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Currently, wire bonding is the most popular first-level interconnection technology used between the die and package
terminals, but even with its long-term and excessive usage, the mechanism of wire bonding has not been completely eval-
uated. Therefore, fundamental research is still needed. In this study, the mechanism of microweld formation and breakage
during Cu—Cu wire bonding was investigated by using molecular dynamics simulation. The contact model for the nanoin-
dentation process between the wire and substrate was developed to simulate the contact process of the Cu wire and Cu
substrate. Elastic contact and plastic instability were investigated through the loading and unloading processes. Moreover,
the evolution of the indentation morphology and distributions of the atomic stress were also investigated. It was shown that
the loading and unloading curves do not coincide, and the unloading curve exhibited hysteresis. For the substrate, in the
loading process, the main force changed from attractive to repulsive. The maximum von Mises stress increased and shifted
from the center toward the edge of the contact area. During the unloading process, the main force changed from repulsive to
attractive. The Mises stress reduced first and then increased. Stress concentration occurs around dislocations in the middle

area of the Cu wire.

Keywords: Cu—Cu wire bonding, bonding mechanism, atomic stress, molecular dynamics simulation
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1. Introduction

Currently, wire bonding is the most popular first-level
interconnection technology used between the die and pack-
age terminals.[!! It has been widely used as an interconnec-
tion technique in the electronic packaging industry since it
was invented in the 1960s.[?! Approximately 9 trillion wires
in electronic devices were bonded globally by this technique
in 2008.31 Owing to the cost and flexibility, it will still play
an important role for a long period./*! Recently, gold has
been extensively used in wire bonding because of its excellent
performance.®! Conversely, copper wire exhibits better tensile
strength and lower cost compared with gold wire, increasing
its use as a substitute for gold wire.!®) Nonetheless, it presents
several drawbacks owing to its oxidation, high strength, and
high hardness.!”) Therefore, the bonding mechanism of cop-
per needs to be further evaluated.

Despite its long-term and excessive usage, the wire bond-
ing mechanisms have not been completely evaluated,!® and
the fundamental research is still required. From the chem-
ical point of view, the wire bonding mechanism consists of
the formation of solid-state metallic bonds between the sur-
faces of wire and substrate to achieve the required connect-
ing strength.[°! Several methods have been used to form metal
bonds that meet the bonding conditions, such as the ultrasonic
wire bonding. In this method, the ultrasonic energy is applied
onto the contact interface to break the oxide films presented
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on the surface of the wire and substrate,'”) which gets metal
atoms close enough to build metal bonds. In the past, exper-
imental methods were used to analyze the changes;® how-
ever, these methods presented drawbacks like being destruc-
tive and were not able to detect microscale changes.!'!! Be-
cause of that, it is difficult to identify the changes in the reac-
tion zone between the contact surfaces. Therefore, simulation
is the only possible approach to evaluate the wire bonding. Al-
though finite-element (FE) simulations are widely used to pre-
dict mechanical behavior, the results depend on phenomeno-
logical models, which rely on experimental observations and
practical inverse analysis of the bulk behavioral laws.!'? How-
ever, experimental data are difficult to obtain, and some macro
mechanisms are no longer applicable from the micro perspec-
tive, hindering the use of the FE method to perform simula-
tions with acceptable quality. Ding e al.!'*! and Ding and
Kim!'#! established a 3D model and a 2D model to analyze the
contact pressure and temperature rise on the contact surface, in
which only the normal force was considered and the vibration
was coarsely added in the analysis. The result showed that the
largest contact pressure was located at the interface perime-
ter, which disagrees with the result reported by Winchell and
Berg.['3] Consequently, a microscale approach is needed to
deal with this problem.

Molecular dynamics (MD) simulation is more appropri-
ate to investigate the local changes of microwelds as the
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changes of microwelds occur at an atomic level. Per-atom
modeling, simple and accurate kinematic equations, complete
and reliable potential function, and not high computational
workload make MD suitable for studying the behavior of metal
systems. Ding et al.!'8! simulated the interfacial contact in
Au—Au ultrasonic wire bonding and adhesion in pull test of the
weld and obtained the estimated tensile strength. Long et al.
investigated the evolution of surface morphology in the fric-
tion process based on the nano-friction model and discovered
that the weld can be formed or broken instantly. 81 However,
atomic stress analysis during the wire bonding process has not
been evaluated yet. It is necessary to study the atomic stress
during the contact process of Cu—Cu wire bonding, which is
helpful to understand the mechanism of wire bonding and get
better bonding parameters.

In this study, the contact model for the nanoindentation
process between the wire and substrate was developed to sim-
ulate the contact process of the Cu wire and Cu substrate. The
mechanism of microweld formation and breakage during Cu—
Cu wire bonding was investigated by MD simulation. The
evolution of the indentation morphology and distribution of
the atomic stress were investigated through the loading and
unloading processes.

