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ARTICLE INFO ABSTRACT
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Nano-metal materials have received considerable attention because of their promising performance in wide
bandgap semiconductor packaging. In this study, molecular dynamics (MD) simulation was performed to
simulate the nano-Cu sintering mechanism and the subsequent mechanical behaviors. Hybrid sintering,
comprising nanosphere (NS) and nanoflake (NF), was performed at temperatures from 500 to 650 K. Further-
more, shear and tensile simulations were conducted with constant strain rates on the sintered structure at
multiple temperatures. Subsequently, the extracted mechanical properties were correlated with the sintering
behavior. The results revealed that the mechanical properties of the nano-Cu sintered structure could be
improved by tuning material composition and increasing the sintering temperature. We established a relation-
ship between the sintered microstructure and mechanical response. The shear modulus and shear strength of the
sintered structure with NF particles increased to 41.20 and 3.51 GPa respectively. Furthermore, the elastic
modulus increased to 55.60, and the tensile strength increased to 4.88 GPa. This result provides insights into the
preparation phase of nano-Cu paste for sintering technology.

1. Introduction

Wide bandgap (WBG) semiconductors such as SiC and GaN can be
applied in strategic industries, such as renewable energy technology,
high-speed railways, and intelligent vehicle. Improving the power den-
sity, higher operating temperature, functionalization, and miniaturiza-
tion of WBG has attracted considerable research attention [1,2]. To
ensure the reliability and functionality of the WBG semiconductor
package, the development of a low process temperature joining tech-
nology with superior stability at high temperature is necessary.

The sintering of nano-metal materials provides numerous benefits,
such as improved electrical interconnection, mechanical support, and
heat dissipation channels for WBG power module packaging. Further-
more, sintering leverages the nanosize effects to achieve “low-temper-
ature packaging, high-temperature operation” [3]. Compared with
nano-Ag, the nano-Cu paste has a higher melting point, lower material
cost, excellent thermal conductivity, and matching thermal coefficient

of expansion. Therefore, this method can become the interconnection
material for the next generation of high-power electronic packaging
[4-6].

The addition of NF can effectively reduce the porosity of the sintered
structure by promoting the sintering rate and sintering neck growth
[7-11]. Unlike the sphere-shape nanoparticle, the NF particles contin-
uously deform during the sintering process [12]. Dislocations caused by
deformation generate stress inside the particle, and stress release pro-
motes the sintering process.

However, the relationship between particle geometry, sintering
condition, and microstructure evolution during Cu sintering has been
rarely reported. Li [13] simulated and analyzed the Ag sintering
mechanism with the addition of Ag NF. Cheng [14] studied the sintering
of a multi-particle Cu NP system at multiple temperatures and pressures.
In addition, numerous simulations have been conducted to connect the
sintered structure with mechanical properties. Hu [15] studied the sin-
tering dynamics of pressure-assisted Cu NPs and subsequently simulated
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tensile strength through a uniaxial tension at a constant strain rate.

This study used the MD method to simulate the sintering of two Cu
nanoparticles and investigated their mechanical behavior. Furthermore,
the sintering kinetics and microstructure evolution of multi-models
comprising equal/non-equal-dimension Cu nanospheres and nano-
flakes were used to determine the effect of geometry on the sintering
process. Simulations were conducted at various sintering temperatures
(from 500 to 650 K) to identify the dominant sintering mechanism in
each model. In addition, the mechanical behavior was analyzed using
constant rate shear simulation. This study integrated the process tem-
perature, sintered structure, and mechanical response and demonstrated
the potential of the methodology for determining material and process
conditions for future nano-Cu sintering technology.

2. Methods and modeling
2.1. Atomistic modeling

In this study, the classical embedded atom method (EAM) potential
developed by Adam [16] was used to describe the interaction between
Cu atoms. This potential has been proved to accurately describe Cu
inter-atomic properties [17,18]. The total energy of the system based on
this force field is as follows:

E, =F, (Zp‘3 (ry) > +% Z(pa/, (ry) (@9
J#i J#i

Here, a and f are the element types of atoms i and j. Furthermore, F is
the embedded energy and ¢ is the pairwise interactions, which are a
function of the atom types a and $ and the atomic spacing r;;.

