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Abstract

Cu-Ag core-shell (CS) nanoparticle (NP) is considered
as a cost-effective alternative material to nano silver
sintering material in die attachment application. To
further reduce the cost, the thickness of the Ag shell can
be adjusted. Whereas the shell thickness will also affect
the thermal stability of the Cu-Ag CSNPs. In this study,
molecular dynamics simulation was applied to study the

thickness effect on the thermal behavior of Cu-Ag CSNPs.

The melting points of CSNPs and Pure NPs can be
determined by the evolutions of Potential Energy (PE),
and the Lindemann index (LI) of the system. The results
indicated that the melting points of CS NPs were lower
than monometallic NP and the melting point of CS NP is
influenced by the size of the Cu core and the number of
lattice mismatches. Moreover, the distribution of atoms’
LI showed that the premelting point is independent of
shell thickness. However, the fraction of atoms that
occurred premelting is increased with the decrease of the
shell thickness. Otherwise, we also simulated the sintering
process of double CS NPs with equal size.

1. Introduction

With the developments of high-power electronic devices,
there is a great demand for the die-attach solution for
high-temperature service[1,2]. Compared with their bulk
counterparts, NPs have larger surface curvature, higher
surface energy, better conductivity, and lower melting
temperatures[3]. Sintered Ag NPs have been used as an
interconnection structure in power electronics due to its
good thermal, electrical, and mechanical properties[4—6].
However, Ag limits its extensive applications in the
industry because of its high cost[7]. Cu is proposed as a
substitution of Ag due to its low cost as well as good
thermal and electrical property[8]. But pure Cu in
nanosize performs very poor anti-oxidation property[9].
Cu-Ag core-shell nanoparticles (CS NPs) are synthesized
as a substitute for Ag NPs[10]. Cu-Ag core-shell structure
provides not only protection for the oxidation of copper
nanoparticles but also a reduction of the ion migration of
silver nanoparticles. Moreover, the cost of Cu-Ag CS NPs
is much lower than the Ag NPs[11].

The sintering is one of the most important metallurgic
methods  for nanojoining and inkjet printing
technology[12]. The thermal stability directly effects the

sintering property which is related to the sintered structure.

Therefore, it is necessary to investigate and understand

978-1-6654-5836-8/22/$31.00 ©2022 IEEE

the thermal stability and melting behaviors of Cu-Ag CS
NPs. Since the effects of size on thermal stability had
been studied by other researchers, we will simulate the
Cu-Ag CS NPs with different shell thicknesses by
molecular dynamics simulation. At the end of the study,
we also simulated the sintering process of double CS NP

2. Method and computational details

The embedded atom method (EAM) has been widely
adopted in metallic nanoparticle interaction study. Thus,
in our simulation, we selected the Cu-Ag embedded atom
method (EAM) potential of the alloy system[13]. The
crystalline model parameters, like lattice parameter,
elastic constants, and thermal expansion, can be precisely
reproduced by this binary EAM potential[ 14]. According
to this potential model, the total energy existed in the Cu-
Ag system is expressed as:

1 —
Eiot ZEEU’ ["’:'j(?‘a'j)_kzi F; (pa) (1)

Here is the pair interaction energy of atoms i and j
with a distance of , the embedding energy of atom I as a
function of the host electron density . The is given by

P = Ef;&a’pf[?‘if) (2)

in which is the electron density function of atom i
assigned to atom j.

Each CS NP has been relaxed separately at
corresponding sintering temperature for 500 ps to reach a
stable CS structure in sintering simulation. And for
melting simulation, each CS NP was relaxed at 300K.
Both melting and sintering processes were used the
equilibrated NPs as initial structures. We applied the
isothermal-heating method (IH) to eliminate the thermal
gradient. Therefore, the effect of heat transfer during
melting and sintering can be eliminated.

The simulations were conducted with LAMMPS
code[15]. NVT canonical ensemble, and the Nosé-Hoover
thermostat control were used to control the temperature.
We set 1 fs and 100 ps as the time step and the simulation
duration respectively.

