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ABSTRACT
In wide-bandgap semiconductor power device packaging, die bonding refers to 
attaching the die to substrate. Thereby, the process temperature of Ag sintering 
for the die bonding should be low to prevent damage to fragile dies. Herein, an 
organic-free strategy using Ag nanostructures derived from the thermal decom-
position of metal–organic decomposition (MOD) was proposed to achieve low-
temperature bonding. Significant effects on bonding performance were deter-
mined by the thermal decomposition temperature, which in turn determined 
the organic content and sintering degree of Ag nanostructures. At a low thermal 
decomposition temperature of 160 °C, incomplete decomposition resulted in 
high organic content in the Ag nanostructures, causing large pores inside the Ag 
joints owing to the generation of gaseous products. Owing to the Ag particles 
with naked surfaces and wide size distribution, the Ag nanostructure obtained 
at 180 °C showed an excellent bonding performance, resulting in a high shear 
strength of 31.1 MPa at a low bonding temperature of 160 °C. As the thermal 
decomposition temperature was 200 °C, sintering among Ag particles increased 
the particle size, resulting in a reduction of surface energy and driving force for 
sintering. We think that uncovering this underlying mechanism responsible for 
the bonding performance will promote the application of Ag MOD in the die 
bonding of WBG power devices.
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of dies during bonding [11]. To prevent unexpected 
damage to dies, the processing temperature should 
be low to minimize mechanical stress. A convenient 
way to reduce the bonding temperature is to reduce 
the particle size and thus increase the surface-area-to-
volume ratio and surface energy [12]. This is because 
the driving force for particle sintering is the reduction 
of surface energy [13]. For example, when the size is 
less than 20 nm, Ag NPs with a naked surface can 
automatically sinter into bulk Ag at room tempera-
ture [14]. However, Ag NPs with high surface ener-
gies are susceptible to van der Waals forces between 
NPs in close proximity, leading to the agglomeration 
of Ag NPs [15]. This agglomeration negatively affects 
the sintering of the Ag NPs by reducing the surface 
energy and destroying the uniformity of the Ag pastes 
[16]. Therefore, a complicated formula containing sol-
vents, dispersants, and binders was designed to pre-
vent the agglomeration of Ag NPs by reducing the 
surface energy and inducing steric and electrostatic 
stabilization [17]. However, dispersants and binders 
are prone to hinder atomic diffusion during the bond-
ing process by forming an organic layer on the surface 
of Ag NPs, which increases the bonding temperature 
[18].

Several approaches have been proposed to elimi-
nate the negative effects of organic additives such as 
using hybrid Ag powders and Ag particles with spe-
cific shapes, adding sintering aids, and optimizing 

Introduction

Sintering is a long-standing technique for preparing 
ceramics and dates back to ancient times. Since the 
emergence of nanoscience and nanotechnology, sinter-
ing has become a research topic of significant scien-
tific and technological importance [1]. Consequently, 
sintering has been widely used to prepare powder 
metallurgy, refractory materials, and high-tempera-
ture materials that have a broad range of applications 
in advanced technologies such as aerospace, electric 
vehicles (EV), and integrated circuits (IC) [2–5]. For 
example, bonding processes using Cu or Ag nano-
particle (NP) sintering, which provides reliable high-
temperature die attachment, are becoming popular 
for replacing traditional soldering in the packaging 
of wide-bandgap (WBG) power devices [6–8]. Cu NP 
sintering is a cost-effective way to prepare high-tem-
perature resistance for die attachment [9]. However, 
the poor oxidation resistance of Cu nanoparticles 
(NPs) tends to result in a Cu oxidation layer, which 
makes Cu atom diffusion difficult during the bond-
ing processes [10]. Therefore, Ag NP sintering is an 
attractive and predominant method for preparing die 
attachments for WBG power devices.

