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Atomic insights of Cu nanoparticles melting and sintering behavior in
Cu\\Cu direct bonding
Rui Wu, Xiuchen Zhao, Yingxia Liu ⁎
School of Materials Science and Engineering, Beijing Institute of Technology, Beijing, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Molecular dynamics method is applied
to simulate Cu nanoparticles behavior
during Cu\\Cu direct bonding process.

• The melting point of Cu nanoparticles
from 2 nm to 9 nm ranges from 963 K
to 1289 K.

• The sintering time for 2 nm nanoparti-
cles is less than half of that for 8 nm
nanoparticles.

• 2 nm nanoparticles can effectively re-
duce the bonding temperature and
time in Cu\\Cu direct bonding.
⁎ Corresponding author.
E-mail address: yingxia.liu@bit.edu.cn (Y. Liu).

https://doi.org/10.1016/j.matdes.2020.109240
0264-1275/© 2020 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 29 August 2020
Received in revised form 8 October 2020
Accepted 16 October 2020
Available online 20 October 2020

Keywords:
Cu\\cu direct bonding
Cu nanoparticles
Molecular dynamics
Phase transformation
With a layer of Cu nanoparticle slurry, it's promising to achieve fast Cu\\Cu direct bonding at low temperature. To
have a deeper insight and better control of the process, we apply molecular dynamics method to simulate the
melting and sintering behavior of Cu nanoparticles during the direct bonding process. The melting points of
nanoparticles from 2 nm to 9 nmare simulated to be from 963 K to 1298 K. The smaller the diameter of the nano-
particle, the less stable it is. At the same sintering temperature, the sintering time for 2 nm nanoparticles is less
than half of that for 8 nm nanoparticles. Based on these atomic insights, if we can synthesis Cu nanoparticles as
small as 2 nm, the Cu\\Cu direct bonding temperature and time can be reduced further.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tin based lead-free solders have been widely applied in electronic
packaging as a substitution of eutectic Sn\\Pb solder for years [1]. How-
ever, together with the scaling trend in transistors, there is also a scaling
trend in packaging interconnections, and the size of solder joints be-
comes smaller and smaller, leading tomanufacturing challenges and re-
liability concerns in lead-free solder technologies [2,3]. Cu\\Cu direct
bonding has been studied as a replacement for solder in the future
ultra-high-density interconnect technologies. Compared with the
. This is an open access article under
traditional solder joints, Cu\\Cu direct interconnection has better scal-
ability, better conductivity, thermal conductivity, and resistance to
electromigration [4]. However, because the Cu surface is easy to be ox-
idized and themelting point of copper is high compared with Sn, Cu di-
rect bonding is always achieved under very strict environment, i.e. the
bonding temperature is usually above 300 °C, and it needs to be bonded
in ultra-high vacuum chamber [5–7]. Nanoparticles have been studied
to be applied in Cu\\Cu direct bonding in order to decrease the bonding
temperature and prevent surface oxidation. Li [8] et al. prepared Cu
nanoparticles slurry for Cu\\Cu interconnection. The diameter of Cu
nanoparticles is distributed in the range of 80–120 nm, and the bonding
temperature can be reduced to 250 °C，with 30 min of heating and
30 min of annealing. Kim [9] et al. synthesized Cu nanoparticles with
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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particle size of about 25 nm, and used atmospheric pressure plasma to
bond Cu. The results show that the lowest resistivity of 21.06 μΩ·cm
can be obtained at 250 °C for 40 min. Liu [10] et al. prepared 5 nm par-
ticles and the nanoparticles aggregated tomore than 300 nm. The bond-
ing strength is reported as 52.36 MPa and the resistivity can reach 4.1
μΩ·cm at 250 °C for 60 min of sintering.

Most of the studies are applying nanoparticles with diameter of sev-
eral hundred nanometer in Cu\\Cu direct bonding and the bonding
temperature is 250 °C for 30 to 40 min. To lower the bonding tempera-
ture and reducing the bonding time further, we consider Cu nanoparti-
cles smaller than 10 nm. However, fine particles are easy to get oxidized
and agglomerated. To synthesize Cu nanoparticles by chemical reduc-
tion method and various capping molecules, such as carboxylic acid
[11], isopropanol [12], poly(N-vinylpyrrolidone) (PVP) [13,14], and
oleic acid [15,16], this issue can be mitigated. In the future, in-situ syn-
thesis of Cu nanoparticle pastemight be developed to avoid the agglom-
eration in the transfer step.

