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ABSTRACT: The miniaturization of electronics devices into
the nanometer scale is indispensable for next-generation semi-
conductor technology. Carbon nanotubes (CNTs) are consid-
ered to be the promising candidates for future interconnection
wires. To study the carbon nanotubes interconnection during
nanosoldering, the melting process of nanosolder and nano-
soldering process between single-walled carbon nanotubes are
simulated with molecular dynamics method. As the simulation
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results, the melting point of 2 nm silver solder is about 605 K because of high surface energy, which is below the melting
temperature of Ag bulk material. In the nanosoldering process simulations, Ag atoms may be dragged into the nanotubes to form
different connection configuration, which has no apparent relationship with chirality of SWNTs. The length of core filling
nanowires structure has the relationship with the diameter, and it does not become longer with the increasing diameter of
SWNT. Subsequently, the dominant mechanism of was analyzed. In addition, as the heating temperature and time, respectively,
increases, more Ag atoms can enter the SWNT's with longer length of Ag nanowires. And because of the strong metal bonds, less
Ag atoms can remain with the tight atomic structures in the gap between SWNT and SWNT. The preferred interconnection
configurations can be achieved between SWNT and SWNT in this paper.
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1. INTRODUCTION

According to the latest International Technology Roadmap for
Semiconductors (ITRS)," with the development of the copper
interconnects with smaller feature size, electro-migration
become obvious because of the increasing current density,
which could cause the damage and failure of electronic
devices.>® The miniaturization of electronics devices into the
nanometer scale is indispensable for next generation semi-
conductor technology. Carbon nanotubes (CNTs) are
considered to be the promising candidates for future
interconnect wires with excellent physical and chemical
properties ranging from ultrahigh mechanical strength, to
electronic properties, to thermal conductivity, to optical
properties, etc.*”' To obtain the effective mechanical and
electrical connection, CNTs interconnect technology is
essential for structure manufacturing and integration of nano-
functional devices. However, properly connected single-walled
carbon nanotubes (SWNTs) could be the building blocks of
various electronic devices, and the proper connection
configurations of CNTs are critical for electrical and thermal
transportation properties.n_14 For the good interconnection
configurations, some effective methods have been adopted by
some researchers through C—C bonds connection, such as
electron beam and ion beam nanowelding process.'*~*® But the
CNTs are irradiated by high energy beam, the structures have
large damages to induce high contact resistance and weak
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mechanical strength, which limits the practical applications. To
overcome the adverse effects, it is necessary to take effective
measurements to modify the interconnection configuration.
Nanosoldering process has been founded as a more effective
method with favorable electrical properties.

For achieving better interconnect quality, it is necessary to
analyze the contact configuration modification between CNT's
during nanowelding process. However, the determination of
structures of CNTs interconnection is difficult to do
experimentally. In contrast, molecular dynamics (MD)
simulation provides a powerful method to investigate the
structural and dynamical properties of interconnection points
between CNTs in a realistic manner.'” > For example,
Krasheninnikov performed ion beam welding process study
by MD simulation.'” Terrones used tight-binding MD
simulations to study the coalescence of crossed CNTs and
investigate the responsible mechanisms for the formation of the
junction.** Additionally, Jang studied the electron beam
nanowelding process of crossed CNTs revealed by MD
simulation.”> MD simulation is well suited to study irradiation
process, as the time scales of the collisions and energy
dissipation are on the order of picoseconds. Unfortunately,
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investigation of dynamic evolution of interconnection config-
uration is still lacking during nanosoldering. Consequently,
nanoscale soldering of axially positioned SWNTs is reported in
this Research Article. The main goal of our researches is to
reveal nanoscale soldering process and the evolution inter-
connection configuration. Also, the dominant mechanism and
detailed structural features were analyzed from different
influence factors by a series of MD simulation results.