Because multiple layers of different materials are 
stacked on top of dies, the mechanical stress induced 
by the coefficient of thermal expansion (CTE) mis-
match tends to cause structural damage or failure 
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the bonding process [19–22]. For example, a shear 
strength of 42.3 MPa was achieved at 250 °C using 
a hybrid Ag powder containing submicron Ag 
particles and micron Ag flakes [23]. However, the 
enhancement effect of these methods is limited 
owing to the inevitable use of surface ligands such 
as dispersants and binders. Therefore, a new surface-
ligand-free Ag sintering technique with excellent 
processability is required to achieve low-tempera-
ture Ag sintering.

To address these issues, Ag nanostructures 
derived from Ag metal–organic decomposition 
(MOD) were considered for creating sintered Ag 
joints in our previous study [24]. The Ag MOD was 
synthesized by the coordination reaction between 
silver acetate and 2-amino-2-methyl-1-propanol 
(AMP). The underlying mechanism responsible for 
the coordination reaction is that coordination bonds 
are easily formed between metal cations and ligands 
[25–28]. Coordination with organic ligands makes 
the metal precursor water-soluble, which increases 
the processability for printing and bonding [29]. In 
addition, the reductive ligands can reduce the metal 
cations at low temperatures, which allows the prepa-
ration of nanostructures without harming substrates 
or dies [30]. We successfully confirmed the feasibil-
ity of using Ag MOD as die attachment materials on 
Ag-plated direct-bonding copper (DBC) substrates 
in our previous study [24]. However, the effects of 
the processing temperature on the bonding perfor-
mance of the Ag nanostructures and the Au-plated 
layer remain to be investigated.

In this study, the bonding performance of Ag nano-
structures, derived at different temperatures, on Au 
was evaluated to optimize the application of MOD 
in the die-bonding process. The Ag nanostructures 
were directly created on the electroless nickel/immer-
sion gold (ENIG) Cu substrates at 160 °C, 180 °C, 
and 200 °C and characterized by scanning electron 
microscopy (SEM) and transmission electron micros-
copy (TEM). Bonding of Ag nanostructures was con-
ducted in a low-temperature range of 160–220 °C, 
and the shear strength of the sintered Ag joints was 
measured using die-shear tests. The sintering mecha-
nism responsible for the low-temperature bonding 
was investigated by comprehensive SEM, energy-dis-
persive spectrometry (EDS), and TEM images of the 
fracture surface and cross section.

Materials and experimental procedure

Materials

Silver acetate (99%, FUJIFILM), 2-amino-2-methyl-
1-propanol (AMP, FUJIFILM), and ethanol were pur-
chased and used without further purification. ENIG 
Cu substrates were used as dummy dies (D = 3 mm) 
and dummy substrates (D  = 10 mm). Before using 
the ENIG Cu substrates, possible surface impurities 
were removed by ultrasound in ethanol.

Synthesis of Ag MOD

For the synthesis of Ag MOD, a mixture of silver 
acetate and AMP in a 1:2 molar ratio was magneti-
cally stirred in water for 30 min without exposure 
to light. Consequently, the solid silver acetate van-
ished, and a transparent solution was produced, 
indicating the successful synthesis of Ag MOD. The 
as-obtained transparent Ag MOD solution was puri-
fied by freeze-drying to remove the water.

Preparation of sintered Ag joints

The Ag MOD was evenly printed on the ENIG Cu 
substrates in Fig. 1a. According to Fig. 1c, after pre-
heating at 90 °C for 5 min, the Ag MOD was held 
at 160 °C, 180 °C, and 200 °C for 30 min to create 
Ag nanostructures. The Ag nanostructures obtained 
at 160 °C, 180 °C, and 200 °C were named Ag-NS-
160, Ag-NS-180, and Ag-NS-200, respectively. The 
Ag nanostructure of the die was placed directly on 
the substrate to create a sandwich structure. As no 
solvent or surface ligands were added, the bonding 
process was conducted by a simple temperature pro-
file with a rapid ramping rate of 60 °C/min in Fig. 1d, 
and the holding time and assistant pressure were set 
to 40 min and 5 MPa, respectively.

Shear test of sintered Ag joints

After fixing samples to the platform of a die-shear 
tester (STR-1000, Rhesca), the die-shear test was con-
ducted with a shear height of 200 μm and a shear 
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speed of 1 mm/min in Fig. 2a. Five samples were 
tested in each group to ensure the reproducibility of 
experiments.

