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Review of Die-Attach Materials for SiC
High-Temperature Packaging

Fengze Hou , Senior Member, IEEE, Zhanxing Sun, Meiying Su , Jiajie Fan, Senior Member, IEEE, Xiangan You,
Jun Li , Qidong Wang , Liqiang Cao , Senior Member, IEEE, and Guoqi Zhang , Fellow, IEEE

Abstract—Silicon carbide (SiC) devices have shown definite ad-
vantages over Si counterparts in high-temperature, high-voltage,
and high-frequency applications. To fully exploit the potentiality
of SiC devices in high temperatures, die-attach materials that can
withstand high temperatures for a long time are required in the
power electronics packaging. In this article, the high-temperature
die-attach materials, such as high-temperature solders and tran-
sient liquid-phase bonding materials, were reviewed first. Then,
metallic (mainly Ag and Cu) nanoparticles (NPs) sintering tech-
nologies were thoroughly overviewed. The metallic NPs sintering
materials, metallic NPs sintering process, and interface and re-
liability were analyzed, respectively. Finally, the challenges and
outlook of promising Cu NPs sintering technology were discussed.

Index Terms—Cu nanoparticles (NPs) sintering, die-attach,
high-temperature, power electronics packaging, silicon carbide
(SiC) devices.

I. INTRODUCTION

A S A potential wideband gap semiconductor material, sil-
icon carbide (SiC) offers several superior performances,

e.g., wider bandgap, higher breakdown field, thinner drift-layer
thickness, lower on-resistance, higher thermal conductivity, and
higher switching speed [1], [2]. Owing to a wider bandgap,
higher melting point, and thermal conductivity of 4H-SiC ma-
terial compared with Si, SiC devices can operate at higher
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Fig. 1. Schematic of the conventional wire-bonded packaging technology for
SiC power devices.

temperatures (> 300 °C). Therefore, SiC devices have shown
definite advantages in high-temperature applications over Si
counterparts.

Fig. 1 shows the schematic diagram of current mainstream
packaging technology for SiC power devices. As shown in
the figure, the bottom side of an SiC device is soldered to a
direct-bonded copper (DBC) ceramic substrate. Afterward, the
top pad of the SiC device is wire bonded to the DBC substrate
to establish the electrical connection between the device and
the DBC substrate. The DBC substrate is then soldered to a
baseplate, and load terminals and control connectors are soldered
to the DBC substrate. The entire assembly is finally enclosed in
an encapsulant to protect the internal structures of the SiC power
module [3]. For heat dissipation, the SiC wire-bonded package
is assembled to a heat sink through a layer of thermal interface
material. During the bonding process, the melting-point temper-
ature of the solder should be lower than the previous one.

The conventional die-attach solder materials, such as tin–
silver–copper, cannot be used at temperatures over 200 °C and
are not suitable for SiC high-temperature packaging. High-lead
solder, which contains over 85% lead, is currently excluded from
the restriction of hazardous substances directive [4].

To fully exploit the potentiality of SiC devices in high temper-
atures, die-attach materials that can withstand high temperatures
for a long time are required. Currently, the high-temperature
die-attach materials mainly include high-temperature solders,
transient liquid-phase (TLP) bonding materials, and Ag and Cu
nanoparticles (NPs) sintering materials [5], [6], [7].

In recent years, there have been some reviews on high-
temperature die-attach materials. Zhang et al. [7] reviewed the
pros and cons of high-temperature lead-free solders and sintered
Ag. Manikam and Cheong [8] overviewed the high-temperature
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TABLE I
MATERIAL PROPERTIES OF HIGH-TEMPERATURE SOLDERS

die-attach materials in high-temperature applications. Siow [9]
introduced key thermodynamic and kinetic concepts of TLP,
discussed potential applications, and compared them with other
die-attach technologies. Chen and Siow [10] compared the
mechanical strength and reliability of sintered Ag and Cu and
studied the effect of the sintering process on bonding strength.
However, there are few reviews of die-attach materials for SiC
high-temperature packaging.

The rest of this article is organized as follows. In Section II,
high-temperature solders and TLP bonding materials were re-
viewed. In Section III, metallic (mainly Ag and Cu) NPs sin-
tering technologies were thoroughly surveyed. Metallic NPs
sintering materials, metallic NPs sintering process, and interface
and reliability were overviewed. In Section IV, the challenges
and outlook of Cu NPs sintering technologies were discussed.
The challenges of Cu NPs sintering technologies mainly include
Cu oxidation issues in the sintering process, tradeoffs among
thermal, electrical, and mechanical properties, and inherent
effects of pressure, temperature, and time. Finally, Section V
concludes this article.

II. HIGH-TEMPERATURE SOLDERS AND TLP BONDING

MATERIALS

A. High-Temperature Solders

The high-temperature solders have higher melting points. The
processing temperatures are much higher, generally 40 °C higher
than the melting points of solders. Table I lists the material
properties of several high-temperature solders. Gold-based eu-
tectic die-attach materials, such as Au80Sn20 and Au88Ge12,
have been widely used as high-temperature die-attach materials.
They melt at 280 °C and 356 °C, respectively. Compared with
Au88Ge12, Au80Sn20 possesses better thermal and electrical
properties, and hence, it is more commonly used [12]. Although
Zn-based solders have higher thermal conductivity, the higher
processing temperature presents greater challenges to the man-
ufacturing process [14].

The high-temperature solders seem to be good candidates for
SiC high-temperature packaging. However, the reflow cooling

Fig. 2. Schematic diagram of Ni-Sn TLP bonding process [17].

down process induces large residue stress and strain and leads
to die cracks. Besides, the cost of high-temperature solders is
relatively high.