2. COMPUTATIONAL METHODOLOGY

To reveal the nanoscale soldering process of SWNTs in axial direction,
the sketch map is presented in Figure 1. For MD simulation of
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Figure 1. Sketch map of nanoscale
positioned carbon nanotubes.

soldering process of axially

evolution of connection configuration, various single-walled carbon
nanotubes (SWNTs) with different spiral vector parameters and the
same C—C atomic bond length of 1.42 A are placed on the Si substrate
of 3D cubic structure with lattice parameter of 5.4307 A. Because the
electrical and thermal properties of nanosolder are very important to
interconnection configuration and performances, silver material
becomes the focus of attention with the best electrical and thermal
properties among many metal materials. Consequently, taking into
account the diameter size of the SWNT, for avoiding more solders to
have a marked impact on the adjacent interconnect wires, one Ag
nanoparticle shown in Figure 2, was chosen as nanosolder during
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Figure 2. Different atomic configurations of 2 nm Ag particle.

nanoscale welding process. The Ag nanoparticle with 2 nm diameter,
including 238 atoms, is face centered cubic (FCC) structure with
lattice parameter of 4.0857 A. And in Figures 1 and 2, as the simulation
model, each blue dot represents an Ag atom.

As the MD simulation, the key of calculations is the selection of the
interatomic force field. It determines the work load, accuracy of
simulation results, and approximate extent between the calculation
model and the real system. So MD simulations are performed under
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the powerful COMPASS (condensed-phase optimized molecular
potentials for atomistic simulation studies) force field. It is a
parameterized, tested, and validated first ab initio force-field, 2’
which enables an accurate prediction of condensed matter
physics.zg_"’1 The total potential energy of system includes the valence
terms and non-bonded interaction terms, and the valence terms are
composed of diagonal term Ey,,q and off-diagonal cross coupling term
E_.0s» Which are given by the following functions:

Etotal = Evalence + Enon—bond = Ebond + Ecross + Enon»bond (1)
Eyona = E, + Eg + Ey + E,
= Y [Ky(b = by)* + Ky(b — by)® + Ky(b — by)*]
b
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Here, E,, Ey E; and E, represents bond, angle, torsion, and out-of-
plane angle coordinates, and Eyy, Eyg, Eygp Egpy and Egy gives cross-
coupling term between internal coordinates, respectively. The non-
bonded term E, ,,0q includes L-J 9-6 potential function for the vdW
interaction Ejj and a Coulomb term for electrostatic interactions. It is
used for interaction between pairs of atoms that are separated by three
or more intervening atoms or those that belong to different molecules.
During MD simulation of nanoscale soldering process, the change
in energy is accomplished through the so-called thermal process. So
the initial velocities are distributed by Maxwell—Boltzmann. However,
Maxwell-Boltzmann distribution is statistics about a large number of
atoms with greater fluctuation results. To reduce the energy
fluctuation, extending the simulation time is the solution when the
number of atoms is small. So time step of S fs was set in simulation
and Velocity Verlet was chosen as integration method of simulation
computation. In the simulations, taking into the size of different
materials, the «, y, and z direction of Ag nanoparticle, y and z direction
of SWNTs, and z direction of silicon substrate should be imposed by
non-periodic boundary. Conversely, the periodic boundary conditions
should be imposed on «x direction of SWNTs, x and y direction of Si
substrate. Considering the stability of SWNTs and bulk silicon
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substrate, and the characteristics of periodic boundary, the motion of -2.38

atoms was constrained in the direction with periodic boundary. At the
same time, the simulation box was imposed by non-periodic boundary.
For each atomic model, within a cutoff distance of 9.5 A, the
simulation process was performed under the constant NVT (N is the
number of atoms in the system, V gives the volume, T represents the
temperature) ensemble. An Andersen thermostat was chosen in MD
simulation. During nanosoldering simulation process, for further
analysis of structural properties and atomic configurations, the atomic
model was equilibrated to a stable state for 200 ps and the system was
left undisturbed in 200 ps constant energy simulation to store the
coordinates and velocities of all atoms.

3. RESULTS AND DISCUSSION

Because of the initial velocities of all atoms being randomly
distributed in accordance with Maxwell-Boltzmann, we
exported the velocity autocorrelation function C,(t) in eq S
to verify if the initial velocities have a great impact on the
simulation results.

C.(t) = (V(0)-Vi(1)) (5)

Figure 3 shows that the values of C,(t) tend to zero at the
temperature of 900 K, which indicates that the velocities of
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Figure 3. Relationship between C,(t) and time at the temperature of
900 K.

atoms have no relationship with the initial values. Also, in the
subsequent simulation for accumulating data, it indicates that
the initial values cannot impact the relevant physical
information of these atoms, which can ensure the accuracy,
repeatability, and reliability of the data.