Characterization

The compositions of the thermally decomposed Ag 
MODs were investigated using X-ray diffraction (XRD, 
Ultima IV, Rigaku). The bonding process was performed 
using a hot-press machine (RB-100D, Asympti Industry 
Co., Ltd.). The cross section of the sintered Ag joint was 
fabricated by sandpaper polishing and ion polishing (IB-
19530CP, JEOL). SEM (FEI Nova Nana SEM 450) and 
EDS were used to analyze the microstructure and ele-
mental distribution. TEM (FEI Tecnai G2 F20) was used 
to investigate the bonding mechanism of the porous Ag 
nanostructures.

Calculation of particle size

As depicted in Fig. 2b, the diameter of a single Ag 
particle was measured using the ImageJ software. For 
each sample, 300 Ag particles were measured to ensure 
the statistical accuracy of the particle size distribution.

Calculation of porosity and porosity difference

As depicted in Fig. 2c, according to the contrast differ-
ence between the Ag phase and pores, the SEM images 
of the cross sections can be binarized into black and 
red images using the open-access software, ImageJ. 
The porosities of the sintered Ag joints are given by 
the following equation: P = Ab/At, where Ab is the sum 
of the black areas and At is the total area of the SEM 

Figure 1  Details of the experiment and heating conditions. Schematic diagrams of the a fabrication of sintered Ag joints from the Ag 
MOD and b ENIG Cu substrate. The heating profile of the preparation of the c Ag nanostructures and d sintered Ag joints.
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images. The porosity difference between the edge area 
and the mid area is given by the following equation: 
P
d
=
|
|Pe

− P
m

|
| , where Pe and Pm are the porosity of the 

edge area and mid area, respectively.

Calculation of connection ratio

At the interface shown in Fig. 2d, necks that con-
nect the sintered Ag joint and ENIG Cu substrate are 
regarded as valid connections, and pores are regarded 
as invalid connections. Therefore, the connection ratio 
was calculated by the following equation: C = ∑ln/L, 
where ln is the width of the neck and L is the total 
length of the bonding interface.

Results and discussion

Ag nanostructures derived from the Ag MOD

The thermal decomposition temperature is one of 
the most crucial factors in determining the thermal 
decomposition process. The thermal decomposi-
tion of the Ag MOD involves the reduction of Ag (I), 

nucleation and crystal growth of Ag, and gasification 
of organic substances [25, 31–33]. Therefore, the Ag 
MOD was heated at 160, 180, and 200 °C to investigate 
the effects of thermal decomposition temperature on 
the bonding performance of the Ag nanostructures. 
The top view of the Ag nanostructures is shown in 
Fig. 3. As depicted in Fig. 3a–c, the three Ag nano-
structures were composed of clustered branches. The 
branches in Fig. 3a1 consisted of monodispersed Ag 
NPs and organic intermediate products, whereas those 
in Fig. 3b1 and  c1 were comprised of monodispersed 
Ag NPs and linked Ag NPs, respectively. The corre-
sponding particle sizes in Fig. 3a2–c2 increased with 
increase in thermal decomposition temperature. As 
shown in Fig. 3f, the C content continuously decreased 
with increase in thermal decomposition temperatures. 
The results indicated that an increase in temperature 
not only promoted the thermal decomposition of the 
Ag MOD, but also resulted in the sintering of Ag NPs. 
In addition, some Ag NPs smaller than 20 nm, which 
were barely detected by SEM, were observed by TEM 
in Fig. 3d, e, and no organic layer was observed on 
the surface in Fig. 3e. Furthermore, the carbon content 
of the Ag-NS-180 in Fig. 3f was as low as 0.4%, and 

Figure 2  Characterization of 
samples. a schematic diagram 
of the shear test. Illustra-
tions of the measurement of 
the b size distribution of Ag 
particles in the Ag nanostruc-
tures, c porosity of sintered 
Ag joints, and d connection 
ratio between the sintered Ag 
joints and substrate based on 
SEM images.
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only five Ag characteristic peaks were detected in the 
XRD pattern of Ag nanostructures in Fig. S1. These 
results suggest that Ag-NS-180 can be regarded as an 
organic-free nanomaterial. Therefore, the advantages 
of the high surface energy of Ag NPs can be exploited 
without limitations, which is beneficial for enhancing 
the bonding performance of Ag nanostructures.