B. TLP Bonding Materials

TLP bonding is a process for the joining of metallic and
ceramic materials using an interlayer [15]. It involves the ap-
plication of a low-melting-point interlayer material, such as Sn
or In, between the surface-metalized die and the substrate. As the
temperature increases, the interlayer material melts and moves
into the lattices and grain boundaries of the die and substrate
metallization, forming intermetallic compositions (IMCs). After
an annealing process, a homogenized intermetallic bond line
can be formed. The intermetallic bond line has a much higher
remelt point than the initial interlayer [16]. Fig. 2 illustrates
the schematic diagram of a specific Ni-Sn TLP bonding process.
The Sn foils are inserted between the power devices and the sub-
strate having pre-existing nickel (Ni) layers. The Sn thickness
range is 3–10 μm. The melted Sn diffuses into and reacts with
the Ni layers through the solidification process. The process
continues until all melted Sn are consumed and transformed
to the Ni-Sn alloy having a melting temperature (theoretically
∼794 °C) higher than Sn melting temperature (∼231 °C) and
the maximum process temperature [17].

The TLP bonding combines the features of the conventional
soldering and diffusion bonding process [18], [19], [20]. It
is a promising die-attach approach for SiC high-temperature
packaging because of the following benefits.

1) It can offer excellent joint-filling capability and form a
high-quality bond.

2) It can form bonds at a low temperature, thereby minimiz-
ing the stress due to the coefficient of thermal expansion
(CTE) mismatch between the die and the substrate.

3) It needs relatively low processing pressure (<0.3 MPa)
[17], [18], [19], [20], [21].

Many material pairs have been examined for TLP bonding
so far. Table II compares different TLP bonding technologies.
From the table, the TLP bonding can form different IMCs. Most
of them can withstand higher temperatures over 400 °C. How-
ever, the pressure and thickness need to be strictly controlled in
the TLP bonding process, and longer bonding time is needed
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TABLE II
COMPARISON OF TLP BONDING TECHNOLOGIES

if we expect higher operating temperatures because forming
high-melting-point IMC needs longer reacting time. Generally,
low thermal conductivity and high residual stress during bonding
are the main issues that need to be improved [9], [22].

III. METALLIC NPS SINTERING TECHNOLOGIES

As the SiC die size tends to be smaller in comparison with the
Si counterparts, its heat flux can reach up to 1 kW/cm2. Such
high heat flux cannot be quickly dissipated via high-temperature
solders and TLP materials, whose thermal conductivities are
generally lower [32], [33]. Ag’s extreme thermal conductivity
at 0 °C is 428 W/m·K, and Cu comes second at 401 W/m·K.
The sintered Ag and Cu have shown higher thermal conductiv-
ities compared with other types of die-attach materials, which
can reach over 150 W/m·K. Therefore, sintering materials can
effectively leverage the performance of SiC devices [8].

When materials are reduced down to the nanoscale, several
material characteristics, e.g., melting point [34], surface energy
[35], and diffusion coefficient [36], exhibit significant changes
compared with their bulk counterparts. Metallic NPs paste
sintering has shown fantastic potential in power electronics,
especially for die attach due to the following advantages:

1) low-temperature process and high-temperature operation;
2) without liquid phase during sintering and, thus, die shift

issues can be avoided;

Fig. 3. Melting temperature of NPs Cu dependent on NPs diameter and S-L
interface energy.

3) environmentally friendly;
4) excellent thermal, electrical, and mechanical properties

[37], [38], [39], [40], [41].
The die shear strength of power modules by sintering NPs

paste can achieve above 40 MPa.
Metallic NPs paste sintering, fundamentally different from

solder alloy reflowing that has solid-to-liquid-phase transition,
is defined as the atomic diffusion and NPs consolidation that
can happen far below the melting temperatures (Tm) of ma-
terials, typically 0.2–0.4Tm [42]. With low sintering tempera-
ture, conventional microparticle paste cannot form the dense
structure and achieve the desired properties. To improve the
density, a high temperature, usually over 750 °C, must be applied
to the micron-sized metallic paste [41]. Compared with the
conventional microparticles, NPs have higher surface energy
and smaller size, which lead to a higher driving force σ for
the sintering process as shown in the following equation [43],
[44], [45]:

σ = γκ = γ

(
1

R1
+

1

R2

)
(1)

where γ is the surface energy of particles, κ is the curvature,
and R1 and R2 are the principal curvatures. Fig. 3 shows the
melting temperature of Cu NPs dependent on NP diameter and
solid–liquid (S-L) interface energy. It is evident that the initial
sintering temperature of metallic NPs decreases with the particle
size. The smaller the particle size, the lower the corresponding
initial sintering temperature. In the case of NPs sintering, the
reduction in the initial sintering temperature can be understood
as the lower melting temperature of nanoscale particles [45].
Generally, NPs paste, in which metallic particle size is below
100 nm in diameter, can form the dense structure at relatively low
sintering temperatures (e.g., ≤300 °C), as shown in Tables III
and IV. Once NPs form joints, they will possess higher melting
temperatures, such as those of the bulk metal. Thus, reducing
the particle size from the micrometer to the nanoscale range can
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TABLE III
COMPARISON OF AG NPS PASTE SINTERING TECHNOLOGIES

Fig. 4. General fabrication process of metallic NPs’ pastes [46], [47], [48], [49].

lower the sintering temperature and help achieve better perfor-
mance [41]. In this section, metallic NPs sintering materials and
processes will be thoroughly surveyed.