The melting of nanosolder plays an important role in the
nanosoldering process. Because of the high surface energy of
nanoparticle, considering the size effect about the melting
temperature, the accurate melting temperature and the
intuitional melting process of 2 nm Ag particle can be obtained
by MD simulation. Figure 4 gives the corresponding relation-
ship between potential energy and temperature, which shows
that the potential energy monotonically and linearly changes
with temperature at specific time range. Since the atomic
spacing in the liquid state is greater than the distance in solid
state, the potential energy significantly changes, resulting
mutation in the potential value. Consequently, as the 2 nm
Ag particle, the approximate temperature of 605 K could be got
from the step point, and the nanoparticle also achieve the
transition from the solid phase to liquid phase. This is mainly
caused by the high proportion of surface atoms of nano-
particles. Compared with the internal atoms, surface atoms
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Figure 4. Relationship between potential energy and temperature
about 2 nm Ag particle.

have smaller numbers of the nearest neighbor atoms. The
surface atoms are weekly bound by the internal atoms, and their
thermal motions are less constrained. So nanoparticles have
lower melting point than bulk materials with 1234 K melting
temperature. Simultaneously, Figure 5 shows the nanoparticle

(a) 300K (b) 400K (c) 500K
. o, S8

<9
(d) 800K

Figure S. Snapshots for atomic melting configuration of 2 nm Ag
particle at different temperature.

atomic configuration of the melting process. When the
temperature is relatively low from 300 K to 500 K, all atoms
arrange in an orderly and regular shape, which indicates that the
nanoparticle is in the solid state. As the temperature increases
to 600 K, which is close to the melting point, some atoms
become disordered, which indicates the pre-melting process of
nanoparticle due to high surface energy. With the temperature
continuing to rise, the atomic configurations of nanoparticle are
more chaotic without the original regular structures, and the
nanoparticle is in the liquid state from Figure Se to f. So the
melting process of nanoparticle is the transition process of
atomic structures from order to disorder. Because of the role of
surface tension, it is also found that the liquid nanoparticle can
automatically reduce to spherical structures, and the Ag atoms
only vibrate and rotate near the balance position under the role
of metal bonds.

On the basis of the nanosoldering process model of CNTs
shown in Figure 1, Figure 6 presents the results of time
averaged interconnection configurations of SWNTs at a
temperature of 900 K. We obtained interconnections between
five pairs of SWNTs with the following chiral indices: (5,5)—
(5;5)) (8,8)—(8,8), (9,9)—(9;9), (10)10)_(10110)1 (15:15)_
(15,15), which are all metallic carbon nanotubes and have the
same chiralities of armchair type (the specific structural
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SWNT(5,5)

SWNT(5,5)

Figure 6. Time-averaged configurations of different pairs of SWNTs at
a temperature of 900 K.

information is summarized in Table 1). Obviously, the
interconnection configurations highly depend on the diameter
of the SWNTs. Ag atoms are dragged into the nanotubes,
which is not observed in (5,5)—(5,5) system. As the diameter
of SWNT becomes large, some atoms migrate into the
nanotube and form the structures of Ag nanowires. However,
the length of nanowires encapsulated in the SWNT does not
become longer with the increase in diameter. And in our
simulation results, the core filling structures in (9,9)—(9,9)
system is obvious with the longest length of nanowires. These
configurations mainly depend on the thermodynamic proper-
ties of nanosolder and the interaction force between Ag atoms
and C atoms. At the same temperature, the kinetic energy of
the atoms and the potential energy between the Ag atoms are
considered to be equal. Consequently, the length of core filling
nanowires mainly depends on resultant forces between Ag
atoms and the distal suspension C atoms of SWNTs. To
illustrate the interaction, Figure 7 shows the positional
relationship between Ag atom and the distal suspension C
atoms of SWNT. When the diameter of the SWNT is smaller,
and the Ag atom is close to the end plane of SWNT, for
example, in (5,5)—(5,5) system, the Ag—C distance Iag—c
becomes smaller to a certain extent with the manifestation of
the repulsive force between Ag atom and C atoms. So Ag atom
can not be captured into the nanotube without the core filling
structures. In contrast, when the distance I,,_¢ and the angle /}
become larger with the increase in diameter of SWNT, the
interaction between Ag atom and C atom is dominated by
composition of attractive forces, with the Ag atoms chain
encapsulated into the SWNT. And with the further increase of
the diameter of SWNT, because of larger distance ly,_¢ and

