size
further increased to 78.6 nm after sintering at 250 °C and to 81.1 nm at
350 °C, demonstrating that higher sintering temperatures promote
crystallite growth.

3.2. Characterization of Al/AIN sintered joints

3.2.1. Cross section of Al/AIN sintered joint

Fig. 4(a) presents the cross-sectional SEM image of the Al/AIN joint
structure fabricated using Ag sinter paste at a sintering temperature of
200 °C without applied pressure. The sintered Ag paste exhibits a
micron-sized porous network structure, rather than large voids in the
sintered Ag layer. The porosity of the sintered Ag paste was measured as
39 %, determined using the IPWin4-Image analysis software based on
the SEM image. Fig. 4(b) and (c) show the bonding characteristics at the
AlN/sintered Ag paste layer interface and the sintered Ag paste layer/Al
substrate interface, respectively. In both cases, the sintered Ag paste
forms strong interfacial bonds with the AIN and Al through pronounced
necking growth of Ag grains. These results confirm that reliable bonding
between Ag/AIN and Ag/Al can be achieved under low-temperature,
pressure-less conditions.

Fig. 4(d) illustrates the cross-section of the Al/AIN joint structure
sintered at 300 °C. At this higher temperature, the porosity of the sin-
tered Ag paste decreases to 35 %, attributed to enhanced necking growth
of Ag grains. Fig. 4(e) and (f) demonstrate that the interfacial necking
between the sintered Ag paste and both the AIN and Al substrates is
further improved at 300 °C, indicating better bonding quality at
elevated sintering temperatures. Fig. 4(g—j) display the EDS elemental
mapping of the cross-section of the Al/AIN joint structure sintered at
200 °C, corresponding to the SEM image in Fig. 4(b). The EDS analysis
reveals no significant chemical reactions or formation of new interme-
tallic compounds (IMCs) at the interfaces. The reason and mechanism
for the formation of this interface at low temperature may be different
from the traditional metal-ceramic diffusion at high temperature and
high vacuum, which will be analyzed in a later article.

Fig. 5(a) and (d) show SEM images of the cross-sections of the AIN/Al
joint structure under different sintering temperature under a pressure of
5 MPa. Compared to pressure-less sintering, the sintered Ag paste ex-
hibits a denser microstructure with reduced porosity when pressure is
applied during the sintering process. The application of pressure
significantly influenced the necking growth of Ag particles during sin-
tering. Fig. 5(b) and (c) illustrate that even at a sintering temperature of
200 °C, robust necking growth is observed at the AIN/Ag interface and
the Ag/Al substrate interface, respectively. When the sintering temper-
ature increased to 300 °C, the microstructure became very denser, with
lower porosity and more extensive grain necking between Ag particles.
Fig. 5(g) presents the interface necking ratio of the Al/AIN joint struc-
ture fabricated using Ag sinter paste at sintering temperatures of 200 °C
and 300 °C under a pressure of 5 MPa. This data is compared to the
interface necking ratio obtained in pressure-less sintering conditions at
the same temperatures. The interface necking ratio serves as a quanti-
tative measure of the degree of connection between the sintered Ag
particles and the AIN or Al substrate, providing insight into the bonding
quality. The interface necking ratio was calculated using the following
equation [37,38]:
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Fig. 4. (a) Shows the SEM image of the cross section of the Al/AIN joint structure using Ag sinter paste at a 200 °C temperature in pressure-less conditions, (b) the
bonding interfaces between AIN and the sintered Ag, (c) the interface between sintered Ag paste and the Al substrate interface, (d) the cross-section of the Al/AIN
joint structure at 300 °C, (b) the bonded interfaces AIN/Ag, (c) the bonded interface Ag/Al at 300 °C, (g-i) EDS element mapping of the cross-section of the Al/AIN

joint structure at 200 °C, and (j) the mixed-element mapping.