Cross sections were observed to reveal the inter-
nal information of the Ag nanostructures, as shown 
in Fig. 4. As shown in Figs. 4a and S4, the porous Ag 
nanostructure consisted of three distinct layers: I) 
a NPs layer, II) a loose layer, and III) a dense layer. 
Magnified SEM images of the three distinct regions 
in Fig. 4b–b2, c–c2, and d–d2 and the corresponding 
size distribution in Fig. S5 show that the particle 
size increased from the NPs layer to the dense layer. 
The cross sections also demonstrate the effects of the 
thermal decomposition temperature on the thermal 
decomposition process. Both spherical Ag NPs and 
organic intermediate products are shown in Fig. 4b1. 
As the thermal decomposition temperature was 
increased to 180 °C, Ag NPs mixed with monodis-
persed submicron Ag particles are detected in Fig. 4c1. 
When the thermal decomposition temperature was 
200 °C, necks between the Ag submicron particles 
in Fig. 4d1 indicated that the increased temperatures 
resulted in the sintering of Ag particles.

Sintered Ag joints derived from the Ag 
nanostructures

The above results demonstrate that the thermal decom-
position temperature significantly affects the thermal 
decomposition of the Ag MOD and the morphology of 
the Ag nanostructures. However, the effects of thermal 
decomposition temperature on bonding performance 
remain to be investigated to determine the optimal 
thermal decomposition conditions. Therefore, the 
Ag nanostructure of the die was directly covered on 
that of the substrate to form a die-Ag layer-substrate 
sandwich structure, and this sandwich structure was 
bonded at a low temperature of 200 °C with 5 MPa 

for 40 min. As depicted in Fig. 5, Ag-NS-180 exhibited 
the best bonding performance, resulting in the highest 
shear strength of 48.6 MPa.

To reveal the evolution of shear strength with ther-
mal decomposition temperature, the fracture surfaces 
were investigated, as shown in Fig. 6. According to 
the overall views in Fig. 6a–c, the sintered Ag joints 
derived from the Ag-NS-160 fractured at the inter-
face region, which followed the fracture model (I) in 
Fig. S6. The fractures of the sintered Ag joints derived 
from Ag-NS-180 and Ag-NS-200 agreed with the frac-
ture model (II) shown in Fig. S6, which fractured both 
at the interface and inside the Ag joints. Therefore, 
the fracture surfaces of Ag-NS-160 were revealed by 
two representative regions, Ag joint side and sub-
strate side. Those of Ag-NS-180 and Ag-NS-200 were 
revealed by three representative regions, inside the 
Ag joints, Ag joint side, and substrate side. A flat 
fracture surface with narrow gullies can be observed 
in Fig. 6a1. This observation indicated that the joint 
strength of sintered Ag-NS-180 was governed by the 
interface condition between sintered Ag and substrate 
[34]. Monodisperse ductile deformation in Fig. 6a2, 
 a3 indicated that connections were formed between 
the sintered Ag and substrates. However, the bottom 
regions of gullies were invalid connections, which 
dramatically decreased the connection area at inter-
face, resulting in poor shear strength in Fig. 5. The 
formation of gullies may be attributed to the thermal 
decomposition of the organic intermediate products 
of Ag-NS-160 in Fig. 4b1. During this process, rapid 
gasification of organic substances led to high vapor 
pressure within the Ag nanostructures, which forced 
Ag particles to undergo a mandatory displacement 
[35]. The distance between neighboring Ag particles 
dramatically increased upon gasification, resulting 
in huge tunnels inside the Ag joints to facilitate gas 
release [36, 37]. The negative effects of organics in 
Ag-NS-160 strongly and directly demonstrated the 
advantage of organic-free Ag sintering in this study.