Fig. 1 displays two types of sintering structures constructed in sin-
tering simulation, namely the nanosphere (NS)-NS model and the
NS-nanoflake (NF) model to investigate the effect of various particle size
ratios (1:1-1:3) and the addition of NF on sintering. The diameter of NS
was set to 5, 10, and 15 nm. The length of NF particles was set to 5 and
10 nm, the length-to-thickness ratio was 5:2. To eliminate the influence
of model orientation, all components were initially set at the (100)
orientation. Furthermore, 3.6 A was considered the initial spacing be-
tween pair of particles, which is the Cu lattice constant value.

In this study, molecular dynamic simulation was performed using the
large-scale atomic/molecular massively parallel simulator (LAMMPS)
[19]. The simulation results were visualized using the open visualization
tool (OVITO) [20].
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2.2. Simulation flow

All simulations were performed in a three-dimensional simulation
box with periodic boundaries with a time step of 1 fs. The NVT ensemble
was adopted for sintering simulation. Fig. 2 displays the simulation
profile. Prior to system assembly, the NS and NF were relaxed at the
sintering temperature within 50 ps to obtain equilibrium.

Before the sintering simulation, the system energy was at first
minimized through the steepest descent algorithm. Next, the model was
simulated for 500 ps at sintering temperature Tgjpter t0 ensure a post-
sintering equilibrium status. A relaxation step follows sintering till the
model comes back to shear temperature Tgpear. Subsequently, shear
simulation was performed within 200 ps. Tensile simulation followed a
similar procedure as shear simulation. Before sintering simulation, the
system energy was minimized, and after the sintering process, a relax-
ation process was performed. When the model returned to the tensile
temperature, tensile simulation was performed within 200 ps.
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Fig. 2. Nano-Cu mechanical simulation process.

The details of atomistic model include the atom numbers and configurations.
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Fig. 1. Atomistic models in sintering simulation.
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2.3. Sintering process simulation

In sintering simulations, considering the sintering temperature in
reported studies, sintering simulation temperatures of 500, 550, 600,
and 650 K were considered. The sintering process was evaluated by the
total dislocation length, lattice transformation, and geometry evolution.
In this study, dislocation analysis and common neighbor analysis were
used to characterize sintered microstructures. Furthermore, the ratio of
the neck size (x) to the dimension of the particles (W) is defined as x/W,
as displayed in Fig. 3. To obtain the size of the neck, a dynamically
distributed block with a thickness of 3.5 A was defined in the neck re-
gion, which contained less than three layers of nano-Cu atoms. Mean
Square Displacement (MSD) was used to evaluate the sintering mecha-
nism of the model and determine the rate of diffusion. The formula for
calculating MSD is as follows:

MSD — ]lv i [ri(6) — r:(0) @)

where N is the number of atoms, ri(t) and r;(0) are the positions of atom i
at time t and time 0, respectively.

2.4. Mechanical simulation

To evaluate the adhesive strength of each sintered structure, shear
simulation and sintering simulation with variable temperatures were
performed on the sintered model with a constant strain rate. In shear
simulation, shear temperatures of 300, 450, and 600 K were used to
simulate the mechanical response. Two baseplates were added to
implement shear simulation, as displayed in Fig. 4. The upper plate was
used to apply a constant speed of 0.2 A/fs along the (100) direction. In
tensile simulation, the mechanical responses at various tensile temper-
atures, namely 300, 450, and 600 K, were simulated. The substrate was
used to apply tensile strain rates of 0.01 and 0.001 ps~! along the (010)
direction. By contrast, the lower plate was applied to fix the position of
the model. The length of the upper and lower substrates was two times
the diameter of the larger component and the thickness was 1 nm.

The stress—strain curve of the sintered region was obtained in shear
simulation. The monoatomic stress tensor of the sintered Cu atoms can
be obtained as follows:

Sap = —mvevy, — We, 3

where a and b have values x, y, and z to generate the components of the
tensor. The first term is a kinetic energy contribution and Wy, is the
virial contribution.