5— z lcannected (1)

l total

where § is the connected ratio, [ total length of the interface, and Xl
connected is the total length of bonded location between the interface.
The results indicate that applying pressure during sintering significantly
enhances the necking growth and bonding quality, particularly at
elevated sintering temperatures. Interestingly, the interface necking
ratio between the AIN and the sintered Ag was consistently lower than
that between the sintered Ag and the Al substrate. This disparity could
be attributed to two factors: firstly, during the sintering process, the AIN
substrate was positioned on the upper side of the Ag paste. This posi-
tioning may have influenced the evaporation rate and temperature
distribution of the organic solvent, which differed from the lower side
where the Al substrate was located. Secondly, the chemical and physical
reactions occurring at the Ag/AIN interface during sintering may differ
from those at the Ag/Al interface, potentially leading to variations in
necking growth.

Fig. 5(h) illustrates the porosity evolution of the sintered Ag paste
under different sintering conditions and temperatures. Unlike the trend
observed in the interface necking ratio, the porosity decreased with
increasing sintering temperatures and the application of pressure. This
reduction in porosity indicates that the necking growth of Ag particles
was significantly enhanced at higher temperatures and with the appli-
cation of pressure during sintering [39,40].

3.2.2. Shear strength of Al/AIN joints

Following the sintering process, the shear strength of the die-
attached structure was evaluated. Fig. 6 illustrates the shear strength
of the AIN/Al joint structure under both pressure-less and low pressure
conditions across various sintering temperatures. The results show a
positive correlation between sintering temperature and shear strength.
Under pressure-less sintering, the shear strength reached 20.3 MPa at
350 °C. However, a significant improvement was observed under low-
pressure sintering at 5 MPa, where the shear strength reached 40.5

MPa at 300 °C. This shear strength surpasses the values achieved by
traditional methods for bonding Al to AIN ceramics, including the active
metal method in transient liquid phase (TLP) bonding [41-43] and the
use of a CuO interlayer [9]. Furthermore, like the active metal and TLP
bonding techniques, Ag sinter paste provides versatility for joining. It
facilitates large-scale bonding processes, accommodating intricate ge-
ometries and surfaces beyond simple flat configurations.

Fracture surface morphologies of the AIN/Al joint sintered under
three conditions of 200 °C pressure-less, 200 °C at a low pressure of 5
MPa, and 300 °C under a low pressure of 5 MPa are shown in Fig. 7(a),
(b), and (c), respectively. At 200 °C without pressure, the fracture sur-
face primarily exhibits a bare Al substrate with scattered sintered Ag
particles, as seen in Fig. 7(d). The fracture occurred along the bonded
interface of the sintered Ag and Al substrate. While much of the sintered
Ag exhibited brittle failure, some areas demonstrated tight bonding to
the Al substrate with slight ductile deformation after the shear test. This
indicates the potential for forming a robust Ag/Al interface at low
temperatures, even without pressure-assisted sintering.

When sintered at 200 °C under low pressure, fracture initiation
occurred at the sintered Ag and AIN interface. It then transitioned to the
sintered Ag and Al substrate interface at the bonded area’s center, as
shown in Fig. 7(b). The fracture surface displayed significant ductile
deformation of the sintered Ag, particularly at the interface with AIN,
indicating a well-bonded network structure (Fig. 7(e)). At a higher sin-
tering temperature of 300 °C under low pressure, fractures predomi-
nantly occurred at the interface between AIN and the sintered Ag layer
(Fig. 7(c)). The ductile fracture characteristics on this surface became
more prominent, further highlighting the improved bonding strength
and ductility at elevated sintering temperatures. Fig. 7(g-i) present
schematic diagrams of the fracture modes during shear testing for the
three sintering conditions, providing a visual representation of the
fracture initiation and propagation paths under varying temperature
and pressure conditions.
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Fig. 5. (a) SEM image showing the cross-section of the AIN/Al joint structure using Ag sinter paste at a sintering temperature of 200 °C and pressure of 5 MPa, (b) the
magnified view of the interface between AIN and sintered Ag, (c) the magnified view of the interface between sintered Ag and Al, (d) AIN/Al joint structure at a
sintering temperature of 300 °C and pressure of 5 MPa, (e) the interface between AIN and sintered Ag, (f) the interface between sintered Ag and Al, (g) the interface
necking ratio, and (h) the porosity evolution of the Al/AIN joint structure using Ag sinter paste at different sintering temperatures in both pressure and pressure-
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Fig. 6. Shear strength of the AIN/Al joint structure without pressure and with
low pressure at different sintering temperatures.