A. Metallic NPs Sintering Materials

1) Metallic NPs Paste: Currently, Ag and Cu NPs are the
primary sintering materials. Typically, the metallic NPs or pre-
cursors are mixed with organic solvents and additives to form

metallic NPs paste [46], [47], [48], [49]. Typical synthesis routes
for NPs include chemical reduction, laser ablation, mechanical
ball milling, and supercritical fluid technology [10], [51]. These
methods vary in terms of particle size distribution, oxidation
state, and cost. The general pastes fabrication process is il-
lustrated in Fig. 4. First, organic stabilizers and some special
additives are selected and filled into a solvent. Second, metallic
NPs are filled into the solvent and fully mixed with it. Third,
a part of the organic solvent is dried out and each metallic NP
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TABLE IV
COMPARISON OF CU NPS PASTE SINTERING TECHNOLOGY

is covered with a layer of organic shell. These organic shells
can protect metallic NPs to prevent their aggregation, keep
metallic NPs from oxidation, modify paste viscosity, etc. The
organic stabilizers in the shell can stabilize unsaturated bonds
between surface atoms of metal particles, thereby generating a

stable metal NPs paste. Organic reducing agents, such as oxalic
acid and formic acid, can effectively prevent oxidation of the
metallic NPs during the preparation and sintering processes.
Finally, the prepared paste is generally coated on the substrate
by a stencil print, and the chip and substrate are bonded by a
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Fig. 5. Schematic diagram of PLD method [54], [55].

pressure-assisted or pressureless sintering process. Additionally,
special treatments, such as the washing process and metalliza-
tion, are required before the die attach [52].

2) Metallic NPs Deposition: Different from metallic NPs
paste, which needs to be coated on the metalized surface, metal-
lic NPs can be directly deposited on any target via physical vapor
deposition (PVD) techniques, such as pulsed laser deposition
(PLD) [53], [54]. Fig. 5 illustrates the schematic diagram of
a PLD process. PLD involves four key steps, including laser
ablation of the target material, ejection of the target material into
the plasma plume, deposition of the plasma plume, and growth
of NPs [53], [54], [55]. Laser ablation is primarily controlled
by the pulsewidth or pulse duration [53]. The average size of
NPs decreases rapidly with the reduction of laser pulse duration.
Furthermore, the final morphology of NPs is influenced by
the deposition atmosphere, substrate rotation, laser power, and
deposition time. Jia et al. [55] deposited a supersaturated Ag-7.3
wt% Cu alloy NPs layer on the back side of the SiC die. The
sintering process can be conducted in an air atmosphere without
the assistance of a reduction agent. The shear strength can reach
over 20 MPa when the bonding temperature reaches 300 °C.
This method eliminates the use of organic compounds. And it
also has the potential advantages of precise and easy control.

B. Metallic NPs Sintering Process

1) Heat-Press-Assisted Sintering: Metallic NPs sintering
processes are generally classified as nonpressure and pressure-
assisted types according to the absence or presence of applied
pressure during the sintering process [56], [57]. Nonpressure
and pressure-assisted sintering under a certain temperature is
widely used now. Fig. 6 illustrates the schematic diagram of the
NPs sintering process. Each NP is covered with an organic shell
in the initial state, as shown in Fig. 6(a). During the sintering
process, the organic shells are first released from the paste. The
release involves two fundamental steps: the separation of the
organic shells, which depends on their binding energy to the
metallic NPs, and the evaporation of the shells, which is related
to their inherent boiling point [58], [59]. Then, with supplied

Fig. 6. Schematic of NPs sintering process. T, t, and P stand for sintering
temperature, pressure, and time, respectively. (a) Initial state. (b) Nonpressure
sintering. (c) Pressure-assisted sintering [38].

energy, usually heat and pressure, NPs can form sintering necks,
as shown in Fig. 6(b) and (c). If appropriate pressure assistance
is provided, NPs can achieve higher density and less-porosity
joints, as illustrated in Fig. 6(c). The formation of the sintering
neck follows the sintering process based on atomic surface dif-
fusion: first, a contact area is formed, followed by the formation
of necking through mass transportation [65]. This transition
from the positive curvature of spherical particles to the negative
curvature of the necking area reduces the total surface energy.
Nonpressure sintering performed in a convection oven requires
up to tens of minutes under a lower sintering temperature, while
pressure-assisted sintering was relatively fast. Higher tempera-
ture and pressure could increase the densification rate, accelerate
the metallic atom diffusion and bonding, increase the sintered
bulk density, and, thus, significantly improve the properties of
sintered metal. However, increasing temperature and pressure
could destroy SiC power devices and other packaging materials.
Higher pressure could also hinder the release of organic addi-
tives. Therefore, a suitable sintering parameter is necessary to
be considered.

Molecular dynamics’ studies were usually conducted to in-
vestigate the sintering mechanism [60], [61], [62], [63], [64].
During the heating process, as the sintering temperature rises,
the energy of the entire system increases, and the interaction
among atoms becomes stronger. During the isothermal holding
process, the temperature no longer changes, and the potential
energy tends to stabilize, gradually stabilizing the system. The
initial formation mechanism of sintering necks between NPs
mainly relies on vertical atomic diffusion, while the further
enlargement mechanism of sintering necks is mainly caused
by horizontal atomic diffusion. In the later stages of sintering,
viscous flow is the main mode of atomic migration, which tends
to be horizontal rather than vertical motion [60]. At this stage,
the contribution to atomic displacement mainly comes from
atoms far from the sintering neck, whereas, in the early stages
of sintering, it primarily comes from the sintering neck region.
The displacement distance of atoms continues to increase until
the end of sintering.