In this work, we use molecular dynamics method and the open
source software LAMMPS to simulate the melting and sintering behav-
ior of Cu nanoparticles, in order to investigate the possibility to decrease
the bonding temperature by decreasing the Cu nanoparticles size in the
bonding process.

2. Methods

The potential function selected in this work is the MEAM potential
function fitted by Etesami and Asadi [17]. The potential function has
been verified by Etesami's simulation of metal near melting point,
which can be well applied to Cu nanoparticles. The total potential is
expressed as following,

E ¼ ∑
i

Fi ρið Þ þ 1
2
∑
i≠j

∅ij rij
� �( )

ð1Þ

where the first term in the summation sign is the energy of the embed-
ded atoms related to the environment, and the second term is the pair
potential between atoms.

We use two ways to verify the potential function. The first one is by
drawing the curve between lattice constant and binding energy.We ob-
tain the lattice constant when minimum binding energy is achieved. To
Fig. 1. The relationship between lattice constant and binding energy (a) the cha
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verify whether the potential function can be applied in our simulation,
we compare the obtained lattice constant with the one given in the lit-
erature. The second one is by simulating the melting point of bulk cop-
per in the way of solid-liquid coexistence. We determine the melting
point by the formation of solid-liquid coexistence structure. Themelting
point obtained by this method is compared with the reference value.
We adopt this potential function in following simulation if the error is
small.

We simulated the melting point of Cu nanoparticles with different
sizes by calculating the potential energy changes during the heating
process. The melting point of the different size nanoparticles was esti-
mated according to the potential energy and temperature curve. The
calculated melting point and particle size of nanoparticles were com-
pared to get the relationship between particle size and melting point.
In this way, we verified the size effect of nanoparticles.

For the sintering simulation, three groups of nanoparticles with the
same particle size, 2 nm, 4 nm and 8 nm in diameter, were selected
for simulation. The influence of temperature on sintering was studied
by changing the temperature to 300 K, 450 K, 600 K, and 1000 K. We
also investigated particle size effect on sintering by sintering simulation
with two different size particles.

We use common neighbor analysis (CNA) method to determine the
crystal structure of atoms. And in this method, the intercept radius is
taken as following,

rfccc ¼ 1
2

ffiffiffi
2

p

2
þ 1

 !
a≈0:8536a ð2Þ

rbccc ¼ 1
2

ffiffiffi
2

p
þ 1

� �
a≈1:207a ð3Þ

rhcpc ¼ 1
2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ 2x2

3

s0
@

1
Aa ð4Þ

where a is the lattice constant.
To monitor the process of sintering, we use the parameters of radial

distribution function (RDF), the gyration, and mean squared displace-
ment (MSD). The RDF can be applied to indicate the degree of atom
chaos in the system. The gyration can express the degree of sintering
nge of lattice constant is 0.01 Å (b) the change of lattice constant is 0.001 Å.



Fig. 2. Simulation of temperature change in the fifth stage of melting point simulation of
bulk materials.

Fig. 3.Melting point simulation of bulkmaterials (a) “solid liquid solid” structure (b) final
“solid liquid coexistence” structure.

Fig. 4. Initial CNA analysis of nanoparticles (a) three
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of two particles, and MSD is used to show the diffusion behavior of
atoms. And they are expressed as following.

g rð Þ ¼ 1
ρ

n rð Þ
4πr2dr

ð5Þ

Rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
M

∑
i
mi ri−rcmð Þ2

s
ð6Þ

MSD ¼ 〈 r tð Þ−r 0ð Þð Þ2〉 ð7Þ

3. Results and discuss

3.1. Potential function verification

Fig. 1 shows the relationship between lattice constant and binding
energy. The variation between each data point in Fig. 1(a) and (b) is
0.01 Å and 0.001 Å, respectively. Both images are fitted by third-order
polynomial. The lower the binding energy of a system, the more stable
the structure is. From the two pictures, the lattice constants correspond-
ing to the lowest binding energy are 3.62003 Å and 3.61983 Å. The lat-
tice constants of copper obtained in the literature are 3.6149 Å [18],
with errors of 0.14% and 0.13%, respectively. The errors are within the
allowable range. Therefore, the potential function can be applied tomo-
lecular dynamics simulation of copper.