2. Molecular dynamics modeling

All the mechanical behaviors involved in this study were
performed in the large-scale atomic/molecular massively par-
allel simulator (LAMMPS)!'7] and employed a simulation
time step of 0.01 ps. The model was visually analyzed by
using the open visualization tool (OVITO).!'8] The embedded-
atom method, which was developed by Daw and Baskes, [19:20]
was applied to govern the energetics and dynamics of all the
Cu atoms in every layer of the model. The total potential en-

ergy E of a single atom i is calculated as follows:

E;=Fy (Zpﬁ (m)) +%Z¢aﬁ (rij)s (1)
J#i J#

where F is the embedding energy, which is a function of the
atomic electron density p, @ is a pair potential interaction, and
o and f3 are the element types of i and j atoms, respectively.
Both sums in the formula are over all atom i neighbors within
the cutoff distance. In this work, the potential parameters are
contributed by Foiles et al.*!!

In this study, a local part of the wire and corresponding
local part of the substrate were developed to model the nanoin-
dentation, contact, and separation of the wire and substrate. 8!
The basic geometry of the model is shown in Fig. 1. There
are two parts in the model: Cu wire and Cu substrate. The
Cu wire consists of two different layers: a sliding layer and a
Newton layer. The Cu substrate consists of three different lay-
ers: a sliding layer, a thermo-layer, and a Newton layer. The

Newton layers perform the contact behavior during the simu-
lation with the NVE ensemble. The sliding layers were used
to provide the desired displacements. In the Cu wire, the slid-
ing layer was used to make the indenter move correctly. In the
Cu substrate, the sliding layer was used to fix the bottom of
the model, and the velocity of the atoms in sliding layer is set
to be 0 m/s. The thermo-layer was used to control the tem-
perature with the NVT ensemble (constant number of atoms,
volume, and temperature).!??) The initial temperature of the
thermo-layer was set at 0.1 K and kept during the whole pro-
cess because the fluctuations of the atomic stress distributions

due to the thermal effects can be significantly decreased.?!

. { Sliding layer
Cu wire
Newton layer

Newton layer

Thermo layer 4
Sliding layer 3

Fig. 1. Geometries of the Cu—Cu wire bonding models.

s,[24251 the indentation

According to previous studie
speed of 10 m/s was used in this simulation. Prior to the in-
dentation process, the system was allowed to have 100 ps of
relaxation to decrease its energy. The nanoindentation process
consists of two steps: the loading and unloading processes.
Firstly, during the loading process, a speed of 10 m/s was
added to the Cu wire part (indenter) to move it along the neg-
ative direction of the Z-axis toward the Cu substrate by 30 A.
Secondly, during the unloading process, the Cu wire part (in-
denter) was added at a speed of 10 m/s to move it along the
positive direction of the Z-axis and separate it from the Cu
substrate by 30 A. The loading force was calculated by sum-
ming the atomic forces of Newton layer atoms of the Cu wire
part in the Z direction. Because the indenter deforms, the
Z-coordinate of the vertex was taken when the indenter was
not deformed as the abscissa of the load—depth curve. For the
atomic stress analysis, the six components of the atomic stress
tensor were calculated based on the spatial and temporal en-
semble averages of the atomic virial stress /820!

13
Omn = — |MVyvy + 5 Zl (rlmFln + r2mF2n) s 2)
n—

where 0, is the atomic stress component in the order of m,
n (x, y, or z), mvy,v, is the kinetic energy contribution, and
N, . .. o
%Znil (rimFin+ramFr,) is the pairwise energy contribution,
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which is associated with the surrounding atoms from n = 1 to
Np. Additionally, the von Mises stress was adopted to investi-
gate the atomic stress distribution, as shown below:

1

Ovin = %Z(Gmm (i) — Omn (i))2+620-r%m (i) ’ )

where 0, (i) is the von Mises stress of atom i, and Oy, (i) is
the atomic stress tensor in the order of m, n (x, y, or z).

3. Results and discussion
3.1. Indentation and retraction

Figure 2 shows an atomic [010] slice of the Cu wire and
substrate during the loading and unloading processes. An at-
tractive force between the wire and the substrate is observed
when the wire is close to the substrate, which displays the
bulging of the substrate surface atoms under the wire tip, as
shown in Fig. 2(a). The attraction force increases with the de-
crease of the distance between the substrate and wire. The sub-
strate surface atoms are rapidly contacted by the wire atoms,
as shown in Fig. 2(b). As the wire continues to press down-
ward, the repulsion between the substrate and wire becomes
the main force. Because the substrate atoms are compressed at
the lower end of the wire, the atomic lattice begins to deform
and the strain energy increases. When the repulsion exceeds
a certain value, the lattice structure breaks, and the substrate
atoms start to rearrange and the strain energy is released, as
shown in Fig. 2(c). During the unloading process, the main
force acting on the substrate atoms changes from repulsion to
attraction. Upon retraction of the wire away from the substrate
surface, a small portion of the substrate atoms adheres to the
indenter surface, as shown in Fig. 2(d). Continuing the retrac-
tion of the wire, a neckband is formed between the indenter
and substrate, as shown in Fig. 2(e). At the time of 484 ps, the
wire separates from the substrate, as shown in Fig. 2(f).