Figure 7. Positional relationship between Ag atom and the distal
suspension C atoms of SWNT.

angle f, the attractive forces and their horizontal components
will become weaker with the results of the shorter length of Ag
nanowires, such as (15,15)—(15,15) system. At the same time,
in order to indicate the size of the attractive forces, the
nanosoldering processes about (9,9)—(8,8), (9,9)—(9,9),
(9,9)—(10,10) systems, are studied in our simulation researches
with the dominant results in Figure 8. The length of Ag

SWNT(8,8)
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Figure 8. Snapshots for time averaged configurations of different pairs
of SWNTs with armchair type at a temperature of 800 K.

nanowires in (9,9)—(9,9) system is longer than the length in
other systems. In the (9,9)—(9,9) system, the length of the left
core filling structure is nearly equal to the right length. Among
the five pairs of SWNTSs with the same chiral indices, Figure 8
fully illustrates that the largest trapping forces become the
dominant mechanism as the longest length of Ag nanowires in
nanotube.

However, in nanosoldering simulations, the shortest length
of Ag nanowires appears in the (15,15)—(15,15) system
because of minimal capture forces of both sides of SWNTs for
Ag atoms. And in the case of the small attractive forces, the
distance between C atoms and Ag atoms will affect the changes
of forces to influence the interconnection configuration of
SWNTs. As this situation, if the position of nanoparticle is
changed to near the left nanotube, and the initialization
nanosoldering configuration is set, Fig.9 shows the initial and

Table 1. Dimensions of Each SWNT with Different Spiral Vector Parameters

(55) (88) (10,7) (99)
diameter (A) 6.78 10.85 11.59 12.20
length (A) 49.19 49.19 49.10 49.19

(10,8) (11,8) (10,10) (15,0) (15,15)
12.23 12.94 13.56 11.74 20.34
49.25 49.15 49.19 46.86 49.19

dx.doi.org/10.1021/am405114n | ACS Appl. Mater. Interfaces 2014, 6, 2044—2050
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Initialization

Figure 9. Snapshots for instantaneous configurations of (15,15)—(15,15) system at the temperature of 800 K.

instantaneous configurations of (15,15)—(15,15) SWNTs
system at the temperature of 800 K. From the intuitive
evolution atomic configurations, the melted nanoparticle
exhibits good fluidity, and is sucked into the left nanotube
with increasing simulation time. The main reasons of the
phenomenon are that Ag atoms have stronger thermal
dynamics properties at a higher temperature, and can keep
agglomeration owing to stronger metal bonds. The forces of the
left and right sides are in unbalanced state. It becomes the one
of the pivotal reasons that the whole nanoparticle can move to
the left SWNT due to large surface energy for keeping the
minimization of system energy.

The connection configurations are analyzed about different
pairs of SWNTSs with armchair type. However, as the metallic
CNT, to investigate the relationship between the connection
configuration and spiral vector, the different SWNTs with
zigzag and spiral type (the specific structural information is
summarized in Table 1) are considered in simulations. For
excluding the influence of diameter, Figure 10 presents the
results of the time averaged interconnection configurations
between different pairs of SWNTSs with similar diameter at a
temperature of 800 K. There are not significant differences

SWNT(15,0)

Figure 10. Snapshots for time averaged configurations of different
pairs of SWNT's with zigzag and spiral type at a temperature of 800 K.
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between configurations shown in Figures 8 and 10. At the same
time, in the simulation, the evolution of atomic configuration
between metallic SWNT (9,9) and semiconducting SWNT
(10,8), is also performed under the same simulation diameters,
which is shown in Figure 11. Though the atomic structures in

AN A e "'l‘

At

Figure 11. Snapshots for time averaged configurations of (9,9)-(10,8)
system at a temperature of 800 K.

left SWNT are loose in the simulation time of 100 ps, the tight
atomic structures are accomplished in 200 ps and the final
interconnection configuration is similar to that in Figures 8 and
10. Consequently, the interconnection configurations have no
relationship with the chirality of SWNTSs, and it mainly depends
on the diameter of SWNTs.

