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Nano copper sintering technology has great potential to be widely applied in the wide-
bandgap semiconductor packaging. In order to investigate the coalescence kinetics of
copper nano particles for this application, a molecular dynamic (MD) simulation was
carried out at low temperature on a special model containing two substrate and multiple
particles in between. Accordingly, thorough microstructure and dislocation investigation
was conducted to identify the atomic-scale evolution in the system. The corresponding
findings could provide evidence on the new particle-substrate sintering mechanism.
Furthermore, atomic trajectories tracking method was applied to study the rotation
behavior of different sized nano particles. New rotation behavior and mechanism were
described. Additionally, the study on the size effect of copper particles on the sintering
process and coalescence mechanism was conducted via comparing the microstructural
and dislocation distribution of 3 nm, 4 nm and 5 nm models. Finally, by comparing the MSD
results at low and high temperature for each model, the dominant coalescence dynamics
changes were obtained.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Semiconductor technology is key to modern industrial system.
For the past few years, wide-bandgap (WBG) semiconductors
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materials, such as SiC and GaN, are receiving extensive atten-
tion due to their excellent electrical, thermal and mechanical
properties. For operating at higher operating temperature and
higher power density, the interconnecting materials must also
be improved to ensure the higher reliability requirement raised
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by WBG semiconductor devices. Soldering and brazing are the
techniques which create metallic joints without melting of the
base material. However, conventional Pb-free soldering mate-
rials such as SnAgCu (SAC) alloys with reflow temperature of
220—-260 °C exhibit poor reliability at high temperature. Alter-
native joining techniques such as nano-silver sintering [1—8]
and transient liquid phase soldering (TLSP) method [9—11] have
been reported, as they can withstand the high temperature
caused by high power density. However, the largescale pro-
duction of silver sintering material and TLPS material both are
costly. In recent years, nano copper sintering technology is
gaining more and more attention. Compared to silver, copper is
much more cost-effective (about 1% of the price) and has suf-
ficiently high conductivity and good resistance to ion migration
[12-18].

Generally, sintering is a thermally activated process
improving the material strength via particle necking connec-
tion and microstructural network formation. On a micro-
scopic scale, such process through atomic
transportation (mass transportation) at the contact area of
particles [19,20]. According to the research on the high tem-
perature sintering, the dominant mass transportation mech-
anisms include 1) Evaporation and recondensation, 2) Surface
diffusion, 3) Volume diffusion beneath the surface, 4) Grain
boundary diffusion, 5) Volume Diffusion [19]. However, in the
field of semiconductor packaging, the device usually can only
withstand process temperature below 300°C [20], and as a
result, most of above mentioned high-temperature mecha-
nism cannot be activated.

In order to deeply understand the nano particles (NPs)
coalescence mechanism at low temperature, atomic-scale
simulation methods such as Molecular Dynamics (MD) can
be applied, which can help us to observe the microstructural
evolution, dislocation behavior and diffusion process during
the sintering [20—25]. It is reported that at low temperature
the dominant mechanisms can include grain boundary
diffusion, matrix diffusion, surface diffusion, plastic defor-
mation mechanism, etc. [21,26—28]. However, most of the
current research is based on two-particles or three-particles
models, which focus on the necking formation, crystal rear-
rangement. There are limitations: Firstly, conventional
double-particles model usually uses NVT ensemble, which is
hardly to eliminate the negative influence of pressure
random fluctuation. Secondly, in fact in the real semi-
conductor packaging process, the nano copper particles need
to be sintered between a chip with metallization layer and a
substrate with metal finishes. The interaction between
different components may significantly influence the process
such as particle contact, neck formation, stress distribution,
pores generation and closure.

To use MD method to study the sintering between chip and
substrate is very challengeable. Hai Dong et al. [29] showed
that metallic nanoparticles can be deposited on the substrate
in 400 ps through necking formation. E. Elkoraychy [30] used a
similar model to explore homogeneous sintering and hetero-
geneous sintering. It is found that due to the constraints effect
by the substrate, the particles were twisted and formed grain
boundaries in between. In the meantime, the particles pene-
trated into the substrate. Lan Zhan et al. [31] set particles on
different sites and on a substrate with different orientations