Furthermore, phase transition analysis shows that, during the
sintering process, atomic rearrangement recrystallization could
occur in the sintering neck region and its vicinity [60], [61].
For sintered Cu, as sintering progresses, first, the initial face-
centered cubic (FCC) atoms in the sintering neck region could
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transform into amorphous atoms or hexagonal close-packed
(HCP) structures, accompanied by the formation of dislocations
and stacked faults. In the subsequent sintering, the total length
of dislocations gradually decreases, and recrystallization of the
amorphous structure occurs, ending the plastic deformation in
the sintering neck region. Finally, twin boundaries spanning two
NPs form, creating a relatively stable crystalline structure. In
pressure-assisted sintering, applying pressure to the NPs could
change the dominant coalescence kinetics from slight surface
diffusion to intensive volume diffusion and plastic flow driven
by the defects. Therefore, higher sintering pressure may lead to
a greater degree of NP aggregation [61].

1) Ag NPs sintering
Table III summarizes some typical low-temperature sintering

conditions and mechanical performance of most-used Ag NPs’
pastes. As shown in Table III, the commonly used sintering tem-
perature, pressure, and time ranges are 250–300 °C, 0–5 MPa,
and 5–30 min, respectively. Preconditioning is a necessary step
for most of the sintering methods. The shear strength of the
sintered joints is above 25 MPa. Thermal conductivity can reach
up to 278 W/m·K [71]. The sintering time, pressure, and temper-
ature form a delicate balance [74], [75]. Typically, a decrease in
one or two parameters (e.g., temperature) requires an increase
in the others (e.g., pressure) to compensate for achieving similar
joint strength [40], [66], [67], [68].

Researchers have also studied nanoflakes (flake-shaped NPs),
which can induce denser microstructures compared with spher-
ical NPs [76], [77], [78], [79], [80], [81]. Li et al. [77] achieved
low-temperature sintering at 160 °C using solvent and interface
engineering, resulting in a joint strength of 27 MPa. Solvents
with high wetting properties can generate high capillary adhe-
sion between the Ag flakes and the substrate, ensuring tight
contact. However, the sintering time was long, taking 60 min.
Nanoflakes with sizes ranging from 40 to 260 nm were sintered at
300 °C, resulting in a high-performance sintered Ag joint with a
porosity of 5.1%, shear strength of 49.8 MPa, and electrical con-
ductivity of 31.6 μΩ·cm [78]. Generally, higher curvature tends
to promote faster sintering kinetics, while the large flat surface of
nanoflakes may result in slow sintering kinetics. However, the
average neck shrinkage size of nanoflakes is thicker than that
of spherical NPs [76]. This controversial result shows that the
nanoflakes paste has a unique sintering mechanism that cannot
be explained by traditional diffusion necking growth models.
Nanoflakes have sharp corners where the diffusion-potential
gradient is large and bonds are unsaturated, leading to a tendency
for diffusion to reduce surface energy. Therefore, the corners
of nanoflakes begin to shrink and become rounded first during
sintering.

Fig. 7(a) illustrates the results of molecular dynamics’ sim-
ulations. As temperature rises, the atomic movements are pre-
dominantly concentrated at the four corners of the nanoflakes.
Most of the atoms located at corners moved along the surface
and edge or inward into the bulk, gradually rounding the sharp
corners of the nanoflakes. Subsequently, the edges of nanoflakes
deform at higher temperatures, as shown in Fig. 7(b) and (c).
As the temperature rises, the solvent rapidly evaporates, caus-
ing a reduction in the gaps between the nanoflakes. As the

Fig. 7. (a) Displacement vector of nanoflakes from 300 to 700 K. Shape
changes of nanoflakes with different sizes during sintering: (b) 5 nm and
(c) 7 nm [79].

Fig. 8. (a) Transmission electron microscopy (TEM) images of the nanoflakes’
pastes after sintering under an air atmosphere at 250 °C for 10 min. (b) Magnified
view. Necking size is indicated by the yellow line. The large necking is indicated
by a red arrow [76].

temperature increases and the sintering process progresses, the
deformed portions of closely packed nanoflakes undergo mutual
diffusion at the interfaces. This diffusion primarily occurs at
three critical regions: corners, corners and edges, and edges
and edges. These interactions contribute to the formation of a
dense and continuous interconnecting structure, enhancing the
overall integrity and mechanical strength of the material. It is
noteworthy that the generation of some small spherical NPs is
detected during the sintering process [76], as shown in Fig. 8.
As NPs are thermodynamically unstable, the crystal growth of
agglomerating NPs accelerates the networking between the par-
ticles, contributing to the fast-necking growth. The NPs created
diffusion paths by bridging between nanoflakes, expediting the
sintering process. The origin of NPs may be attributed to the ini-
tial microstrains caused by high dislocation density in the grain
boundaries of nanoflakes and subsequent strain relaxation during
heating.

2) Cu NPs sintering
It is noted that the sintered Ag NPs have severe elec-

tromigration (EM) issues in high-current applications (e.g.,
1×104 A/cm2, 200 h, 150 °C) [82], [83]. Cu has similar thermo-
electrical properties with Ag but higher resistance to EM. Cu NPs

Authorized licensed use limited to: TU Delft Library. Downloaded on September 10,2024 at 08:32:39 UTC from IEEE Xplore.  Restrictions apply. 