Through the above analysis, the interaction between Ag
atoms and C atoms seriously affects the connection
configuration during nanosoldering. And considering the
interconnection configuration of (9,9)-(9,9) SWNTs system
at the temperature of 900 and 800 K, shown in Figures 6 and 8,
respectively, the interconnection of SWNTs also depends on
the nanosoldering temperature. And snapshots for intercon-
nection configuration of SWNTs system from 700 to 1000 K

dx.doi.org/10.1021/am405114n | ACS Appl. Mater. Interfaces 2014, 6, 2044—2050
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are shown in Figure 12. At the specific temperature, below the
melting point 1234 K of bulk silver material, the nanosolder can

700K

800K

X

Figure 12. Snapshots for connection configuration of (9,9)—(9,9)
system at different temperature.

accomplish transition from solid state to liquid state, and the
phenomenon of imbibitions can occur with the core filling
nanowires structures. As the temperature increases, more Ag
atoms will enter the SWNTs to form a continuous chain, and
less Ag atoms can remain in the gap between SWNT and
SWNT with the tight atomic structures because of strong metal
bonds. In addition, Figure 12 is also noted that the length of
nanowires at 1000 K is almost equal to that at 900 K with
relatively loose structures. At the temperature of 1000 K,
individual Ag atoms, marked in red circles, get rid of the
shackles of the other atoms and escape to distant places. The
main reason is that the role of the metal bonds is weak. And the
thermal motions of the metal atoms are strengthened with
small limitations in the case of a higher temperature. So, at the

higher temperature, the left length of core filling structures is
not equal to the right length because of the stronger thermal
dynamics properties and the randomness of the movement of
Ag atoms. Consequently, the temperature strongly effects the
interconnection of CNTs, and controlling the reasonable
nanosoldering temperature would facilitate change the
interconnection configuration to improve the mechanical
strength.

In the simulation, to directly observe the forming process of
interconnection, the atomic evolution connection configura-
tions of (9,9)—(9,9) SWNTs system are exported at different
heating time during nanosoldering process, which are shown in
Figure 13. Initially, the Ag atoms become disordered in the
molten state. Then, these Ag atoms are dragged into nanotube
and continuous chain is encapsulated in SWNTs without loose
atomic configuration owing to the role of metal bonds. Given
enough time, the length of nanowires would increase no longer
in the MD simulation process, which also indicates the system
is in the stable state. Simultaneously, the interconnection
configuration, which can effectively improve the interconnec-
tion strength, is in good condition. So, heating time also plays
an important role in nanosoldering process.

4. CONCLUSIONS

Because of high surface energy, the melting point of 2 nm silver
solder is about 605 K below the melting temperature of Ag bulk
material. In the nanosoldering process simulations about
SWNTs, Ag atoms may be dragged into the nanotubes to
form different connection configuration, which has no apparent
relationship with the chirality of SWNTs. Additionally, the
length of core filling nanowires does not become longer with
the increasing diameter of SWNT, which mainly depends on
the metal bonds and the interactions between the Ag atoms and
the distal C atoms of SWNTs. At a higher temperature,
continuous Ag atoms chain can be easily encapsulated in the
SWNT under the larger trapping forces and weaker metal
bonds. However, when the nanoparticle is near to the one of
SWNTs in unbalanced position, even small, even if the
attractive forces are small between C atoms and Ag atoms,
the melted nanoparticle with good fluidity can be sucked into
the adjacent nanotube. In nanosoldering process, as the heating

120ps

Figure 13.
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Snapshots for instantaneous configurations of (9,9)—(9,9) system at the temperature of 900 K.
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temperature and time respectively increases, more Ag atoms
can enter the SWNTs with longer Ag nanowires. Because of
strong metal bonds, less Ag atoms can remain with the tight
atomic structures in the gap between SWNT and SWNT.
Hopefully, understanding the influence of various factors will be
propitious to guide high-quality nanosoldering process.
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Plots with evolution of configurational energy and temperature,
the snapshots for nanosolering configuration with longer
heating time, energy fluctuation with different time step, and
velocity autocorrelation function. This material is available free
of charge via the Internet at http://pubs.acs.org/.
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