occurs

for sintering, and they found that the grain boundaries formed
by the substrate and the particles during sintering could pro-
mote the generation of dislocations. Then the particles would
rotate and move slightly to eliminate the grain boundaries.
Jiagi Wang [32] et al. conducted transient liquid phase sin-
tering simulation of Ni nanoparticles on an alloy substrate and
stated that Ni nanoparticles in the matrix have stronger
diffusion properties. The all-above-mentioned studies are
based on double-particles model or single-particle-substrate
model. The interactions between different components at
each stage and the corresponding coalescence kinetics have
not been discussed yet. Dai Ishikawa et al. [33]used a model
containing multi-particle with substrate for the first time, and
they mainly explored the diffusion behavior between Cu
nanoparticles and different metal finishes. Whereas, sintering
mechanism, pores evolution has not been discussed. Overall,
among the sintering model with multiple particles on sub-
strates, there is still a lack of theory concerning the sintering
behavior, evolution, and sintering
mechanisms.

In present work, by using the MD simulation method, we
set up a model system including two substrates and nine 4 nm
Cu particles in between. The 500 K low-temperature sintering
process of this structure was deeply studied and the micro-
structure change, crystalline evolution, the dislocation gen-
eration and annihilation were monitored by carrying out
Common Neighbor Analysis (CNA), Dislocation Extraction
Algorithm (DXA) analysis. Then the atomic diffusion activities
were studied by analyzing the corresponding atomic mean-
squared displacement (MSD) diagrams. In addition, the par-
ticle rotation phenomenon and pores evolution during the
sintering process had been well studied. Finally, the size effect
of Cu nano particles on the sintering process and mechanisms
in this complex system were discussed.

microstructure

2. Methods

In this study, all MD simulation works were conducted by
using LAMMPS [34]. The embedded atom method [35] (EAM)
potential developed by Fischer [36] was used to describe the
low-temperature atomic interactions among copper atoms in
particles and substrates. In this study, a special sandwiched-
like model containing two substrate and multiple particles
in between was applied as shown in Fig. 1. Previous studies
have dealt with typical models which applied different
amounts of NPs and substrate as shown in Table 1. It turns out
that in order to study the interaction between substrate and
NPs, effect of size and temperature on sintering kinetics,
microstructure and pores evolution during sintering, the
model of double substrates with multiple NPs is a reasonable
selection.

Previous studies stated that only a diameter of NP within
2.8—6 nm is able to disclose the sintering kinetics [29,41,45,46].
Accordingly, as shown in Fig. 1 the first model consisted of
nine Cu nano particles with a diameter of 4 nm in 3 x 3 array
was built. Then for the study of particle size effect, 3 nm and
5 nm Cu NPs models were developed as well. For all models,
two copper substrates were set above and below the particle
array. It is worth noting that the upper substate is used to
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Upper substrate

Lower substrate

(@ (b)

Fig. 1 — Initial configuration of the particle-substrate model
for coalescence simulation. (a) Front view and (b) side view.

imitate the chip backside metallization layer in the packaging
structure and the lower substrate represents the metallic
finishes of power substrate. For description conveniency, the
three layer of copper particles array are named as L1, L2 and L3
from top to bottom as shown in Fig. 1b. Within each layer, the
particles are further labeled according to the order, for
example, L1-P1, L1-P2 and L1-P3. Based on the previous study,
the (111) plane is set as the plane exposed to the NPs in most
cases due to its lowest surface energy [33]. In addition, the
initial distance between NPs is usually within 2—-5 A [24].
Accordingly, in our study the spacing between particles is set
as 3.61 A. In order to avoid the particle spontaneous coales-
cence prior to the particle-substrate sintering, the upper and
lower substrate had the (111) plane facing to the NPs with 3 A
initial gap between them.

Firstly, to obtain the equilibrated initial structure of con-
structed model, a relaxation step at 300 K for 500 ps in a NVT
ensemble was conducted before the sintering process. Then
for low temperature sintering study, a temperature profile
with 1K/ps heating rate and 500 K peak temperature was
applied to the system. The heating time was 200 ps. Finally, to
study the size effect on coalescence kinetics the as-sintered
system was then holding at 500 K for another 800 ps. We
preset a small initial velocity (1 A/ps, -z direction) to the
atoms in the first two layers of upper substrate. The purpose of
this setting is first to imitate the downwards movement ten-
dency caused by the gravity of upper substrate (chip) and also
to accelerate the simulation process. The effect of initial ve-
locity value on the results was studied and could be found in
the Supporting Information. In order to avoid the influence by
the random fluctuation movement by the substrate, we fixed
the coordinate of downmost two layers of lower substrate. In
all simulations, periodic boundary conditions were applied in
three dimensions. A timestep of 1 fs was set for data recording
and the positions as well as velocities of each Cu atoms were
recorded in every 1 ps.