For the fracture surfaces derived from Ag-NS-180, 
continuous ductile deformations with long sliding 
traces are observed in Fig. 6b1–b3. This indicated that 
significant connections were formed both inside the 
Ag joint and at the interface. Since the strength of a 
joint is mainly determined by the internal and inter-
facial connections [38], these increased connections 
greatly improved the shear strength to 48.6 MPa in 
Fig. 5. When the thermal decomposition temperature 
was 200 °C, monodispersed ductile deformations in 

Figure 3  Characterization of the Ag nanostructures from the top 
view. a a1, b b1, and c c1 SEM image of Ag-NS-160, Ag-NS-180, 
and Ag-NS-200, respectively. a2–c2 corresponding particle size 
distribution. d and e TEM images of Ag particle of Ag-NS-180. 
f Evolution of Ag and C content of Ag nanostructures with ther-
mal decomposition temperature (data from the EDS analysis in 
Fig. S2 and Fig. S3).

◂
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Fig. 6c1–c3 indicated insufficient sintering of Ag-NS-
200. According to sintering theory, sintering occurs 
by reducing Gibbs free energy, which involves sub-
stituting high-energy surfaces with low-energy grain 
boundaries [39, 40]. As shown in Fig. 4, the pre-sinter-
ing of Ag particles in Ag-NS-200 led to an increase in 
particles size. Larger particles demonstrate a smaller 
specific surface area and thus lower surface energy 
[39]. Consequently, the reduction in surface energy 
led to a decrease in shear strength with increase in 
decomposition temperature.

The fracture surfaces in Fig. 6 show that the ther-
mal decomposition temperature significantly affected 
the bonding performance of the Ag nanostructures. 
To further validate this effect, sintered Ag joints were 
observed through cross-sectional analysis, as shown 
in Fig. 7. The bondline thickness (thickness of sintered 
Ag layer) in Fig. 7a was notably thinner than those 

Figure  4  Characterizations of the Ag nanostructures from 
the cross-sectional view. a overall view of Ag-NS-180. High-
magnification views of region b I, b1 II, and b2 III of Ag-NS-

160. High-magnification views of region c I, c1 II, and c2 III of 
Ag-NS-180. High-magnification views of region d I, d1 II, and d2 
III of Ag-NS-200.

Figure 5  Shear strength of the Ag joints sintered at 200 °C with 
5 MPa for 40 min.
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Figure  6  Microstructure of the fracture surfaces of Ag joints 
sintered at 200 °C. SEM images of the fracture surface of the sin-
tered Ag joint derived from a–a3 Ag-NS-160, b–b3 Ag-NS-180, 

and c–c3 Ag-NS-200. b1 c1 Inside the Ag joint, a1 a2 b2 c2 Ag 
joint side, and a3 b3 c3 substrate side.
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in Fig. 7b, c. This can be attributed to the presence of 
organic intermediate products, which imparted fluid-
ity to Ag-NS-160. During the bonding process, some 
Ag-NS-160 particles were squeezed out, leading to a 
reduction in thickness. Although necks formed both 
inside the sintered Ag joint and at the interface region 
in Fig. 7a1, the large pores in Fig. 7a,  a2 dramatically 
deteriorated the connection between the sintered Ag 
joints and the substrates, resulting in a lower shear 
strength in Fig. 5. Additionally, the prominent pores 
illustrated in Fig. 7a,  a2 induced by the gasification 
of organic compounds corresponded to the gullies 
in Fig. 6a1 [36, 37]. This is because fracture of the Ag 
joints occurred at interface in Fig. 6a1, and the huge 
pores in Fig. 7a,  a2 were distributed at the interface 
regions. In summary, this observation further proves 
the seriously negative effects of trapped organics in 
the Ag nanostructures.