PE and Lindemann index (LI, 8.1) were normally used
to calculate the melting points (MPs) of nano material[16].
In the melting process, after the absorption of latent, the
PE curve reaches the reflection point which can determine
the melting point. The LI is a simple measure of thermally
driven disorder in atoms or molecules, which can
determine the temperature in the melting transition phase
of the nanoparticles and the MPs at which LI curves
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increases rapidly. The local Lindemann index is defined
as[17]:

(r)~(ri;)
1 J iy

Table 1. Configuration of Cu-Ag core-shell NPs
with five different types

Opri = gy Zj=i (ri) G) P items NP1 NP2 NP3
where N is the total number of atoms in the system, 1ij  Atom
the distance between i-th and j-th atoms,
Numbers
and 0 the ensemble average. The LI of the system 5 2123 2123 2123
"a“;e d_eﬁfed ;S: Ag 2123 1874 1440
Lr— EZ’ LLi 4) Cu 0 249 683
which is the average of all atoms’ LI. For LI value, 0.7 P items NP4 NP5
and 0.1, respectively, are the melting criteria of pure Ag
and pure Cu atoms. If the LI value of an atom is higher Atom
than the criteria, then that atom is defined as Lindemann
B Numbers
The shrinkage is defined as the change in the center- Total 2123 2123
to-center distance of the particles over the initial distance, Ag 618 0
given by[18]: Cu 1505 2123
= AL _ Ll
b ko (5) W
Where L is the initial distance between the centers of e
two NPs at the beginning of sintering, and L is the et il I
instantaneous distance of centers varied with sintering . ,,,..e'...--"""""
time. 5‘;*0000‘ e a——" ""::::::::' i sttt
3. Results and discussion ;iieooo_ R
Melting simulation Saw] e -
The specific data and models of each NP were shown & » 1
in Table 1. NP 1 and NP5 are monometallic NPs ] e
consisted of Ag and Cu respectively. NP2, NP3, NP4 VI 1%

were Cu-Ag CS NPs with various thicknesses of Ag
shell. And the Ag atoms layers outside the Cu core are
5 layers, 3 layers, and 1 layer, respectively. All five
types of NPs are built with the same total number of
atoms. The thermal stabilities of five types of Cu-Ag
CS NPs were studied. These simulations could identify
melting points and melting processes. The surface
premelting of NPs could facilitate shrinkage growth &

IR B]5| FHPE. . Among the melting simulations,
we employed the isothermal heating method to
eliminate the thermal gradient inside the NPs. The
simulation was performed at a series of temperatures
between 300K and 1400K. 100K and 20K, respectively,
are selected as the temperature interval of 300K to
700K and 700K to 1400K.

The melting point can be deduced from the
temperature-dependent potential energy profile and LI
profile from Figs. 1(a) and (b). The melting points
were determined as 1103K, 997K, 956K, 1080K, and
1160K for NP1, NP2, NP3, NP4 and NP5 respectively.
All of the core-shell NPs had lower melting points than
monometallic NPs.
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Figure 1. Potential energy (PE) and lindemann index (dLi) of
systems for all types of NPs during IH process.
The Lindemann indexs (0u1) of each atom was

shown in Fig. 2. The atoms on the surface of the
particles and the Ag and Cu at the interface of CS NPs
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showed higher activity. In the initial state (300K), the
outermost of NP4 showed higher mobility than other
NPs. The LI of Ag atoms located at the surface had a
certain rising as the temperature increase, especially for
NP3 and NP4. When the temperature continued to rise
to 700K, some Ag atoms of CS NPs on the surface had
become Lindemann atoms determined by d.1 above J,
which means surface premelting occurs. We can find
that the shell thickness had no obvious effect on the
premelting temperature but can affect the state of
surface premelting. With the temperature increasing,
surface premelting transferred from the outer part to
the inner part, previous research had reported this
phenomenon[19]. At 880K, the silver shell of NP4 was
almost melting, while other CS NPs still had a part of
LI of atoms of shell lower than &.. When the
temperature reached 940K, NP3 had completed the
process of solid—liquid phase transition, both Ag shell
and Cu core were liquid phases, and the Cu atoms
neared interface diffused from the core to shell.
Although the melting point of NP4 was much higher
than other CS NPs, its outermost atoms had higher