OVITO was applied to visualize the atomic configurations
and analyze the dislocation conditions. To describe the
change on x-axial and z-axial, Shrinkage Ratio (SR, &) and
Coalescence Index (CI, ¢,) were applied. The SR for L1, L2, L3
and CI for the whole system are named as {y11, {x12, {x13) 2
respectively. The respective calculation equations are as
following:

(AL _Lo-L
X7L07 Lg
¢ —AH_Ho—Hi
“"H,  H

where Ly and Hy are the initial distance between particle in
each layer and the initial distance between the upper and
lower substrate. Ly and H; are the corresponding distance at
moment t. As previously mentioned, CNA and DXA analysis
tools were used to analyze the crystal structures and dislo-
cations evolution, respectively [47,48] Prior to using the
method, the cutoff radius (r,:) needed to be set, which is al-
ways as below for face-centered cubic (FCC) structure:

where, ag, is the lattice constant of the corresponding atom in
FCC structure. In this simulation, the cutoff radius of Cu is
3.08. The contribution of atomic diffusion on coalescence
mechanism was estimated by analyzing the MSD of the sys-
tem [49,50]. The definition equation is as following:

<d2> = {[r(to + T) — Teom (to + T)] - [Y(to) - rcom(to)]}z

where tyis the initial time, 7 is the observation moment, r(to) is
the coordinates of the atom at time to, and reom(to) is the
centroid coordinates of the particle. r(t; +7) is the atomic co-
ordinates of the atom at time =, and rm(to +7) is the particle
centroid coordinates of the atom at time . <> is the ensemble
average computing operator.

3. Results and discussion
3.1 Coalescence kinetics of NPs-Substrate model at low
temperature

Since the morphology of the sintered structure was stabilized
after 200 ps, in this study, we mainly focus on the evolution of
microstructure during within the first 200 ps during the phase
II. As mentioned in previous section, OVITO was applied to
conduct an in-depth microstructural analysis. CNA and DXA
analysis tools were employed to analyze the crystal structures
and dislocations evolution, respectively. In the atomic
configuration figure, we assign different colors to the Cu
atoms of particles and substrate, so as to facilitate the obser-
vation of different behaviors of particles, substrates and
interface. The dark green, light green and grey circles repre-
sented face-centered cubic (FCC), close-packed hexagonal
(HCP) and amorphous atoms in nano particles. The orange,
yellow and dark grey circles were used to indicate FCC, HCP
and amorphous atoms in substrates. In the DXA analysis re-
sults graph, the green and red dots were used to designate FCC
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Table 1 — Summary of simulation models on study of NPs coalescence.

Nr. of Nr. of NPs Model Previous research Topic of present
substrate topic and Ref. study that was not
mentioned in
previous works
None Double Study of the general ¢ Contribution of

'

sintering behavior
and mechanism
between two or more
NPs [37—41], Effects
of specific structures

substrate on the
sintering process

None Multiple % on the coalescence
process [39—41]

Single Single Study of the e Additional inter-
interaction between action between
single NP with different NPs and
substrate, substrates
misorientation simultaneously
effects, sintering of
nanoflake (small)-

NP, wetting and
diffusion behavior
[31,42,43]

Single Multiple Study of coalescence o Effects of NPs and
behaviors of NPs- substrate from
substrate system different direction.
and the homo- or
heterogeneous
effects [29,30,44]

Double Single Study of transient e Additional inter-
liquid phase action between
sintering [32] multiple NPs and

substrates
simultaneously.

e Observation on the
evolution of
different type of
pores.

Double Double Sintering process e More study on size
with the assisted- and temperature
pressure and Stress- effect.
dislocation e Observation on the
interaction during evolution of
compression [24,45] different type of

pores.

Double Multiple ’ The diffusion e More study on size

e between NP and and temperature
& substrate [33] effect.

e Observation on the
evolution of
different type of
pores.
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Table 2 — The maximum rotation angle for each model.