To eliminate the influence of the volume term, the component of
monatomic stress is summed and divided by the volume of the sintered
region as follows:

Neck size

Fig. 3. NS-NS model and geometric parameters for sintering simulation.
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where ¢ is the average stress value of the sintered region, N is the
number of atoms, p is the calculated value of the iy, atom, and v is the
volume term of the iy, atom.

Shear fracture in an FCC metal occurs along the close-packed plane at
45° to the shear direction. Thus, the XZ stress tensor component was
adopted to derive the stress.

3. Simulation results and discussion
3.1. Sintering process simulations

3.1.1. Effect of geometry on sintering

Figs. 5(a) and (b) and 6(a) and (b) detail the evolution in total
dislocation length and Hexagonal Close Packing (HCP) ratio during the
500 K sintering of the NS-NF and the NS-NS models. The details in the
blue frames are enlarged and placed aside. The sintering process was
categorized into several stages according to the dislocation behavior, as
displayed in Figs. 5(c) and 6(c).

In the first stages, the two components approach each other and
result in no change in either the dislocation length or the HCP ratio.
Next, the dislocation length of the NF-NS model started to rapidly in-
crease at state (2) (6 ps). However, it occurs in an NS-NS model at 26 ps.
Fig. 5(c) reveals a small necking region formed at this step with minor
dislocations and HCP crystal structures generated in the neck region.
Next, the neck grows rapidly, and the dislocations increase continu-
ously, producing a small number of HCP atoms in state (3), and the
dislocation reached its maximum in state (4). However, far more dis-
locations were generated in the NS-NF model than in the NS-NS model.
This phenomenon could be attributed to the NF bent toward the NS
during sintering, and generation of more dislocations to accommodate
the deformation.

To investigate the influencing factors of geometries and the size
ratio, the evolution of x/W and MSD on the NS-NS and NS-NF models is
plotted in Fig. 7. The nonequal diameter NS-NS models obtained a larger
necking region than the equal diameter NS-NS model. However, tuning
the particle size had a limited effect on the improvement of the sintered
neck length from the results of NS1-NS2 and NS1-NS3 models.
Furthermore, the x/W of the NS-NF model outperformed NS-NS models
with the same dimension. The x/W of the NS-NF model was 1.2 times
higher than that of the NS-NS model. This result proved that the
participation of NF particles considerably improved the sintering neck
size.

The sintering mechanism of various models was investigated through
MSD, as displayed in Fig. 7(b). The slope of the MSD curve was pro-
portional to the diffusion rate, and the rapid increase in MSD in the
initial stage contributed to plastic deformation. The presence of the NF
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Fig. 5. Evolution of the (a) total dislocation length and (b) HCP ratio during sintering; (c) Snapshots of NS-NF during sintering: Lattice structures, HCP lattice

structure, and dislocations.

not only accelerated the diffusion rate of atoms but also rendered the
plastic flow between Cu NPs to be more intense, which is caused by the
neck size of the NF-NS model being larger than that of the NS-NS model.

Therefore, we have the following: (1) the nonequal diameter NS-NS
model had a larger sintering neck size than the equal diameter NS-NS
model; (2) the NS-NF model can promote the sintering performance
compared with the equal diameter NS-NS models; (3) the presence of NF
enhanced plastic deformation during sintering by promoting atomic
diffusion on the surface and volume of the particles as well as generating
more defects. The stress release caused by these defects promoted the
sintering of nanoparticles.

3.1.2. Effect of temperature on sintering

Various temperatures were applied to the NS1-NS1 and NS1-NF1
models. Fig. 8 plots the x/W curve as a function of the sintering time at
various sintering temperatures. Compared with the NS-NF model, the
sintered neck growth of the NS-NS model was highly sensitive to the
sintering temperature. Higher sintering temperature resulted in a larger
x/W ratio. By contrast, the neck size of the NS-NF model remained

stable according to the increase in temperature. The difference in the
temperature dependence implies that the sintering process of the NS-NF
model was less dominated by surface diffusion, in which the sintering
temperature played an essential role.