The necks in Fig. 7b1,  b2 were thicker than those in 
Fig. 7c1,  c2, indicating that the bonding performance 

of Ag-NS-180 was better than that of Ag-NS-200. 
The observed phenomenon can be attributed to 
the smaller particle size of Ag-NS-180 compared to 
Ag-NS-200, resulting in a higher surface energy for 
Ag-NS-180 [39]. With a high surface energy, Ag-NS-
180 was sintered into robust Ag joints with the high-
est shear strength in Fig. 5. As shown in Fig. 8, the 
thermal decomposition temperature can affect the 
bonding performance of Ag nanostructures based 
on two factors: the content of the organic intermedi-
ate products and the sintering of the Ag particles. 
Residual organic intermediate products in Ag-NS-
160 can cause large pores in sintered Ag joints dur-
ing the bonding process. However, the pre-sintering 
of Ag particles in Ag-NS-200 increased the particle 
size and reduced the surface energy, bonding per-
formance, and shear strength. Therefore, the ther-
mal decomposition temperature should be carefully 
determined to ensure that severe Ag particle sinter-
ing does not occur while the Ag MOD is sufficiently 
decomposed.

Figure 7  Microstructure 
of the cross sections of Ag 
joints sintered at 200 °C. 
SEM images of the cross sec-
tions of the sintered Ag joint 
derived from a–a2 Ag-NS-
160, b–b2 Ag-NS-180, and 
c–c2 Ag-NS-200. b1 c1 Inside 
the Ag joint and b2 c2 inter-
face region.
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Low‑temperature bonding performance 
of Ag‑NS‑180

The above results indicate that Ag-NS-180 exhib-
ited the best bonding performance, resulting in 
the highest shear strength of 48.6 MPa. To further 
understand the bonding performance of Ag-NS-180, 
it was bonded in a temperature range of 160–220 °C, 
and the evolution of shear strength with bonding 
temperature is shown in Fig. 9. The shear strength 
increased with increase in bonding temperatures, 

and a high shear strength of 51.9 MPa was achieved 
at 220 °C. To demonstrate the advantage of low-
temperature bonding, a comparison of the shear 
strengths between Ag porous nanostructure bonding 
and Ag paste sintering is shown in Fig. 9b [41–47]. 
It can be seen that Ag nanostructures showed the 
best bonding performance in the temperature range 
160–200 °C, and the shear strength 48.6 MPa of Ag 
porous nanostructures at 200 °C was approximately 
three times that of sintered Ag paste in previous 
reports [44]. Especially, for a low temperature of 

Figure 8  Schematic diagram 
illustrating the sintering pro-
cess of Ag nanostructures.

Figure  9  Shear strength of sintered Ag joints derived from 
Ag-NS-180 at different temperatures. a Shear strength of sintered 
Ag joints using Ag nanostructures with different bonding tem-

peratures. b Comparison of shear strength between sintering Ag 
nanostructures derived from the MOD and sintering Ag particle 
pastes.
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160 °C, Ag pastes hardly formed a sintered Ag joint 
with a shear strength over 10 MPa, because 160 °C 
is even lower than the boiling point of most used 
organics in the Ag pastes such as 288 °C of triethyl-
ene glycol [42], 217 °C of terpineol [42], and 340 °C 
of polyvinyl pyrrolidone (PVP) [44]. By contrast, a 
remarkable shear strength of 31.1 MPa was achieved 
by Ag porous nanostructures at 160 °C. These excel-
lent joint properties indicated the superior low-tem-
perature bonding properties of Ag-NS-180.

The Ag-NS-180 showed a remarkable bonding per-
formance in a low-temperature range of 160–220 °C, 
and the shear strength increased with increase in 
temperature. The fracture surfaces revealed the shear 
strength evolution with temperature mechanism. As 
depicted in Fig. 10a–d, their fracture model was in line 
with the model (II) Fig. S6. Therefore, the microstruc-
tures of the fracture surfaces were characterized in the 
same way as shown in Fig. 6b, c. When the bonding 
temperatures were 160 °C and 180 °C, monodispersed 