3 nm 4 nm 5 nm
NP1-1 7° 3° =&
NP1-3 20° 6° 3°
550 T i
Relaxation at 500K
500 " * Vo
Z 450 1
e
= Heating
= 400 1
b
=%
=]
&350 1
Relaxation at 300K
300 1
250 ' ;
(1} 500 1000 1500

Time/ps

Fig. 2 — Temperature profile of sintering process at 500 K.
Phase I is for relaxation. Phase II is for sintering process.
Phase III is post-sintering process holding at peak
temperature for another 800 ps.

atoms and HCP atoms, respectively. Green, yellow and blue
lines represented Shockley dislocation, Hirth dislocation and
perfect dislocation respectively.

Based on the simulation results, the whole sintering pro-
cess can be divided into four stages for 4 nm model, which are:
Stage I (0—40 ps, sintering of L1, L3 particles on corresponding
substrates), Stage II (40—120 ps, sintering between L1 and L2
particles), Stage III (120—200 ps, sintering between L2 and L3
particles), Stage IV (after 200 ps, stabilization and recovery).

3.1.1. Stagel

As shown in Fig. 3(a)—(h), the atomic configurations amongL1,
L3 particles during Stage I are shown. In this stage, the upper
substrate had downward motion with initial velocity of
0.067 A/ps. Starting from 2ps, since the spacing between the
substrate and the particle was smaller, the particle and sub-
strate atoms sintering occurred first. As is observed from
Fig. 3(a), necks formed first and grew fast on the interface of
substrate and particles in both L1 and L3. The neck size was
around 2.1 nm in L3 and 2.6 nm in L1. Then, Fig. 4 shows that
there was slight increase of HCP content during this time,
which was supposed to be from L1 and L3 as shown in Fig. 3(b)
and (f). It is deduced that when NPs contact with substrate, the
compress stress will first cause plastic deformation by
generating stacking fault with small partial dislocation near
the necking region. Apparently, the neck of L1 consisted of
more of SF than that of L3 at this period, because the motion of
upper substrate caused higher compressive force to the L1.
Thus, higher driving force was provided through more plastic

flow in L1. Small amounts of amorphous atoms were pro-
duced as well due to the crystal mismatch between particles
and substrate surface.

Then till 10 ps, the sintering between substrates and L1, L3
were proceeding over time and the necking size increased to
3.18 nm and 3.64 nm for L3 and L1 respectively. In the
meantime, the particles within L1 and L3 layer got interpar-
ticle contact with each other and began to form small necks.
The interparticle neck size for L1 and L3 are only 0.76 nm and
1.35 nm at this moment. From Fig. 4a, the biggest shrinkage
occurred at around this time period. According to the sharpest
ramping peaks in both Fig. 4(b) and (c) of crystal fraction and
dislocation, it indicates that a tremendous number of FCC
atoms began to transform into amorphous and HCP. From the
microstructural figure, we found that the SF grew rapidly and
partial dislocation elongated a lot in both layers so far. This
represents that severe plastic deformation occurred in these
regions. These results suggest that the plastic flow was sup-
posed to be the dominant coalescence mechanism at this
stage. Interestingly, MSD results in Fig. 4d shows two
extremely large slopes within this time span, which seems to
imply drastic surface diffusion of particles. However, accord-
ing to the study by Chen, this abnormal large slope indicates a
much faster speed of atoms motion than what surface diffu-
sion can allow, and thus the surface diffusion cannot play lead
role in this period.

Finally, from 10 ps to 40 ps, both the interparticle sintering
and substrate-particle sintering went forward and the neck
size grew to almost the maximum size. In L1, the sintering
proceeded more thorough than that in L3. There is still a large
slope in MSD curve till 25 ps representing plastic-deformation
induced atomic motion and then continued with a gentle
slope representing surface diffusion. The atomic diffusion
took in to effect at the final moment of this stage and in L3 the
diffusion became dominant early than that of L1 as shown in
Fig. 4d. Another evidence is that, the crystal structure evolu-
tion wears off during this period as shown in Fig. 4b. Instead,
the SF with partial dislocation which generated at the early
stage were eliminated through gliding, forming grain bound-
aries on the substate-particle interface. Consequently, it left
many of particles free-of-defects as well as twining structure
(in L1-P3). Since the formation of a stable stair-rod dislocation
further decelerated the plastic flow of L3, it resulted in slower
necking growth. In addition, small pores (Type I pore) formed
around the particle-substrate necking region. As can be found
in Fig. 4(c) and (d), the necking groove contained symmetrical
curvature at the beginning (Fig. 4c). However, most of atoms
moved to the side where the pores were used to be (Fig. 4d).
Accordingly, it is believed that, the diffusion in the final
moment was driven by the removing of free surface in these
pores. At the end of this stage, the reduction of free surface
caused by necking growth of L1 and L3 particles reached a
brick wall. As a result, the particle Ex started to vibrate more or
less periodically. It is worth noting that although at the
beginning there was no misorientation among particles in L1
or L3, due to the pinning effect by substrates, the particles
must conduct rigid rotation as a supplementary mechanism
for the crystalline alignment. The details about rotation
behavior would be discussed in the next section.
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(a)