3.2.3. Bonded interface analysis
TEM analysis was performed to investigate the interfaces between
sintered Ag and Al, as well as between sintered Ag and AIN, revealing

insights into the bonding mechanisms during low-temperature sintering.
Fig. 8(a) illustrates the tight adhesion of the sintered Ag layer to the Al
surface. A magnified view of the bonding interface in Fig. 8(b) reveals a
bright intermediate layer approximately 5 nm thick between Ag and Al.
Selected area electron diffraction (SAED) pattern in Fig. 8(c), (d), and (e)
respectively correspond to specific spots a, b, and ¢ in Fig. 8(b). The
SAED pattern at Spot a exhibits a well-crystallized Al structure. Spot b
confirms the presence of an amorphous alumina (AlyO3) layer, which is
the natural oxide layer and inherent on the Al surface, showing no lattice
fringes. Spot ¢ shows an irregular pattern due to the polycrystalline
structure of sintered Ag. Based on the magnified view, it was confirmed
that Ag and Al intimately adhere to the alumina layer without any voids
or delamination. Energy-Dispersive X-ray Spectroscopy (EDS) mapping,
shown in Fig. 8(f-i), further corroborates the intimate bonding between
Ag and Al This strong adhesion is attributed to the excellent sinter
ability of Ag paste at low temperatures. Interestingly, no significant
inter-diffusion between Ag and Al was detected, indicating that the
bonding is primarily governed by the tight adhesion of the Ag layer to
the amorphous Al;O3 layer present on the Al substrate surface [44,45].

Fig. 9(a) shows a TEM image of the bonded interface between the
sintered Ag and AIN. The porous structure of the sintered Ag is evident,
with some pores observed near the interface. A magnified view reveals
that the sintered Ag, with its polycrystalline structure, is well attached to
the AIN substrate.
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Fig. 7. Fracture surface morphologies of AIN/Al joint sintering at (a) 200 °C in pressure-less conditions, (b) 200 °C at a low pressure of 5 MPa, and (c) 300 °C at a low
pressure of 5 MPa. (d), (e), and (f) show the magnified view of the fracture surface corresponding to (a), (b), and (c), respectively. (g), (h), and (i) show the schematic

diagram of the fracture mode during the shear test.

002)

Fig. 8. (a) Bonded interface between Al and sintered Ag, (b) magnified view of the interface, (c—e) the SAED pattern of Al, Al oxide layer, and sintered Ag,
respectively, (f-i) the EDS element mapping of Al, Ag, O, and the mixed element, respectively.

In Fig. 9(b), a closer examination of the Ag/AIN interface shows no
significant reactants, making it difficult to detect elemental diffusion
between Ag and AIN. Additionally, SAED patterns in Fig. 9(c) and (d)
confirm the presence of Ag (200) and AIN (0001) textures, respectively.
Based on the TEM interface observations and SAED pattern analyses, an
interfacial orientation relationship of Ag (200)//AIN (0001) was iden-
tified. However, since TEM examines a very small localized interface,
further extensive observations and research are required.

Previous studies, supported by atomistic simulations using density
functional theory (DFT), have suggested the feasibility of a coherent Ag/
AIN interface [46,47]. The interface formation mechanism is discussed
in this study. The TEM image in Fig. 9(e) further highlights the porous
structure of the sintered Ag. Fig. 9(f) reveals the presence of numerous
small Ag particles, ranging in size from several tens of nanometers,
within the porous structure of the sintered Ag, particularly near the Ag

necking locations. Additionally, small Ag particles are observed to form
at the AIN interface, as shown in Fig. 9(g). These aggregated Ag particles
on the AIN surface promote enhanced neck formation at the interface,
contributing to a denser structure. It has been reported that Ag flakes
exhibit superior sinter ability due to the release of residual stress and the
formation of Ag nanoparticles [48,49]. These nanoparticles, with their
high surface energy, enhance wettability on the AIN substrate.