The results can be verified by the MSD of NS-NF and NS-NS models
at various temperatures in Fig. 9. In the NS-NS model, improving the
sintering temperature resulted in considerable promotion in the MSD.
Furthermore, the slope in the rapid increase stage also indicated a higher
diffusion rate at higher temperatures. Sintering in the NS-NS model was
attributed to surface diffusion. By contrast, the MSD rapid stage in the
NS-NF model ended at 10 ps, but the x/W ratio still increased, which
indirectly proved that mass migration was contributed by the plastic
flow instead of the surface diffusion at this time. The slope of the NS-NF
model was larger than that of the NS-NS model.

3.2. Shear process simulations

3.2.1. Microstructure analysis of shear simulations
Shear simulation was performed on the post-sintered atomistic
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model. Considering the practical experimental condition, shear tests
were simulated at 300, 450 and 600 K. Fig. 10 displays the stress—strain
curves and dislocation length evolution of the NS1-NS2 model sintered
at 500 K. Moreover, the shear process was divided into six key time
points according to the stress evolution. Fig. 11 displays the model
snapshots at each time point. The results revealed that the sintered
NS1-NS2 model can withstand shear stress close to 1.5 GPa. A small
stress concentration was observed in the neck region before shear, which
was attributed to the residual Stacking Fault (SF) from sintering. In shear
simulation, the stress increased rapidly with the increase in strain at the
beginning at state (1), and the model was in the elastic stage. Then,
stress—strain curve followed Hooke's law, the curve of the elastic stage
was fitted, and its slope can be the shear modulus of the sintered model.
Subsequently, the sintered model entered the yield phase, and the stress
fluctuated up and down with the increase in strain, as in states (2)-(4). At
this stage, the dislocation length first decreased and subsequently
increased. The dislocation direction in the model changed from north-
west to northeast because during the shear process, dislocations gener-
ated during sintering were constantly disassembled, and new
dislocations formed under the action of shear stress. Finally, the sintered
structure entered the viscoplastic deformation stage, and the stress
decreased continuously with the increase in strain until it tended to 0.
The maximum stress in the critical fracture phase of the nano-Cu sin-
tered structure was the shear strength.

From states (2) to (6), the neck of Cu NPs shrank continuously with

the movement of the upper basement, which resulted in a serrated
evolution of stress. This phenomenon could be attributed to the dislo-
cation nucleation, propagation, and eventual decomposition to achieve
plastic deformation. This dislocation behavior continuously occurs
under the objected external force, which results in structural instability.

3.2.2. Effects of process parameters on the mechanical properties

Fig. 12(a) and (b) displays the stress-strain curves of NS-NS and
NS-NF models at various shear temperatures. After entering the yield
stage, the curves fluctuated considerably during the plastic deformation
process. In this stage, the model structure was more complex. The
structure changed with the increase in dislocation activity, and the
sintering neck area changed considerably. The shear strength and shear
modulus decreased with the increase in the shear temperature. The
shear strength of the NS1-NS1 model was 2.47 GPa at 600 K, which was
lower than that of the value extracted at the 300 K shear temperature.
The shear strength improved considerably after adding the NF particles.
At the shear temperature of 600 K, the shear strength increased by 25 %,
reaching 3.04 GPa.

Fig. 13 reveals that increasing the sintering temperature of the
NS1-NS1 model to 650 K increased the shear strength and shear
modulus. The larger the neck size, the better the shear modulus and
shear strength of the sintered structure. Fig. 14 displays the stress—strain
curves of various initial models. The NS1-NF1 model achieved excellent
mechanical properties. When the size of sintered particles increased, the
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shear strength of the NS2-NF2 model decreased compared with the
NS1-NF1 model. The diffusion and plastic mechanisms may not be
sufficient to promote the sintering of large-size particles at 500 K, and
incomplete sintering resulted in a decrease in mechanical properties.
The shear stress variation of nonequal dimension NS-NS model was
considerable. This phenomenon could be attributed to the model size of
the stress derived from a small particle being affected more by disloca-
tion activity.
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3.3. Tensile process simulations