13478 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

paste has become one of the emerging die-attach materials in
high-temperature and high-power electronics. Table IV summa-
rizes the low-temperature sintering conditions and mechanical
performance of the most-used Cu NPs’ pastes. From Table IV,
the commonly used sintering temperature, pressure, time, and
particle size ranges are 200–300 °C, 0–10 MPa, 3–30 min, and
below 100 nm, respectively. Reductive treatment and a protective
atmosphere are necessary steps for most sintering methods.
The shear strength of sintered joints is above 20 MPa, the
electrical conductivity is less than 100 μΩ·cm, and the thermal
conductivity can reach 180 W/mK [92]. The selection of organic
additions in the paste formulation determines the range of sin-
tering temperatures [10]. Applying the pressure can promote Cu
atom diffusion, thus reducing voids within the sintered Cu at
the interface. The particle size affects the total surface energy of
particles, which determines the strength of the sintering driving
force. For example, reducing particle size and increasing the
sintering pressure, even with a shorter time, can still significantly
increase the shear strength [84], [85]. Some special paste formu-
lations can achieve higher shear strength even at a low sintering
temperature and nonpressure condition [86], [87]. Additionally,
preparing mixed-particle pastes is also an effective choice for
higher sintering density [49]. In theory, the maximum packing
density for the same size NPs is approximately 74% before
sintering, achieved in an FCC or HCP [64]. To further enhance
packing density, microparticle (MP)/NP hybrid metallic pastes
can be used for sintering. The incorporation of nanoscale metal-
lic particles can effectively fill the pores between micron-sized
particles, thereby enhancing the packing density of the particles
[49]. The increase in packing density also comes with another
benefit: a reduction in the content of organic. It should be noted
that an increase in the proportion of MP typically accompanies
a rise in sintering temperature to attain more thorough sintering
[36]. Therefore, the ratio of MP/NP needs to be adjusted as per
specific requirements.

However, Cu NPs are easily oxidized in the air atmosphere
during the sintering process. The air atmosphere induced some
voids, and the bonding layer was less dense than in the vacuum
atmosphere [93]. Therefore, antioxidation methods are usually
used, such as protective atmosphere, reducing gas, and acid
pretreatment. Vacuum or inert gas (Ar, N2, etc.) is the most
common protective atmosphere, but existing oxidation cannot be
removed. Therefore, a reduced atmosphere is required. For in-
stance, the formic acid-enriched N2 atmosphere can be made by
bubbling nitrogen (gas) into a formic acid (liquid) [94]. Formic
acid in N2 can reduce Cu oxidation before and during sintering.
As shown in Table IV, some other reducing atmospheres are
also used, such as 5% H2/N2, to reduce oxide generation. In
addition, pretreatment of the paste with a reducing agent before
sintering is also a commonly used method. Fig. 9 illustrates the
schematic diagram of the Cu-Cu joint process using formic acid
pretreatment. The chemical reaction equations of the CuO and
formic acid are shown as (2) and (3). After formic acid treatment,
the sintered layer shows a more coarsened reticulated structure
and better bonding with the Cu pad. In addition, longer treatment
time may lead to Cu reoxidation, thereby hindering the sintering
process [85]. Therefore, formic acid treatment time should be

Fig. 9. Schematic of Cu-Cu joint process using formic acid pretreatment [85].

strictly controlled

CuO + 2HCOOH → Cu(COOH)2+H2O (2)

Cu(COOH)2 → Cu + CO2+H2. (3)

However, the Cu NPs sintering process in a protective or
reducing gas atmosphere is complicated and costly, especially in
industrial applications. Cu NPs sintering in an air atmosphere is
a more potential technology. Jianfeng et al. [89] successfully
realized the low-temperature sintering of Cu NPs in an air
atmosphere by incorporating polyvinylpyrrolidone (PVP) into
the Cu NPs paste. PVP acts as a protective coating material on
the NPs, as shown in Fig. 10, preventing oxidation during the
heating process. The shear strength was 13 MPa at temperatures
above 220 °C.

Similarly, the Cu-Ag core-shell NPs paste can be sintered in an
air atmosphere. The Cu-Ag core-shell NPs are made by mixing
preprepared Cu NPs with Ag compound and allowing them to
react [95], [96]. The Ag shell can prevent the oxidation of Cu
NPs during sintering in the air. However, the cost of the core-
shell structure method is significantly higher than pure Cu NPs,
and the complex synthesis process is also a potential challenge.
Zuo et al. [91] achieved sintering in the air through an in situ
reduction method. The Cu atoms inside Cu NPs were protected
by oxide shells, allowing the particles to achieve sintering while
simultaneously undergoing reduction.

In addition, the sintering temperature, sintering time, and
other parameters of Cu NPs paste can be determined by material
characterization experiments, e.g., thermogravimetric analysis
(TGA), elevated-temperature X-ray diffraction (XRD), and dif-
ferential scanning calorimetry [55], [66], [85], [88]. Zhang [90]
analyzed the sintering behavior of commercial Cu NPs’ pastes by
TGA and XRD experiments and realized the Cu NPs sintering in
an air atmosphere. Fig. 11 compares the mass of Cu NPs paste
dependent on temperature in Ar and compressed air. Fig. 12
shows the XRD patterns of Cu NPs paste at various elevated
temperatures. From the two figures, the Cu oxidation starts to
increase slowly, and the decomposition of organic compounds
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Fig. 10. XRD patterns of Cu NPs after annealing. (a) Cu NPs without thick
PVP protection (after washing with deionized water). (b) Cu NPs with thick
PVP protection (without washing) [89].

further slows down, but the mass continues to decrease. After
Tb3, the mass increase caused by oxidation exceeds the mass
decrease caused by the release of organic compounds, leading to
an overall increase in mass. Therefore, the sintering temperature
can be selected between Tb2 and Tb3. It is worth noting that a
small amount of oxidation is observed within the bonding layer
after sintering. However, if it does not affect the sintering process
and long-term reliability of sintered joints, partial oxidation is
acceptable.