Furthermore, in some locations, a thin Al oxide layer was identified
on the AIN substrate. The interface bonds are formed through Ag
diffusion into the Al oxide layer, similar to the bonding mechanism
observed for the Ag-Al interface. Since AIN samples are stored and sin-
tered in air, localized oxygen infiltration results in the formation of Al
oxide on the surface.

The generation of Ag nanoparticles is also evident in SEM images
after sintering Ag flake paste at 200 °C for 5 min, as shown in Fig. 10(a).
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Fig. 9. (a) TEM image of the bonded interface between sintered Ag and AIN, (b) the magnified view of the bonded interface, SAED pattern of (c) Ag and (d) AIN, (e)
TEM image of sintered Ag porous structure, (f) Ag nanoparticle generation in the sintered Ag, () Ag nanoparticle generation at the AIN interface, and (h) magnified

view of the interface.
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min, (d) Schematic diagram showing the generation of small Ag nanoparticles, (e) Growth of small Ag particles, and (f) Effect on Ag flake particle necking and

interface necking formation.

These small Ag particles completely cover the surfaces of Ag flake par-
ticles and fill the gaps between them. The formation of such nano-
particles is unlikely to result from the sample preparation process;
however, the exact physical mechanism behind their generation remains
unclear. When the sintering time is extended to 10 min at 200 °C, as
shown in Fig. 10(b), the size of the Ag particles increases. Notably, the
growth of these small Ag nanoparticles significantly enhances interface
bonding due to their high surface energy. Fig. 10(c) illustrates the cross-
section of sintered Ag paste on an AIN substrate after 10 min of sintering
at 200 °C, revealing that an interface has already formed. Bonding
ceramic and metal through inter-diffusion, especially at low tempera-
tures and over a short time, is inherently challenging. However, the

formation of a robust interface in this case is attributed to the generation
of small Ag nanoparticles, as corroborated by TEM and SEM observa-
tions. These nanoparticles play a pivotal role in bonding with both Al
and AIN, enabling tight interconnection due to their high surface energy.
This phenomenon results in excellent interface bonding during the sin-
tering process. Fig. 10(d—f) present schematic diagrams illustrating the
generation and growth of small Ag nanoparticles, their contribution to
necking formation among Ag flake particles, and their effect on interface
bonding.
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3.3. Molecular dynamics (MD) simulation

To gain a deeper understanding of the diffusion and bonding
behavior of sintering Ag on Al and Al;O3 substrates, MD simulations
were conducted for the Ag/Al-0s and Ag/Al interfaces. The atomic
diffusion behavior of the Ag/Al and the Ag/Al.Os interfaces at different
time intervals at 300 °C were illustrated in Fig. 11. Atoms near the
interface migrate to the other side by atomic diffusion, eventually
forming a neck structure. The process also generates grain boundary
diffusion and dislocations that promotes interconnections. In general,
the atomic diffusion behaviors at both the Ag/Al-0s and Ag/Al in-
terfaces are not pronounced. Particularly, there is only minimal atomic
diffusion at the Ag/Al interface, while the diffusion at the Ag/Al-0s
interface is slightly obvious compared to the Ag/Al interface. This
phenomenon is highly likely due to the presence of oxygen, which
promotes atomic diffusion at the interstitial sites of the lattice [50].

Fig. 12 presents the diffusion depth and the mean square displace-
ment (MSD) curves for the Ag/Al20s and Ag/Al interfaces. The MSD was
calculated to quantitatively describe the diffusion characteristics, which
can be as [51]:

MSD = <r(t) > XN: (ir®) —rio)P) @

Where r;(t) represents the position of the atom at time ¢, and r;(0) de-
notes the position of the atom in its initial state.