Fig. 2 shows the temperature change of thefinal step. In this step, the
system is in the state of solid-liquid coexistence without external heat.
In the first 1000 ps, the temperature of the system goes down quickly
to release the extra energy caused by the heat in previous steps. Then
it fluctuates in a small range, because the system has become stable.
The average temperature in this stage is the simulated melting point.
Fig. 3(a) shows the “original solid-liquid-solid” structure we build
through local heating. Fig. 3(b) is the “solid-liquid coexistence” state
in the final step. In this step, although the solid-liquid interface is con-
stantly moving, there are always green atoms (representing solid
atoms) and white atoms (representing liquid atoms) in the system.
Through calculation, the average temperature in this stage is
1336.57298 K, which is the simulated melting point in our work. The
difference between the simulated melting point 1336.57298 K and the
one 1358 K given in the published works [18] is 1.5%, and the error is
within the allowable range. Thus, the melting point calculation by the
selected potential function is reliable and the function can be applied
to our following simulation.
-dimensional structure (b) z-axis cross-section.



Fig. 6. Temperature dependence of particle potential energy for 2 nm particles.

Table 1
The ratio of disordered structure atoms to fcc structure atoms in 2 nm to 9 nm particles.

Particle
diameter/nm

total number
of atoms

disordered atom
number

fcc structure
atom number

disordered
atom ratio

2 369 204 165 55.3%
4 2899 908 1991 31.3%
6 9597 2100 7497 21.9%
6.5 12,113 2421 9692 20.0%
7 14,963 2822 12,141 18.9%
7.5 18,605 3259 15,346 17.5%
8 22,663 3764 18,899 16.6%
8.5 27,115 4240 22,875 15.6%
9 32,325 4781 27,544 14.8%

Table 2
Melting point estimation of 2 nm to 9 nm particles.

Particle diameter (nm) 2 4 6 6.5 7

Estimated melting point (K) 963.91 1177.31 1247.32 1256.5 1266.51
Particle diameter (nm) 7.5 8 8.5 9
Estimated melting point (K) 1268.07 1271.02 1285.42 1289.12
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3.2. Melting points

With the selected potential function, we first analyzed the structure
of the nanoparticles during relaxation process. Before the initialmelting,
the surface atoms of the nanoparticle are in disordered state, while the
internal atoms are FCC structured. The structure is shown in Fig. 4(a)
and Fig. 4(b). Fig. 4(b) is the cross-sectional image to show the internal
structure of the nanoparticle. The disordered atoms on the surface are
very active, leading to a high surface energy of nanoparticles.

The total number of atoms and the atomic structure of 2 nm to 9 nm
nanoparticles at room temperature are listed in Table 1. With the de-
crease of nanoparticle diameter, the proportion of disordered atoms in
nanoparticles at room temperature is increasing. When the diameter
of nanoparticles is 2 nm, the proportion of disordered atoms is even
more than half of the total number of atoms. The smaller the particle
size is, the more unstable it is, because the large surface atomic ratio
in small nanoparticles can lead to a very high energy of the whole sys-
tem. Therefore, small nanoparticles are easier to agglomerate into
large particles and it is very important to prevent the agglomeration of
nanoparticles during the preparation.

The relationship between the potential function and temperature of
Cu nanoparticles with different particle sizes is studied, and the rela-
tionship of 9 nm Cu nanoparticle and 2 nm Cu nanoparticles are
shown in Fig. 5 and Fig. 6, respectively. According to the figures, there
is a sudden increase of potential energy during the heating, which indi-
cates the phase transformation of the nanoparticles. The change of po-
tential energy from solid state to liquid state is due to the large
amount of energy absorbed by nanoparticles during the transition.
Fig. 5. Temperature dependence of particle potential energy for 9 nm particles.