3.3.1. Microstructure analysis of tensile simulations

Before tensile simulation, the model was relaxed to eliminate defects
that occurred during sintering. Fig. 15 displays the Shear stress curves
and dislocation length evolution of the NS1-NS2 model sintered at 500
K. Uniaxial constant strain rate tensile simulation was performed on the
sintered model, as displayed in state (1) in Fig. 16. Prior to the onset of
yield, the nano-Cu sinter underwent elastic deformation, and the tensile
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stress increased almost linearly, reaching 5.23 GPa. During this stage,
the deformation followed Hooke's law. When tensile simulation pro-
gressed to state (2) at 5 ps, dislocations gradually formed and increased
considerably within a short period of time, which resulted in stress
release and the model entering the yield stage. At state (3), the total

Fig. 13. NS1-NS1 shear simulation of shear stress at various sintering
temperatures.

length of dislocations reached its peak value. At this stage, under the
action of stress, numerous dislocations were generated in both the upper
and lower hemispheres, and these dislocations moved under the applied
stress, forming an almost 45° angle misalignment. This phenomenon
indicated that the structure had entered the plastic deformation stage,
and the sintered neck continuously narrowed as tensile simulation
progressed.

At state (4), dislocation entanglement occurred near the neck of the
bottom Cu particles. The formation of twin boundaries primarily
occurred in the upper hemisphere, accompanied by a partial trans-
formation of the FCC crystal structure into an amorphous structure.
Defects in the lower hemisphere moved upward and partially decom-
posed under the influence of tensile stress. From states (2) to (5), the
stress exhibited a sawtooth-like evolution. The current structure was in
an unstable state, and the defects induced by the tensile simulation
continuously moved and decomposed. When the model reached state
(5), the dislocations in the lower hemisphere were mostly decomposed,
leaving twin boundaries in the upper hemisphere. The model tended to
stabilize. At 60 ps, the stress fluctuated by approximately 0, which



R. Luo et al.
3.5
A —— NS1-NS1
3.0 ! ——NS1-N§2
;L ——NS1-NS3
- 2517 ~ = NS1-NF1
&
Q 20}
wn
& 15 ‘
g ol
5 Lof i
@
= .
@2 05K
l‘ ‘“ [V
0

0.0 -
0.0 0.2 0.4
Strain

Fig. 14. Shear stress of various sintered structures at a sintering temperature of
500 K.

6<1><2><3><4> <5> <6>

I 1480 ﬁ;
=3 I Ja00 =
5 l ®
4 {320 3
! :
£3 I {240 £
) <9
— =}
'z 2 I 1160 =
& : =
1 I 180 &
" . . ~ (=]
A A AN abbaiddatad,

0 0

0.0 . 15 2.0 2.5

Strain

Fig. 15. Shear stress and total dislocation length in NS1-NS2 shear simulation.
indicated the end of tensile simulation.

3.3.2. Effects of process parameters on mechanical properties

Fig. 17(a) and (b) displays the stress—strain curves of sintered Cu NPs
under various tensile temperatures. The tensile strength increased
considerably as the tensile temperature decreased. At 300 K, both sin-
tered structures exhibited a tensile strength >4 GPa. For the flake and
spherical models, the tensile strength did not change considerably as the
tensile temperature increased from 300 to 450 K. However, when the
tensile temperature reached 600 K, both models exhibited a notable
decrease in the tensile strength. In contrast to the results in shear
simulation, the NS-NS model exhibited a tensile strength of 4.526 GPa at
a strain rate of 0.001 ps~! and 300 K, which was higher than the model
with added NF particles. The inclusion of flake particles decreases the
overall tensile strength of the model. Fig. 18 demonstrates that the
tensile rate considerably affects the tensile performance of both models.
Decreasing the strain rate of the NS-NS model from a high rate of 0.01
ps ! to a low rate of 0.001 ps~! results in a decrease in the tensile
strength from 5.545 to 4.526 GPa, which revealed a reduction of 18.4 %.