Notably, the diffusion depth of Ag into the Al-Os and Al substrates at
50 ps are 21.22 A and 9.3 A as shown in Fig. 12(a) and (b), respectively.
This agrees with the observation in Fig. 11, indicating that Al=0s
moderately promote faster and more diffusion of Ag atoms than Al. On
the other hand, according to their MSD curves in Fig. 12(c) and (d), in
the initial stage before 5 ps, the atomic diffusion in the Ag/Al system
seems to be slightly stronger than the diffusion behavior at the Ag/Al.0s
interface. Afterwards, the overall MSD in the Ag/Al:Os system keeps
increasing linearly over time with a steeper slope, while the MSD of the
Ag/Al system quickly drops and remains almost flat over time with a
minimal slope. The slope of the MSD curves obtained from the linear fit

2=

(2)

10Ps 20Ps
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are denoted as 3.3 x 107° A%/fs for the Ag/Al model and 3.36 x 107>
A%/fs for the Ag/Al:0s model, respectively. This indicates that the initial
diffusion of Ag atoms in the Ag/Al:Os system is hindered by higher
resistance, as the bonding between Ag and O sites is stronger, resulting
in a higher diffusion barrier. In contrast, the weaker bonding between
Ag and Al sites leads to a lower diffusion barrier, allowing for a relatively
faster diffusion rate on the Al-Os surface over time [52]. Moreover, the
higher diffusion depth of at 21.22 A the Ag/Al:Os interface can be
attributed to the fact that the presence of Ag in Al:Os increases charge
trapping and allows low-valence cations can occupy interstitial sites
[53].

As for Ag/Al system, its interfacial diffusion is limited with a smaller
diffusion depth of 9.3 A. This is because Al and Ag share the same bulk
structure (FCC) and have a small lattice mismatch of 1 %, resulting in
better atomic compatibility and lower interfacial energy [54]. Although
higher temperatures can reduce the diffusion activation energy, the
activation energy required for Ag to diffuse into Al at 300 °C still re-
mains high due to the size difference between Ag and Al atoms. This
means that Ag atoms need more energy to overcome the barriers during
the diffusion process and achieve effective diffusion.

3.4. High-temperature reliability test

The high-temperature reliability test involved aging the AIN/Al joint
structures, which were sintered at 300 °C under a pressure of 5 MPa and
then aged at 300 °C for 500 h. Fig. 13(a)-(d), and (g) illustrate the cross
section of the AIN/Al joints after aging for 0, 100, and 500 h, respec-
tively, at 300 °C. These cross-sectional images of the AIN/Al joints show
a well-bonded structure where the chip side and substrate side are
bonded through sintered Ag. As the aging storage time increased, the Ag
exhibited a coarsened structure with larger bonding necks and pores
resulting from the growth of Ag grains at high temperature. Notably,
some pores extended from the top AIN to the bottom Al substrate. The
magnified images of the bonded interface between sintered Ag and Al,
presented in Fig. 13(b)-(e), and (h), correspond to Fig. 13(a)-(d), and
(g), respectively. Throughout the high-temperature aging process, no
Ag-Al intermetallic compound (IMC) was detected at the bonding line

30Ps 40Ps 50Ps

Fig. 11. Atomic diffusion behaviors of Ag/Al and Ag/Al,O3 interfaces for different times at 300 °C: (a) Ag/Al,03-10ps, (b) Ag/Al,03-20ps, (c) Ag/Al,03-30ps, (d)
Ag/Al,03-40ps, (e) Ag/Al,03-50ps, (f) Ag/Al-10ps, (g) Ag/Al-20ps, (h) Ag/Al-30ps, (i) Ag/Al-40ps, (j) Ag/Al-50ps.
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and (g) 500 h, (e) and (h) Bonded interface between sintered Ag and Al after aging corresponding to (d) and (g), respectively, (f) and (i) EDS line analysis after aging

for 100 h and 500 h, respectively.

according to the contrast in the SEM images. Ag maintains a tight
adhesion to the Al surface via the bonding necks without any observable
interface cracks or delamination even after 500 h of aging at 300 °C.
Moreover, EDS line analysis (see Fig. 13(c)—(f), and (i)) confirmed that
there was no clear Ag-Al inter-diffusion or growth of the oxide layer
during high-temperature aging. This suggests that the interface remains
stable, ensuring the reliability of the joint structure under prolonged
thermal exposure.