4

Therefore, the temperature when the point of potential energy in-
creases is determined as the melting point of nanoparticles. The esti-
mated melting points of each particle are listed in Table 2.

From Table 2, the melting point of nanoparticles decreases with the
decrease of particle diameter and is lower than that of bulkmaterials, as
plotted in Fig. 7. The smaller the particle size of nanoparticles, the more
reduction ofmelting point. According to the Gibbs Thomsonmodel [19],
the relationship between themelting point of nanoparticles and the ra-
dius of nanoparticles satisfies,
Fig. 7. Fitting results of melting point of nanoparticles.



Fig. 8. State diagram of melting process of 9 nm copper particles.

Fig. 9. The sintering process of 2 nm copper particles at different temperatures (a) the change of radius of gyration; (b) the change of radius MSD.
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TNano
m rð Þ ¼ Tbulk

m − 2 Tbulk
m þ 273:15

� �
σ sl

h i
= ΔHbulk

f ρsr
h i

ð8Þ

where Tm
bulk is the melting point of the bulk material, σsl is the solid-

liquid interface energy of the material, ΔHf
bulk is the melting latent heat

of bulkmaterial, and ρs is the density of thematerial in its solid state.We
use the function Y=A-B/X to fit the non-linear curve of the data points,
where

A ¼ Tbulk
m ð9Þ

B ¼ 4 Tbulk
m þ 273:15

� �
σ sl

h i
= ΔHbulk

f ρs

h i
ð10Þ
Fig. 10. 2 nm copper particles sintered at d
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The fitting curve is shown in Fig. 7. The fitting curve also shows that
when the nanoparticle size is small, the change range ofmelting point is
large. According to the fitting results, A = 1382.57, indicating that the
melting point of the bulkmaterial is 1382.57 K, which is close to the ref-
erence data 1358 K, and the error is 1.8%, indicating the simulation re-
sults are reliable.

Fig. 8 shows the atom structure state change of 9 nm particles in the
melting process. The total simulation time is 6000 ps. The particles
begin to melt at about 3000 ps, corresponding to about 900 K. The par-
ticles reach complete melting at about 5055 ps, and the corresponding
temperature is about 1315 K. It is in good agreementwith the predicted
melting point of 1289.12 K. At the same time, from 3000 ps to 5000 ps,
the melting process of nanoparticles starts from the outside of
ifferent temperatures in 100 ps state.



Fig. 11. Radial distribution function of 2 nm copper particles sintered at different
temperatures for 100 ps.

Fig. 12. Change of radius of gyration of two copper nanoparticles with the same particle
size sintered at 600 K.

Fig. 14. Radial distribution function of two copper nanoparticles with the same size
sintered at 600 k for 100 ps.
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nanoparticles, while the FCC structure remains in the interior before
complete melting. The same results were obtained for other size
nanoparticles.
Fig. 13. State diagram of two copper nanoparticles w
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3.3. Sintering simulation

3.3.1. Temperature effect on sintering
The sintering results of 2 nmnanoparticles at different temperatures

are presented as an example. The changes of radius of gyration andMSD
of 2 nm particles during sintering are shown in Fig. 9(a) and Fig. 9(b).
The state diagram and RDF after sintering for 100 ps are shown in
Fig. 10 and Fig. 11, respectively.

In Fig. 9(a), the radius of 2 nm copper particles gyration decreases
with the increase of temperature, but increases at 450 K. The reason
should be that the increase of temperature increases the distance be-
tween atoms, which leads to the increase of the radius of gyration, indi-
cating the particles have not started tomelt at the temperature of 450 K.
When the temperature reaches 600 K, the particles have begun to melt.
The two particles are more closely bonded because of sintering, and the
sintering neckwill be larger, resulting in the decease of the radius of gy-
ration. When the temperature reaches 1000 K, the particles are
completely melted. As shown in Fig. 9(b), the curve of the MSD keeps
going up, indicating the atoms in the system are moving actively and
the atoms are in liquid state. The process can also be verified by the
state diagram in Fig. 10. When the temperature reaches 1000 K, the
temperature has exceeded the melting point of 2 nm particles, and the
particles have melted. According to the state diagram in Fig. 10 that at
600 K the particles are bound tightly because of part melting, and at
1000 K they have completely melted and formed droplets.