Fig. 19 reveals that increasing the sintering temperature of the
NS1-NF1 model leads to an increase in both the tensile strength. The
larger the neck size, the more the elastic strength of the sintered struc-
ture. In addition, Fig. 20 displays stress—strain curves for various initial
models. The tensile performance of the NS1-NS1 model was superior to
the NS1-NF1 model. As the size of sintered particles increased, the shear
strength of the NS2-NF2 model decreased compared with the NS1-NF1
model. The variation in tensile stress for the nonequal radius NS-NS
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model confirmed the greater influence of dislocation activity on the
stress generated by smaller particles.

3.4. Effects of sintering performance on the mechanical properties

To bridge the sintering performance to the mechanical response,
Fig. 21 plots the shear modulus and shear strength as a function of
sintering performance, x/W. The mechanical behavior of the sintered
model was highly consistent with the aforementioned sintering results.
The fitting of shear modulus and shear strength revealed that both
increased linearly with the increase in the x/W ratio. A larger x/W leads
to a stronger shear performance.

Fig. 22 plots the elastic modulus and tensile strength as a function of
sintering performance, x/W. The fitting results in Fig. 22 indicate that
the elastic modulus and tensile strength also show a linear increase trend
with x/W. With the x/W becoming larger, the tensile performance
became better.

The effect of the addition of NF on the interconnection of Cu NPs was
more significant than that of the temperature. The results show that
larger x/W, that is, larger neck size, indicates improved model sintering
quality. Under the same size, the NS-NF model has better mechanical
properties than the NS-NS model. The model in which NF was added to
sintering at 500 K had a shear strength of 3.51 GPa, which was greater
than that of the NS-NS model at the same sintering temperature. The
mechanical properties of the nano-Cu sintered structure were improved
by increasing the sintering temperature. However, the effect of the
temperature change was less significant than that caused by the change
in the sintering structure of NF particles. Structures with larger x/W
have superior shear modulus, shear strength, elastic modulus, and ten-
sile strength.

4. Conclusions

This study proposed an EAM-based MD simulation study to investi-
gate the sintering behavior and mechanism of Cu NPs. Considering the
geometric structure of sintered materials, five hybrid models comprising
equal/nonequal NS-NF and NS-NS pair were established and subse-
quently simulated at multiple sintering temperatures. The evolution of
x/W and MSD was recorded to evaluate the sintering process. Further-
more, the dislocation activity was used to analyze the atomic migration
behavior during sintering. Eventually, shear simulations and tensile
simulations were conducted on the sintered structure at multiple tem-
peratures. The results revealed that (1) the influence of hybrid compo-
sition on the growth of the neck region was more significant than that of
the sintering temperature. Increasing the diameter ratio can promote the
atomic diffusion of particles and growth of the sintering neck. Compared
with the equal dimension NS-NS model, the NS-NS models with diam-
eter ratios of 1:2 and 1:3 had larger x/W; (2) the NS-NF model resulted
in a larger x/W and MSD, which indicated superior sintering perfor-
mance. The NF deformed toward the neck region, and the increased
contact area improved the growth of the neck region. The stress release
generated by the deformation also promoted the sintering of the Cu NPs.
In the subsequent stage of sintering, the deformation degree of NF
particles decreased and turned to tilt to NS particles. (3) The mechanical
properties were reduced at a high shear temperature. Similarly, the
mechanical properties decreased at high tensile temperatures and
slower tensile rates. (4) However, the shear modulus, shear strength,
elastic modulus, and tensile strength of the sintered structure were
enhanced by a larger x/W ratio. The addition of NF promoted the growth
of the sintered neck and increased the x/W of the sintered structure,
which resulted in Cu NPs coalescing, which improved their mechanical
properties. Compared with the NS1-NS1 model, the shear modulus of
the NS1-NF1 model was increased by 41 %, approaching 45 GPa, and
the shear strength increased by 14 %, reaching 3.51 GPa. The elastic
modulus of the NS1-NF1 model increased by 49 %, reaching approxi-
mately 55.6 GPa. In addition, the tensile strength increased by 27.4 % to
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