©)

(h)

Fig. 3 — Cross-section and dislocation distribution snapshots of 4 nm model in Stage I. (a)—(d) Cross-section snapshots at
0 ps, 2 ps, 10 ps and 40 ps. (e)—(h) HCP and dislocation distribution snapshots at 0 ps, 2 ps, 10 ps and 40 ps. Type I pores were

marked with red arrows.
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Fig. 4 — Macro- and microstructural evolution during 200 ps sintering. (a) The shrinkage of L1, L2 and L3. (b) The FCC, HCP
and amorphous fraction. (c) The dislocation density. (d) The MSD curves for L1, L2 and L3.


https://doi.org/10.1016/j.jmrt.2022.01.052
https://doi.org/10.1016/j.jmrt.2022.01.052

1138

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;17:1132-1145

3.1.2. Stagell

At Stage II (Fig. 5), the major process consisted of the sintering
between L1 and L2, the interparticle sintering within L2. The
interlayer shrinkage within L1 and L3 is almost finished. By
analyzing MSD curve of L3, it is found that there was marginal
diffusion occurring at this stage. In addition, due to the stair-
rod dislocation in L3-P2, it also had high resistance to deform
as shown in the atomic configuration and dislocation dia-
gram. Small amount of plastic deformation by SF formation in
L3-P3 and partial dislocation gliding on L3-P1 and L3-P2
interface. Therefore, for L3, the size of neck and pores did not
change much at this stage. On the other side, the collision
between particles in L1 and L2 caused interparticle stress on
the interface. The stress was supposed to be larger than the
critical resolved shear stress (CRSS) of the particles, and thus
proceeded the gliding of partial dislocations in these particles
and on their interfaces. Again, some amount of FCC trans-
formed into HCP on dense packing plane and became amor-
phous atoms on the interface. Dislocation density raise again
accompanied by the formation of SF. As is mentioned in pre-
vious content, the L1 particles would have rigid rotation for

crystal alignment at Stage I. Consequently, particles in L2
would also rotate themselves by dislocation gliding and even
slip across the grain boundary when contact with L1[22,28,51].
Hence, the necks between L1 and L2 particles were likely to
form at the lateral sites on L1 particles. Additionally, there was
elastic stress on L1-P2 causing residual elastic oscillations (as
shown in Fig. 2a) towards left and right [52]. Both of these two
effects would further influence the interparticle coalescence
in L2 randomly, because when two particles had great chance
to sintering together, the other one would be isolated. For
instance, in this work, the L2-P1 was the isolated one, whereas
the L2-P2 and L2-P3 coalesced and forming the sintering
networking. After the formation of such four-particles
network, their further rotation was hindered and hence the
misorientation within the network will exist for long time
along with the existing of high-energy grain boundaries. In the
middle of the network, a large pore formed which was referred
to as Type II pore. From MSD curve for three layers at this
stage, they all contained plateau till the end of this stage
indicating the negligible diffusion behavior. Thus, the type I
pores and type II pores cannot be vanished soon.

- Ak
W il
i Scm— . i

(d)

Fig. 5 — Cross-section and dislocation distribution snapshots of 4 nm model in Stage II. (a)—(b) Cross-section snapshots at 60
ps and 120 ps. (c)—(d) HCP and dislocation distribution snapshots at 60 ps and 120 ps. Type II pores were marked with

yellow arrows.
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Fig. 6 — Cross-section and dislocation distribution snapshots of 4 nm model in Stage III. (a)—(b) Cross-section snapshots at
150 ps and 200 ps. (c)—(d) HCP and dislocation distribution snapshots at 150 ps and 200 ps.