2) Current- and Laser-Assisted Sintering: The heat-press-
assisted sintering method is relatively complicated, time-
consuming, and sometimes requires inert gas atmospheres [16].
In addition, there are some other sintering technologies, such as
current-assisted sintering and laser-assisted sintering [96]. These
sintering methods provide an alternative way of supplying heat
source. In [97], [98], [99], and [100], a rapid current-assisted
sintering technology was used to bond electronic devices with
Ag NPs paste. The sintering schematic is shown in Fig. 13.
The shear strength increases with the current and time. At a
current of 8.25 kA and a sintering time of 1 s, the shear strength
of the sample approaches 100 MPa. Pressure assistance can
improve the contact between the substrate and the Ag NPs paste,
preventing voids or cracks generated during the sintering process
due to gas release. It is noted that applying current to extremely
thin bonding regions is a challenge in the actual production.
Further research is needed to investigate whether high currents
can cause damage to the chip. Besides, exploration has also been

Fig. 11. TGA results of the Cu NPs paste. (a) In Ar. (b) In compressed
air [90].

conducted on laser-assisted rapid sintering processes for chip
interconnection using Ag NPs’ pastes [101], [102]. The sintering
schematic is shown in Fig. 14. The results indicated that the
laser-assisted sintering could significantly shorten the time, and
the sintering process can be finished within 1 min. The Si chip ab-
sorbs the laser beam, generating localized heating effect, which
can increase the temperature of the Ag NPs paste and enable the
bonding of Si-Ag-DBC. The shear strength increases with the
laser power, load, and sintering time. In addition, laser-assisted
sintering offers extremely short sintering time and high cooling
rates, which helps to reduce residual stress and oxidation effects
[102]. Due to the fast-sintering time, the sintered Cu NPs could
reach good performance in an air atmosphere by laser-assisted
sintering technology.

C. Interface and Reliability

As the die-attach layer in the power electronic packaging,
sintered metals are often subjected to various loads and stresses,
with shear being the most common [10]. Shear strength, which
is easy to measure and intuitive, is often used to characterize the
performance of sintered joints. The strength of sintered joints
is determined not only by the sintered material itself but also
by the interface strength between the sintered metal and the
substrate. In other words, shear strength is controlled by both
the sintering process (e.g., time, pressure, temperature, particle
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Fig. 12. XRD scans of the Cu NPs paste at elevated temperatures in air [90].

Fig. 13. Schematic illustration of the current-assisted sintering technology
[97], [98], [99], [100].

Fig. 14. Schematic illustration of the laser-assisted fast Ag-based NPs paste
sintering [102].

Fig. 15. Different fracture modes after shearing [103], [104].

morphology, and sintering atmosphere) and the substrate (e.g.,
metallization). After shearing, failure modes can generally be
divided into three categories: cohesive, adhesive, and cohesive–
adhesive, as shown in Fig. 15. Cohesive failure occurs within the
sintered metal, indicating that the metallic NPs have not formed
strong long-range connections. Pressure-assisted sintering can
significantly reduce the occurrence of such failures. Adhesive
failure occurs at the interface between the sintered metal and
the metallization layer, and fracture between the metallization
layer and the substrate has also been observed [103]. Therefore,
selecting the appropriate metallization is crucial for obtaining
excellent sintered joints.

Typically, sintered Ag can form great joints on Au, Ag, or
Cu metallization layers. For Cu and Ni metallization, sintered
Cu can typically form higher bonding strength and reliability
compared with sintered Ag [10], [105]. This phenomenon may
be due to the matching of lattice constants at the contact inter-
face. The underlying substrate metallization layers act as seed
crystals for sintered Cu, promoting Cu growth and facilitating
interconnection at the interface [106], [108]. Additionally, some
researchers suggest that the absence of a significant Kirkendall
effect may also be one of the reasons, a finding supported by
both experiment and molecular dynamics’ simulations [110], as
shown in Fig. 16. When Cu NPs are sintered on Ni or Cu met-
allization layers, the interdiffusion is weak, and no significant
voids distribution is observed at the sintering interface, resulting
in stronger joints.

Compared with Ni or Cu metallization, the interdiffusion
coefficients between the sintered Cu layer and Au or Ag metal-
lization layers are significantly higher by 2–3 orders of magni-
tude [110]. The interface exhibits pronounced interdiffusion, as
illustrated in the molecular dynamics’ simulations in Fig. 16(b).
Studies have shown that, during sintering, the Kirkendall effect
can create large voids in the interface between the sintered Cu
layer and metallization layers, resulting in weaker joint strength
[110]. Experimental data about the distribution of porosity con-
tent in sintered Cu layers are shown in Fig. 16(a). It can be
observed that Au and Ag metallization exert a strong influence on
the adjacent sintered Cu, although this influence diminishes with
increasing distance from the metallization layer. Additionally,
Ishikawa et al. [109] reported that, for the Au metallization,
the shear strength decreased with the sintering temperature.
Large voids were observed beneath the Au metallization layer.
The metallization layers were typically prepared using elec-
troplating or sputtering techniques. However, some research
suggests that for standard finishing layers prepared by chemical
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Fig. 16. (a) Porosity of sintered Cu on the different metallization layers [110]. (b) Molecular dynamics simulation of interdiffusion at the interface between Cu,
Ni, Au, and Ag metallization layers and sintered Cu.

plating [e.g., electroless nickel immersion gold (ENIG)], the Au
metallization can enhance shear strength and reliability [94],
[111]. Researchers believe that the formation of IMCs resulting
from the interdiffusion between sintered Cu and the ENIG layer
enhances joint strength.

However, in another study by Nakako et al. [92], high shear
strength sintered Cu joints (>40 MPa) were achieved on Cu,
Ni, Au, Ag, and Pd metallization layers. Cu joints exhibited
superior thermal reliability compared with Ag joints after 1500
temperature cycles (−40 °C to 200 °C). For other metallization
layers, such as Ti, Mn, and Cr, the formation of stable oxides
at the interface, due to their lower standard free energy of oxide
formation, significantly reduced shear strength [107]. These
findings illustrate that the influence of metallization on joint
strength depends not only on intrinsic properties but also on
factors, such as fabrication processes.