Figure 10  Characterization of the fracture surfaces with different bonding temperatures. SEM images of the fracture surface of the sin-
tered Ag joints derived from Ag-NS-180 at a–a3 160 °C, b–b3 180 °C, c–c3 200 °C, and d–d3 220 °C.
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ductile fractures are detected in Fig. 10a1–2,  b1–2, indi-
cating sintering of Ag particles occurred inside the 
sintered Ag joint and at the interface. As the tempera-
ture was over 200 °C, continuous ductile deformations 
with long sliding traces are observed in Fig. 10c1–2, 
 d1–2. This indicates significantly enhanced sintering of 
the Ag particles inside the sintered Ag joint and at the 
interface. In terms of the substrate side in Fig. 10a3–d3, 
monodispersed and small ductile fractures were con-
verted to interconnected ductile fractures with long 
sliding traces, implying that the interconnection 
between the sintered Ag joints and substrates became 

stronger from 160 to 220 °C. The results showed that 
increasing the bonding temperature promoted the 
sintering of the Ag nanostructures and resulted in an 
increase in the shear strength, as shown in Fig. 9a. This 
tendency of shear strength with temperature had also 
been confirmed in previous studies but in higher tem-
perature ranges (Fig. 9b) [41–47].

In addition, the ductile deformations and flat frac-
ture surfaces are observed in Fig. 10d2,  d3. To figure 
out the flat fracture surfaces, the fracture surfaces of 
the Ag joint side and substrate side were characterized 
by EDS. Visible Au in Fig. 11a3 and Ni in Fig. 11b5 were 

Figure 11  Element distribution of the fractures surface of sintered Ag joints derived from Ag-NS-180 at 220 °C with 5 MPa for 40 min. 
EDS mapping at a–a5 the Ag joints side and b–b5 substrate side.
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detected at the flat fracture surface of Ag joint side 
and substrate side, respectively. This means the flat 
fracture surfaces in Fig. 10d2,  d3 are Ag layer and Ni 
layer, respectively. The appearance of Au layer on the 
Ag joints side indicates that the Au layer was stripped 
off the Ni layer during the die-shear test. This obser-
vation also proved that the elevated temperature pro-
moted the connection between the sintered Ag and the 
substrate, which was consistent with the conclusions 
of Fig. 10.

The cross sections obtained from 160 to 220 °C are 
observed and listed in Fig. 12. As shown in Fig. 12a–d, 

the Ag joints were composed of two distinct areas: (I) 
a well-sintered area and (II) a loose area. The well-
sintered area was close to the interface between the 
sintered Ag and the substrate, and the loose area was 
at the center of the sintered Ag joints. In addition, the 
loose area can be considered a defect area in the sin-
tered Ag joint because a larger number of isolated Ag 
NPs were observed in the high-magnification view in 
Fig. 12a1–d1. Therefore, three types of porosities were 
calculated according to their positions in the cross sec-
tion, and the porosity information is shown in Fig. 13a, 
b.

Figure 12  Characterization of the cross sections with different bonding temperatures. SEM images of the fracture surface of the sin-
tered Ag joint derived from Ag-NS-180 at a–a3 160 °C, b–b3 180 °C, c–c3 200 °C, and d–d3 220 °C.
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As the temperature increased from 160 to 220 °C, 
there was a noticeable reduction in the loose area in 
Fig. 12a–d, resulting in a decrease in the porosity in 
Fig. 13a. As shown in Fig. 12a1–d1, the reduction in 
the loose area can be attributed to the gradual absorp-
tion of Ag NPs in the loose area by the well-sintered 
area. As the looser area was converted into a well-sin-
tered area, the porosity difference between the edge 
and middle areas decreased, as shown in Fig. 13b. In 
addition, necks between large particles were evident, 
indicating that interconnections inside the sintered 
Ag joint were initially established in Fig. 12a2. Like 
the skeleton in the human body, these well-connected 
particles provide support for the sintered Ag joints, 
resulting in remarkable shear strength of 31.1 MPa at 
a low temperature of 160 °C. This means appropri-
ate temperatures play an important role in triggering 
the sintering of Ag nanoparticles [48] As the bonding 
temperature increased to 200 °C, the sintered Ag joints 
were converted into a continuous porous structure 
with thick necks in Fig. 12c2. After densification, a 
dense Ag joint with isolated round pores was obtained 
at 220 °C in Fig. 12d2, and the corresponding shear 
strength reached the maximum value of 51.9 MPa. 
These morphology changes were attributed to the 
elevated sintering temperature promoted the mass 
transport mechanisms, such as surface diffusion and 
volume diffusion, responsible for sintering [49, 50].