mobility.
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Figure 2. Lindemann index (LI, dr1) of each atom
along the radius of 5 types of NP at representative
temperatures. Red plot and blue plot represent LI of Cu
and Ag respectively. The red dotted line is the d. of Cu,
and the blue dotted line is the 3. of Ag.
Sintering simulation
To investigate the effects of varying shell thickness on
the sintering process of CS NPs, five types of NPs with

the same structures of melting simulation were selected

to conduct the sintering simulations at various
temperatures. To ensure the sintering process start at an
equilibrium state, the initial structure was relaxed at
300K before sintering simulations.

Table 2 is the final shrinkages of five types of NP
sintering at four temperatures. Compared to
monometallic NPs, CS NPs had higher shrinkage at the
same sintering temperature and were more sensitive to
temperature because of the existence of the amorphous
Table 2 the result of shrinkages sintering at

500K, 700K, 900K, 950K for five types of NPs pair

NP1 NP2 NP3 NP4 NP5
500K | 0.0831 | 0.0985 | 0.1048 | 0.1196 | 0.0942
700K | 0.0898 | 0.1558 | 0.1661 | 0.1710 | 0.1391
900K | 0.0941 | 0.2353 | 0.2874 | 0.3526 | 0.1401
950K | 0.1288 | 0.4281 | 0.8042 | 0.4235 | 0.1895

atoms located at the interface of Cu and Ag. The
shrinkage of CS NPs with varying shell thickness also
had some differences. At 500K, the shrinkage of NP4
was 14.12% larger than that of NP3 and 21.42% larger
than that of NP2.

At 700K, the shrinkage of NP4 was only 2.9% larger
than that of NP3 and 9.7% larger than that of NP2. The
effect of shell thickness on shrinkage experienced a
significant decrease. But when the temperature rose to
900K, the shrinkage of NP4 is 22.7% larger than that
of NP3 and 44.9% larger than that of NP2, the effect of
shell thickness became even more significant than
500K. The shrinkage increases with decreasing shell
thickness. The significance of shell thickness to
shrinkage is also partly dependent upon sintering
temperature.

At 950K, it was observed that the shrinkage of NP3
was much larger than NP4, and NP2 has a similar
shrinkage to NP4. The temperature was almost
reaching the melting temperature of NP3, and the
liquid phase dominated in sintering structure which
made the sintering process was mainly performed in
the liquid phase. Therefore, the shell thickness was no
longer an important influence factor of shrinkage in the
liquid phase sintering.

The sintering process can be characterized by three
stages as illustrated in shrinkage curves (Figs. 3(a)-(c)).
Stage Il was sensitive to temperature and shell
thickness. The CS NPs with varying shell thicknesses
appeared different sintering process in stage II. In most
cases, the increase of shrinkage at low temperatures in
stage II is not very obvious. At 500K, compared with
other NPs, the shrinkage of NP4 had an increase from
10 ps to 50 ps.
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Figure 3. (a) the shrinkage of NPs at 500K (b) the
shrinkage of NPs at 700K (c) the shrinkage of NPs at
900K

4. Conclusions
Melting simulations were conducted to identify the
melting points of NPs. Core-shell nanoparticles have

lower melting points than monometallic nanoparticles.

With the decreasing of shell thickness, the LI
(Lindermann Index) of outermost atoms of both shell
layer and core layer became higher, which means the
mobility of outermost atoms increases with
decreasing the shell thickness. The shrinkage was
used to characterize the sintering process. The final

shrinkage increased as the Ag shell thickness got
thinner. The grain boundary diffusion can be found in
NP4 at 500K, 700K, and 900K, as well as NP3 at
900K after the formation of the neck.
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