After reliability testing, traditional solder (e.g., Sn-based sol-
der) often shows a decrease in joint strength, especially for SiC
device packaging [112]. Studies have indicated that metallic NPs
sintering shows excellent reliability in power cycling, thermal
cycling, and thermal shock [92], [109], [110], [113], [114],
[115], [116]. Sintered Cu demonstrates a longer lifetime than
sintering Ag in power cycling [10], [105]. Sintered Cu showed
no changes after 550 000 power cycles, while sintered Ag broke
down after only 220 000 cycles when tested at a low junction
temperature of 25/175 °C [105]. The enhanced reliability of
sintered Cu is primarily attributed to its higher yield strength
and lower CTE mismatch [105]. Tested at 25/200 °C, no obvious
change in the thermal conductivity of sintered Cu joint was
observed after 1000 power cycles by thermal transient tester
technology [113], [114]. Obvious lateral cracks were observed
in the sintered Cu joints using short carbon chain capping agent
cappers after only 360 cycles when tested at a low junction
temperature of 65/250 °C. On the other hand, sintered Cu joints
using long carbon chain capping agents showed only the gen-
eration of vertical cracks after 3000 cycles [115], [116], [117].
Vertical cracks have a minor impact on the thermal conduction
path, resulting in minimal changes in the maximum junction
temperature. However, lateral cracks can significantly impede

heat flow conduction. The occurrence of lateral cracks has been
attributed to the insufficient steric hindrance effect of the short
carbon chain capping agent to prevent the aggregation of NPs,
leading to the formation of large Cu NPs and reducing the
sintering driving force [10], [117].

In contrast to the traditional solder, sintered Cu shows an
increase in shear strength when subjected to thermal cycling
or thermal shock test [113], [114]. Compared with vacuum
environments, sintered Cu joints showed higher shear strength
after thermal shock in the air. Therefore, researchers attribute
the increase in shear strength to the formation of Cu oxides,
which create a denser structure and potentially improve bonding
strength [114]. In contrast, sintered Ag joints showed peeling-off
at the edges after 1000 temperature cycles, with the damage
gradually spreading with increasing cycles [92]. After thermal
shock, small cracks may appear at the edges of the bond layer
due to the CTE mismatch. However, these small cracks have
minimal effect on the shear strength [113]. In addition, the
common failure mode of the adhesive layer is propagation from
the edges to the interior after the reliability test [112], [114].

IV. CHALLENGES AND OUTLOOK OF CU NPS SINTERING

Currently, sintered Ag has become a relatively mature tech-
nology with excellent thermal and electrical conductivity prop-
erties. Ag NPs sintering technologies have been used in many
power modules. However, sintered Ag is prone to serious EM
in high-current operating environments, often requiring specific
optimization measures for practical applications. In comparison,
sintered Cu offers similar thermal and electrical properties to
sintered Ag and performs better in high-current environments.
The sintered Cu is a promising die-attach material. However,
there are still some key issues to be solved. Some challenges
and outlooks are discussed as follows.

A. Challenges of Cu NPs Sintering

1) Cu Easy Oxidation in the Sintering Process: Cu easy
oxidation has been a big issue during the sintering process, which
may lead to a poor bonding strength, thus limiting the rapid
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application of Cu NPs paste in the industry. To avoid or reduce
the Cu oxidation in the sintering process, a protective atmosphere
(e.g., N2 and Ar) or a reductive atmosphere (e.g., H2 and formic
acid) is usually used. Sometimes, a preconditioning process is
needed. In all, the sintering process of Cu NPs paste is relatively
complicated compared with the Ag NPs sintering process, and
Cu NPs sintering in an air atmosphere is a challenge. Except for
selecting appropriate organic additives, the sintering tempera-
ture should be confirmed based on thermal gravity experimental
results in the air atmosphere, as shown in Fig. 11. In addition,
the core-shell structure offers an innovative approach to enhance
the sintering process of Cu NPs in an air environment. Through
a preoxidation and reduction process, a protective shell that can
thermally decompose back into Cu is formed on the surface
of Cu NPs. During sintering, the shell decomposes and forms
sintering necks while protecting the internal Cu atoms. Further
exploration of processing techniques and mechanistic research
is still needed.

2) Tradeoff Among Thermal, Electrical, and Mechanical
Properties: In the SiC power module, the die-attach layer is
supposed to act as a buffer layer except for interconnecting
the die and the substrate. As the heat flux of SiC devices
increases, the die-attach layer should have much higher thermal
and electrical conductivity. This requires the sintered Cu to
have the lowest possible porosity [74]. As a sintering metal, the
theoretical limitations of sintered Cu properties can approach
those of the bulk Cu. However, low porosity can lead to high
Young’s modulus, which could make the die crack [74]. The
maximum principal stress of the die would increase with the
modulus of the die attach. Higher Young’s modulus is adverse to
the mechanical performance of SiC devices. Therefore, tradeoff
design that simultaneously considers electrical, thermal, and
mechanical performances is a challenge. Multiobjective opti-
mization is essential.

3) Inherent Effects of Pressure, Temperature, and Time:
Nonpressure and pressure-assisted sintering are the two main
sintering techniques for Cu NPs paste. Applied pressure, sinter-
ing temperature, and holding time would affect the final state
of Cu NPs paste, as shown in Fig. 6. Increasing the pressure,
raising the temperature, and extending the time can promote
NPs sintering and the sintered Cu has excellent performance.
However, if the process condition is not properly, its perfor-
mance will be far below the expectation. Moreover, a higher
pressure could damage the die, a higher temperature could
induce higher stress on the die corner after sintering due to
the high-temperature difference and CTE mismatch between the
die and the substrate, and the sintering efficiency over a longer
time is lower. Therefore, it is essential to thoroughly understand
the inherent effects of pressure, temperature, and time on Cu
NPs sintering.