In terms of the interface area, shown in Fig. 12a3–d3, 
similar morphological changes were observed on the 
Ag joint side, and no apparent changes were detected 
in the metallization layer of the ENIG Cu substrates. 
However, the necks between the sintered Ag joints and 

substrates became thicker with increase in tempera-
ture, which enhanced the connection ratio, as shown 
in Fig. 13c, and thus improved the shear strength. In 
summary, increasing the temperature resulted in an 
increase in the shear strength by reducing the loose 
area, converting the Ag nanostructure into dense sin-
tered Ag joints, and promoting connections with the 
substrates.

Mechanism of high shear strength

To further reveal the reason for the excellent joint 
properties, the sintered Ag joint derived from Ag-NS-
180 at 200 °C was observed by TEM, as shown in 
Fig. 14. As shown in Fig. 14a, massive grain bounda-
ries were visible and randomly distributed in the sin-
tered Ag joints. As previously reported, the fractures 
of bulk metals tend to propagate along the direction of 
the grain boundaries [51]. Therefore, these randomly 
distributed grain boundaries can prevent the spread of 
fractures, making it difficult for the fractures to propa-
gate in a single direction, resulting in excellent joint 
properties. In the interface region shown in Fig. 14b, 
a distinct layer above the Au layer was observed, 
which can also be seen in Fig. 4b2–d2. This implies 
that this distinct layer was already generated during 
the thermal decomposition of the Ag MOD. Based on 
the EDS line scan results shown in Fig. 14c, this line 
could be attributed to the Ag–Au mixing layer. No 
pores were detected at the interface between the Au 
layer and the mixing layer in Fig. 14b, indicating an 
excellent connection between them. The grain size in 
the Ag–Au layer was much smaller than that inside 

Figure  13  Joint information derived from cross sections of sintered Ag joints derived from Ag-NS-180. Evolution of a porosity, b 
porosity difference between the edge and mid area, and c connection ratio with the bonding temperature.
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the sintered Ag joint. Consequently, the connection 
between sintered Ag joints and substrate was signifi-
cantly improved by the existence of the Ag–Au mixing 
layer, and this connection was even better than the 
connection between the Au layer and Ni layer when 
the bonding temperature was 220 °C. In summary, the 
randomly distributed grain boundaries and automati-
cally generated Ag–Au mixing layer contributed to the 
excellent joint properties at low temperatures.

Conclusion

In this study, the effects of the thermal decomposi-
tion temperature of the Ag MOD on the bonding per-
formance of Ag nanostructures were investigated. 
The results showed that the thermal decomposition 
temperature could determine two factors of the Ag 
nanostructures: I) the content of organic intermedi-
ate products and II) the sintering of Ag particles. At a 

low thermal decomposition temperature of 160 °C, the 
existence of organic intermediate products resulted 
in gaseous products. The removal of gaseous prod-
ucts led to large pores inside the sintered Ag joints, 
which deteriorated the joint properties. Although the 
Ag MOD thoroughly decomposed at 200 °C, sinter-
ing between the Ag particles of the Ag nanostructures 
decreased the surface energy and driving force for 
sintering. Comparatively, tiny Ag NPs with naked 
surfaces rendered remarkable bonding performance 
to Ag-NS-180, resulting in a shear strength of 48.6 MPa 
at 200 °C. The bonding performance of the Ag-NS-180 
was further investigated by bonding in a temperature 
range of 160–220 °C. The shear strength (31.1 MPa 
obtained at 160 °C indicates that Ag-NS-180 possesses 
an excellent low-temperature bonding performance. In 
summary, Ag MOD thermal decomposition tempera-
ture-dependent bonding performance of the Ag MOD, 
explored herein, provides a new understanding for 
optimizing Ag nanostructure sintering.

Figure 14  TEM characteri-
zation of sintered Ag joints 
derived from Ag-NS-180 
at 200 °C with 5 MPa for 
40 min. TEM images of a the 
sintered Ag joints and b the 
interface between the sintered 
Ag joint and substrate. c 
EDS line scan at the interface 
region.
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