3.1.3. Stage III

At the last stage (Fig. 6), L3 was compressed by the L2 particles
and the coalescence within the model was further propelled.
Under the great pressure given by substrate-L1-L2 system to
L3 layer, lots of SF and dislocation were produced in L3-
particles and necking region. At 150 ps, the huge compres-
sive stress caused dissociation of stair-rod dislocation. Along
with the dissociation of dislocation, extension of SF, the neck

. %

(a)

size between L2-particles and L3-particles grew fast. Most of
dislocations glided to the interfaces between particles forming
grain boundaries. After that, till 200 ps, the plastic flow almost
finished with the decrease of dislocation density and HCP
amount. As plotted in Fig. 2d, it is believed that the surface
diffusion played more important role in this stage than at the
beginning. The driving force was supposed to be the pores
vanishing. The huge pores between L1 and L2 was becoming

. a

(b) (c)

Fig. 7 — The schematic diagram of the three types of the pore. (a) Type I pore marked with blue grid was surrounded by a
substrate and double particles. (b) Pore 2 was surrounded by four particles. (c) Pore 3 was generated by misorientation of

between NPs.


https://doi.org/10.1016/j.jmrt.2022.01.052
https://doi.org/10.1016/j.jmrt.2022.01.052

1140

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;17:1132-1145

smaller, and the MSD curve is increasing continuously even
after 200 ps. With the vanishing of type I pores in L1, the MSD
curve came to a plateau.

In summary, by analyzing the sintering process of this
substrate-multi-particle model, we found that: 1) In this
model, the dominating sintering mechanism at low temper-
ature was plastic flow caused by dislocation production and
motion. 2) The pressure provided by the upper substrate can
significantly accelerating the sintering behavior by amplifying
the plastic flow. 3) The rigid rotation might cause random
misorientation and elastic oscillation of particles. 4) The
pinning effect of substrate on particles might expand such
random motion of particles in L2, which would produce huge
pores. 4) Pores can be vanished via both plastic deformation
and surface diffusion.

3.2. Pores evolution and rotation behavior of NPs-
Substrate model in low-temperature sintering process

Generally, there were three types of pores in this system, as
shown in Fig. 7. Type I was generated between as-connected
NPs and substrate surface. Normally the pores can be closed
through atomic diffusion [26]. The driving force is the extra
free surface energy caused by the necking region. However, at
low temperature, the diffusion is relatively slow, and hence
the type I pores could not be filled soon via this way. In fact,
due to the pressure induced by upper substrate, the plastic

deformation of L1 caused by SF and dislocation movement
could assist this process. This effect worked also for Type II
pores. When four particles were contacting with each other, a
small pore will be formed in the middle of such sintering
network. This type of pores was always with small size and
could be filled fast via plastic flow of all four particles. The last
type of pore was formed because of the misorientation for
particles in L2 with particles in L1 and L3. For crystal align-
ment, the L2 particles would rotate with small angles after
forming neck with L1 particle, which might cause big gap
between L2 particles. Since the pore III size is too big, both the
surface diffusion and plastic flow cannot work.

For the rotation behavior, itis reported in the literature that
the rigid rotation of particles during low-temperature sinter-
ing could be divided into two categories: 1) When there is an
initial misorientation between particles, the particle align-
ment process will appear via dislocation gliding through
adjacent particles. The driving force was attributed to surface
stress in the neck groove and as a result, it would remove or
reduce the particles interface associated with grain bound-
aries and cause the reduction of total system energy [52,53]. 2)
when there is no misorientation between crystal, the rotation
can occur as well. Itis reported that, small particles could have
a fast crystallization process when their connected faces are
perfectly matched. And then due to the driving force of
annihilation of free surfaces, the crystallized structure at neck
region would become amorphous again to reduce the

T

",

iy

Fig. 8 — Displacement vectors of the atoms of the 4 nm model at 500 K. (a) at 10 ps. (b) at 60 ps. (c) 120 ps. Displacement
vectors of L3 atoms at 60 ps of the (d) 3 nm model, () 4 nm model and (f) 5 nm model.
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L =rra |

3

Stage II

Stage III

Fig. 9 — Cross-section and dislocation distribution snapshots of different models in different stages. From left to right are
models for 3 nm, 4 nm and 5 nm particles. From up to bottom are Stage I, II and III.