B. Outlook of Cu NPs Sintering

Due to the excellent performance, Cu NPs sintering technol-
ogy will be widely used in power electronics and microelectron-
ics not only in attaching the die but also in the lid, heat sink, etc.
For a relatively complicated package or module, several types of

Fig. 17. Estimated processing temperature and melting point for solder and
sintered Cu.

solders with different melting temperatures are usually selected.
The process procedure is based on the melting temperature of
solders and reflows from high-to-low temperatures. Moreover,
different types of solders require different surface metallization,
and high reflow temperatures would induce high stress on the
component corner, thus leading to cracks or delamination. The
characteristic of “low-temperature sintering, high-temperature
service” of NPs Cu sintering can effectively address this issue,
as shown in Fig. 17. After sintering, the melting point of the bond
layer is close to that of bulk Cu, which ensures that the bonded
layer will not melt during subsequent heating bonding processes.
Multiple steps of Cu NPs sintering are promising for replacing
multiple reflows of solders based on their melting temperature.

In addition, as the SiC die size tends to be smaller in com-
parison with the Si counterparts, the current density and heat
flux through the die attach are increasing rapidly. High current
density can pose the risk of severe EM, forming voids and
reducing mechanical and electrical behavior. High heat flux can
lead to hotspots inside devices, reducing the performance and
increasing the risk of failure. This means that the die attach
needs to have high thermal conductivity to conduct the heat
generated by the chip. Compared with sintered Ag, sintered Cu
possesses similar thermal and electrical conductivity. Moreover,
sintered Cu can work well in high-temperature, high current
density environments without causing EM issues. Sintered Cu
as a die-attach material has shown increasing advantages and
has significant application value.

V. CONCLUSION

With the motivation of fully utilizing SiC devices’ per-
formance of the high temperature, some conventional high-
temperature die-attach materials, such as solders and TLP bond-
ing materials, were first reviewed. As the SiC die size tends to
be smaller in comparison with the Si counterparts, its heat flux
can reach up to 1 kW/cm2 or beyond. Such high heat flux cannot
be quickly dissipated via the conventional die-attach materials.
Their thermal conductivities are generally lower. Metallic NPs
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sintering is a promising bonding technology due to its excel-
lent physical properties and the features of low-temperature
bonding and high-temperature service. Ag and Cu NPs sintering
technologies were thoroughly reviewed. Some conclusions are
drawn as follows.

1) Temperature (or temperature curve), pressure, and time are
direct variables for optimizing the mechanical, electrical,
and thermal properties of the sintered metal. An increase
in temperature and pressure means a higher densification
rate. The longer the sintering time, the denser the sintered
metal becomes. However, the limits that the chip can
withstand also need to be considered to prevent damage
from sintering. In addition, some properties of the sintered
metal are mutually exclusive. Higher electrical conduc-
tivity, thermal conductivity, and shear strength mean a
higher stress on the die corner. Therefore, multiobjective
optimization needs to be done.

2) The formulation of the paste and the particle size also
have a significant impact on the sintered results. Particle
size affects the total surface energy of the particles, which
determines the strength of the sintering driving force.
Organic additions in the paste have various specialized
functions, such as viscosity control, reduction, and pro-
tection. These special functionalities will influence the
printing of the paste and the behavior of metal NPs before
and after sintering.

3) The cost of sintered Cu depends more on the preparation
of Cu NPs (e.g., chemistry synthesis and PVD), paste for-
mation, sintering process development, etc. So far, the cost
of sintered Cu is still relatively high. Different sintering
processes and paste formulations have been explored to
decrease the cost, such as using commercially available
Cu particles to prepare pastes and TGA analysis sintering
methods.

4) Cu NPs easy oxidation is the primary problem that needs
to be solved during the sintering process. Common meth-
ods to prevent oxidation include applying a protective or
reducing atmosphere, or a combination of both, during
sintering. However, these methods increase the complex-
ity and cost of the process, especially in industrial pro-
duction. The Cu NPs sintering in an air atmosphere is
a more potential technology. Methods, such as core-shell
protective structures, in situ reduction sintering, and TGA,
have been explored and have shown promising results.
The core-shell protective structures and in situ reduc-
tion sintering process are relatively complex but offer
better versatility. As an analytical technology, TGA can
simply achieve sintering in air with the suitable paste
formula and cut costs. However, during the sintering
process, a small amount of oxidation is inevitably gen-
erated. It needs to be controlled within an acceptable
range that does not affect the performance and long-time
reliability.

5) Some other sintering technologies, such as ultrasonic-,
current-, and laser-assisted sintering, have been explored.
Ultrasonic-assisted sintering can promote the occurrence

and growth of the sintering neck. Current- and laser-
assisted sintering provides an alternative way of supply-
ing energy sources. The extreme-short sintering time can
greatly improve production efficiency.

6) An excellent sintered joint requires both sufficient sinter-
ing and the appropriate metallization. Sufficient sintered
metallic NPs not only can achieve excellent electrical,
thermal, and mechanical properties but also show high
reliability in temperature cycling, power cycling, and other
tests. Failure at the interface between the metallization
layer and the sintered layer has been observed. The in-
fluence of the metallization layer depends not only on its
physical properties but also on factors, such as fabrication
processes. Some metallization layers, such as Cu, Ni, Au,
and Ag, have been proven to achieve good interconnection
joints. Compared with Au and Ag metallization layers, Cu
and Ni seem to perform better.
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