The sintering temperature of 2 nm nanoparticles can also be deter-
mined through Fig. 11. In the radial distribution function of Fig. 11,
with the increase of temperature, the peak value does not change, but
ith the same size sintered at 600 K for 100 ps.



Fig. 15. State diagrams of 2 nm and 4 nm Cu nanoparticles sintered at 600 K.
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the curve gradually becomes rougher, and the peak width also increases,
indicating that the disorder degree of atoms in the particles increases
with the increase of temperature. Moreover, at the temperature below
the melting point, the peak occurs near 2.55 Å, which is just the distance
between the nearest neighbor atoms of FCC structure. When tempera-
ture reaches the melting point, the first peak width of radial distribution
function begins towiden, and the second peak disappears, indicating that
the degree of disorder is very high, and the particles have become liquid.

3.3.2. Diameter of particles effect on sintering
To study the size effect on sintering, two same size nanoparticles

were sintered, and the particle diameters were 2 nm, 4 nmand 8 nm re-
spectively. The radius of gyration during sintering is shown in Fig. 12. In
Fig. 12, with the increase of particle size, the timewhen the radius of gy-
ration decreases to the stable value increases correspondingly, indicat-
ing that the time required for sintering will increase when the particle
size becomes larger. If we can keep the size of nanoparticles as small
as 2 nm, the sintering time can be reduced more than half, when we
compared that with 8 nm nanoparticles.

The atomic state and radial distribution function after sintering at
100 ps are shown in Fig. 13 and Fig. 14, According to Fig. 13, the degree
of structural disorder ismuch higher in smaller size particles. The reason
is because that at the same temperature smaller particles have a lower
meltingpoint, andmore disordered surface atoms,while larger particles
have higher proportion of internal stable atoms. In larger nanoparticles,
after forming the sintering neck, the internal atoms are still in FCC struc-
ture, and the disorder degree greatly reduces. In Fig. 14, the radial distri-
bution function becomes smootherwith the increase of the particle size,
which is also due to the lower disorder degree of the particles after
sintering and the structure is more stable. At the same time, the first
peak of radial distribution function in these three cases is around
2.55 Å. According to these results, we can conclude the size of nanopar-
ticles has an effect on sintering, and small size nanoparticles can sinter
much faster than big size nanoparticles.

How to determine the completion of sintering in the simulation is
difficult. In our simulation, we always observe the formation of a
sintering neck and the formation of this neck can be applied to deter-
mine whether sintering is completed or not. The state diagrams of
7

2 nm and 4 nm nanoparticles in the sintering process are shown in
Fig. 15. As shown in these figures, we can observe during the formation
of the sintering neck, the neck has hexagonal closest packed (HCP)
structure. This is due to the continuous movement of atoms under the
increase of temperature in the sintering process, which results in the
dislocation of atoms at the sintering neck.When sintering is completed,
the structure of sintering neck becomes the disordered structure. This
phenomenon can be used to determine whether the sintering is com-
pleted according to the existence of HCP structure at the sintering neck.

4. Conclusion

In this paper, molecular dynamics simulation method is used to
study the melting point and sintering behavior of Cu nanoparticles.
The melting point of Cu nanoparticles from 2 nm to 9 nm ranges from
963K to 1289K,which is smaller than that of bulkmaterials. In addition,
during the sintering process, smaller nanoparticles will sinter faster at a
lower temperature. Therefore, the preparation of smaller particle size
nanoparticles and its application in Cu\\Cu direct bonding can reduce
the bonding temperature, but an effective preservation method is
needed to prevent their agglomeration. Moreover, the formation of
sintering neck will undergo the alternation of HCP structure and disor-
dered structure. This structural change of the sintering neck can help
us to know whether the sintering is complete or not, and we can use
it to determine appropriate bonding time.
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