curvature. Right after that, NPs are rotated for optimal crys- In previous section, we observed the rotation of L1 and L3
tallization positions again through partial dislocation core particles on the corresponding substrates as well as the sec-
passing through one of the connected particles [54]. ondary rotation of L2 particles caused by L1. First of all, before
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The dislocation density.
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10 ps, L1 particles began to contact with upper substrate
forming the necks. It is clear that atoms of L1 particles at
necking region had directional movement towards the type I
pores (as shown in Fig. 8a). Similarly, L3 particles had this
directional movement as well. L2 did not have any rotation
movement yet since the particles were not contacted yet.
Till 60 ps, two different rotation types can be observed
within the model: 1) For constraint-free L2 particles, they had
the first rotation manner as mentioned above. The misorien-
tation between L2 particles and L1 particles was coming from
the rotation of L1 particles in the sintering stage I. Therefore,
during the necking formation between L1 particles and L2
particles, the dislocation produced by misorientation would
glide across L2 due to the surface stress around the neck
groove. It is worth noting that, within each L2 particle, the
rotation is not uniformly distributed. More rotation was
observed on the part that was near L1 particle. Thus, SF and
partial dislocations were produced inside of L2 particles. 2) In
L1 and L3, if there were no pinning by substrate, it was sup-
posed to follow the type Il rotation manner. As is mentioned in

previous studies [55], when there were no misorientation
among particles, the particles would contact with their closest
neighbor ones and formed crystallization on the interface in
short time. Then due to the driving force of annihilation of
free surfaces, the crystallized structure at interparticle neck
region would rearrange again and transform to amorphous
atoms. Right after that, these particles were about to rotate for
optimal crystallization positions again through partial dislo-
cation core passing through one of the connected particles.
However, due to the pinning effect of substrate to L1 and L3
particles, rigid rotation of particles was impeded. Due to the
atomic interaction [56], huge attracting force between neigh-
bored particles still existed, and consequently caused plastic
deformation through formation of SF and partial dislocations.
Such plastic deformation could finally lead to a partial rota-
tion of each particle, instead of the rotation of the whole
particle. By the end of this section, we also compared the size
effect of nano particles on rotation. The displacement vector
at 60 ps for different size model is shown in Fig. 8(d)—(f). It can
be found that, smaller particles had more sever displacement
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Fig. 11 — Effects of temperature and particle size on the MSD results of copper atoms for 1000 ps. (a) at 500 K. (b) at 600 K. (c) at

700 K.
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vector and higher rotation angle as shown in Table 2. It is
probably because larger particles model contained smaller
surface free energy and thus had less potential for sintering
and alignment. However, because of the pinning effect of
substrate, rotation angle for each model was reduced, and
thus the difference of rotation angle between 4 nm- and 5 nm-
model was marginal.

In summary, we found that the particles in this system
contained both two rotation manners. Due to the pinning ef-
fect of upper and lower substrate, the dislocation mediated
alignment process was pronounced. This new proposed
rotation phenomenon proved that the annihilation of
misorientation could be affected by the substrate.

3.3. Size effect of NPs-Substrate model on sintering
mechanism

In order to study the size effect on sintering process in our
system, 3 nm, 4 nm, 5 nm model were selected. All three
models were sintered for 200 ps with same temperature pro-
file. Then the snapshots at critical sintering stage, the
shrinkage ratio diagram, the crystal fraction diagram and
dislocation density diagram were compared for each model to
compare the different microstructural evolution and disloca-
tion behavior. First, for all models, it can be found that the
necking on particle-substrate interface was larger than that of
particle-particle interface. That is because of the higher free-
surface vanishing driving force of substrate surface and wet-
ting between NPs and substrate [43,54]. Second, from Fig. 9 it
was found that, smaller-size model closed the pores earlier in
each stage. For example, 3 nm model closed all types of pores
in 200 ps forming a dense microstructure. However, the 4 nm
model and 5 nm model only close type I pores leaving the type
I and type III pores. To fully close all pores in these models
perhaps requires longer aging time or higher sintering tem-
perature. Furthermore, combining results of DXA, dislocation
density curves and crystal fraction curves, it showed that
smaller-size model contained more drastic crystal trans-
formation and dislocation evolution in each stage. For
instance, in Stage I, L1 and L3 for all three models emerged
transformation from FCC to HCP and amorphous. In 3 nm
model, more SF across the particles existed indicating more
plastic deformation driven neck growth. However, in larger-
size model, more stair-rod dislocation appeared in some
particles and hindered the plastic deformation. Meanwhile,
partial dislocation generated in each model as well. In stage II
and III, the 3 nm model again shown better plastic flow ability,
and finally, most of dislocations glided into the grain bound-
aries and annihilated due to the recovery process (as drop
shown in dislocation density curve) forming a dense and
strong structure. For 4 nm model, the stair-rod dislocation
finally unlocked by compressive pressure from the L1 and L2.
Most of dislocation glided to the grain boundaries as well. For
5 nm model, dissociating the pinned stair-rod required more
plastic deformation and thus needed higher energy input.
Therefore, most of stair-rod dislocation stayed at the original
location. It is worth noting that the last increasing of dislo-
cation density is attributed to the crystal alignment between
L2 and L3 for each model.