The shear strength of the AIN/AI joint structure after aging was
evaluated using a die shear tester. While the shear strength decreased
with increasing aging time, it remained at 24.1 MPa even after 500 h of
aging. Considering the aging temperature of 300 °C, which significantly

exceeds those used in current industry standards for DBA or DBC sub-
strate reliability tests, this level of shear strength is deemed acceptable.
The observed reduction in shear strength is attributed to the coarsening
process, which results in a larger bonding neck and a reduced connec-
tion area between the sintered Ag and the Al and AIN substrates.

The evolution of the interface necking ratio before and after aging is
shown in Fig. 14(b). It indicates an approximate 50 % reduction in the
interface necking ratio for both interfaces compared to the initial value.
Fig. 14(c) presents the fracture surface of the joint structure after 100 h
of aging, while Fig. 14(d) provides a magnified view of this fracture
surface. Fractures predominantly occurred at the interface between the
sintered Ag and AIN. After 100 h of aging, the significant decrease in
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(e) Fracture surface of the joint structure after aging for 500 h, and (f) Ductile
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shear strength suggests that the joint strength was insufficient to induce
plastic deformation of the sintered Ag at the bonding interface, leading
to brittle fracture. Fig. 14(e) shows the fracture surface after 500 h of
aging, with fractures still occurring at the interface between the sintered
Ag and AIN. Additionally, Fig. 14(f) highlights the ductile deformation
of Ag necking observed after the shear test, indicating that good bonding
between the sintered Ag and AIN persists even after 500 h of aging at
300 °C. However, since the shear strength of the joint decreased after
500 h of aging, the observed ductile necking of the sintered Ag may be
attributed to the coarsening of the microstructure in this case.

4. Conclusions

In this study, we successfully achieved Al/AIN interface bonding
using Ag sinter paste starting at a temperature of 180 °C. The interface
formation mechanism was analyzed through Transmission Electron
Microscopy (TEM) observations and Molecular Dynamics (MD) simu-
lations. Additionally, the interface reliability of the Al/AIN joint was
evaluated during high-temperature aging tests. This Ag sinter paste
presents a strong alternative for directly bonding metals to ceramics,
offering a promising solution for applications requiring reliable metal-
ceramic joints. This innovative technology holds significant potential
for applications demanding durable and reliable aluminum-to-ceramic
bonds, particularly in environments involving low processing tempera-
tures and extended high-temperature exposure. The key findings of this
study are summarized as follows:

(1) The shear strength of the Al/AIN joint was influenced by sintering
conditions, particularly by the application of pressure, which
significantly improved interface necking and shear strength. A
maximum shear strength of 40.5 MPa was achieved at a sintering
temperature of 300 °C under 5 MPa pressure. This sintering
temperature is notably lower than aluminum’s melting point
(660 °C), highlighting the energy efficiency of this method.
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(2) TEM analysis revealed that during sintering, Ag particles adhere
to and interact with the natural aluminum oxide layer (Al20s) and
AIN. This interaction results in a porous structure within the
bonding layer at low sintering temperatures. The generated Ag
nanoparticles play a pivotal role in bonding with both Al and AN,
enabling tight interconnection due to their high surface energy.

(3) MD simulations provided insights into the bonding mechanisms

at the Ag/Al and Ag/Al:0s interfaces. The results indicated that

Ag diffuses into Al:Os at a moderately faster rate than Al,

enhancing bonding efficiency through improved interface for-

mation facilitated by the Al:Os layer.

The bonded Al/AIN structure underwent aging at 300 °C for 500

h. Despite microstructural evolution within the bonding layer,

the shear strength remained at 24.1 MPa even after 500 h of

aging. No Ag-Al intermetallic compound (IMC) was detected at
the bonding line according to the contrast in the SEM images and

EDS analysis. Ag maintains a tight adhesion to the Al surface via

the bonding necks without any observable interface cracks or

delamination even after 500 h, demonstrating exceptional sta-
bility and reliability under high-temperature conditions.

(4
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