Then, from Ez, ExL1 and ExL3 curve (Fig. 10) it was shown
that smaller-size models usually contained higher shrinkage
ratio which is in line with previous studies [22,54,55]. Specif-
ically, L1 layer of 3 nm model had around 18% shrinkage ratio
which is way higher than that for 4 nm model (9%) and 5 nm
model (—5%). Interestingly, there were negative shrinkage
values in L1 of 5 nm and L2 of 4 nm. For 4 nm model, the
reason (rigid rotation and randomly elastic oscillation of L1)
has been discussed in the previous sections. For 5 nm model
scenario, the expansion of L2 started in stage II when the L1
contacted with it. This phenomenon confirmed the size effect
on larger pores formation. For L3, there is no influence of
pressure at the first two stages, and therefore, could be used to
study the size effect on particle-substrate sintering behavior.
It can be found that, smaller-size model reached the stable
state on substrate earlier than the larger-size one. Further-
more, in the context of atomic simulations, the sintering
mechanisms are temperature-dependent. This arises because
by enhancing the temperature, surface diffusion, volume
diffusion beneath the surface, grain boundary diffusion, and
even evaporation and recondensation will be activated.
Accordingly, to more accurately explore the effect of sintering
temperature on the sintering mechanisms, in addition to the
studied 500 K sintering, the prescribed models were sintered
at 600K and 700 K. Then these as-sintered models were kept at
each peak temperature till 1000 ps. As is shown in Fig. 11 the
MSD results for 500 K and 600 K were plateau in the aging
stage. That is to say, the atomic diffusion was not significantly
activated at this low temperature. Meanwhile at high tem-
perature (700 K) the atomic diffusion was dominant after 200
ps. It was deduced that the atomic diffusion was driven by the
closure of pores. Since smaller pores contained larger surface
curvature, they could provide higher driving force. It was
found that the 3 nm and 4 nm had better motion. Whereas for
5 nm particles, after type-I pore was closed, the rest of large
type-II and type-III were too big to drive the diffusion motion.

4, Conclusion

A molecular dynamic (MD) simulation was carried out to
study the coalescence kinetics and microstructure evolution
of Cu nanoparticles sintering on substrates at low tempera-
ture. A sandwich-structure model containing two substrate
and multiple particles in between was used in this study. It is
found that at low temperature the dominating sintering
mechanism is plastic flow caused by dislocation production
and motion. The pressure provided by the upper substrate can
significantly accelerating the sintering behavior by amplifying
the plastic flow. Furthermore, the rigid rotation was observed
during the coalescence process, and it may cause random
misorientation and elastic oscillation of particles. Moreover,
the pinning effect of substrate on particles may expand such
random motion of particles in L2, which may produce huge
pores. These pores can be vanished via both plastic defor-
mation and surface diffusion. For all models, it can be found
that the necking on particle-substrate interface was larger
than that of particle-particle interface. Secondly, we found
that the particles in this system contained both two rotation
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manners. Due to the pinning effect of upper and lower sub-
strate, the dislocation mediated alignment process was pro-
nounced. This new proposed rotation phenomenon proved
that the annihilation of misorientation could be affected by
the substrate. Finally, to study the size and temperature effect
on sintering process in our system, 3 nm, 4 nm, 5 nm model
were selected and aged at 500 K, 600 K and 700 K for longer
time. It was found that smaller-size models usually contained
higher shrinkage ratio and smaller pores. Also, smaller-size
model contained more drastic crystal transformation and
dislocation evolution in each stage.
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