The variations of the Cu wire load force versus the model
indentation displacement are shown in Fig. 3, which consists
of the load-distance curve and unload-distance curve. Dur-
ing the initial contact stage, in which the indentation displace-
ment is —3.6 A, the attractive force between the wire and sub-
strate appears and increases significantly. This instability cor-
responds to the jump-to-contact (JC) phenomenon.*”! During
the JC process, the kinetic temperature of the system increases
due to the bulging of the surface atoms, then this tempera-
ture rise is dissipated to the ambiance through stochastic col-
lisions. At the onset of contact formation, in which the tip
approach is —0.75 A, the maximum attractive force reaches
a value of 23.5 nN. As the indentation displacement contin-
ues to increase, the repulsive force increases and becomes
the main force. When the indentation displacement equals
to 2.32 A, the contact load is approximately zero, and the at-
tractive and repulsive forces between the wire and substrate

achieve the equilibrium point. Further indenting the wire to
the substrate, the contact load increases linearly by increas-
ing the indentation displacement. When the indentation dis-
placement reaches 4.50 A, it meets the yielding point and the
plastic deformation starts. During the unloading process, the
repulsive force considerably decreases and changes to attrac-
tive force as the indentation displacement reaches 4.57 A. The
loading and unloading curves do not coincide, and the unload-
ing curve presents hysteresis. This is explained by the wire in-
denter retraction away from the substrate, that is, a neckband
forms and breaks between the indenter and substrate because
of the adhesion force, as shown in Fig. 2(f).

(a)

Loading &

Unloading &

271 ps 320 ps

484 ps

Fig. 2. Atomic configurations of loading and unloading.

40+t — Loading
—~ r ¢+« Unloading
Z 20t
g L
8 0 T
= r - RTLARA KA Ny, N
= 20} MR AT
_40 | o o

—20 —16 —12 -8 -4 0 4
Indentation displacement (A)

Fig. 3. Load force of the Cu wire versus indentation displacement.

3.2. Analysis of indentation morphology

To evaluate the deformation behavior of the contact sur-
face, the indentation morphology at the atomic level is inves-
tigated. Figure 4 shows the indentation morphologies of the
model during the loading and unloading processes. The color
change corresponds to the change in atomic displacement.
Blue color represents atoms without movement (0 A), and red
color represents atoms that moved furthest (1 A). Atoms near
the contact region of the wire and substrate change from blue
to red, indicating the generation of deformations. Correspond-
ing to the load force of the Cu wire versus the indentation dis-
placement curve, when the indentation displacement reaches
—1.0 A, the attractive force makes the atoms on the surface
bulging and bonded together. With the increase of the indenta-
tion displacement, the repulsive force increases, and the at-
tractive force decreases; therefore, the atomic displacement

016101-3
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decreases. For the substrate, when the indentation displace-
ment reaches 2.6 A, the atomic displacement of the substrate
reaches approximately 0 A, due to the equilibrium of the at-
tractive and repulsive forces. After that, the substrate atomic
displacement increases by increasing the indentation displace-
ment. For the wire, the atomic displacement of the wire firstly
increases because of the attractive force. Thus, it reduces be-
cause of the attraction and repulsion equilibrium. After the in-
dentation displacement reaches 2.6 A, dislocations in the mid-
dle area of the Cu wire slice are observed and the atomic dis-
placement of the wire increases by increasing the indentation
displacement.

During the unloading process, the total force acting on the
substrate atoms changes from repulsion to attraction with the
continuation of the unloading. The repulsive force at the in-
dentation displacement of 4.3 A is smaller than that of 4.6 A.

Z

>
N

Loading

e ————————

Unloading
PRV ST

0A Z

Moreover, the substrate deformation near the contact region at
the indentation displacement of 4.3 A is smaller than that of
4.6 A. There are still dislocations in the wire at the indentation
displacement from 4.3 A to 2.9 A. By continuing to retract
the wire, the main force changes to an attractive force. The
deformation of the substrate near the contact region increases
by increasing the attractive force. At the indentation displace-
ment of 2.0 A, the wire atoms start to rearrange, the strain
energy is released, and the deformation of the substrate near
the contact region reduces. At the indentation displacement of
1.0 A, the strain energy in the wire fails to rearrange the atoms,
and dislocations are generated in the atomic lattice. After re-
tracting the indentation displacement to —2.3 A, aneckband is
formed between the wire and substrate. The deformation near
the contact region increases by increasing the attractive force.

1.00

0.75

0.50

0.25

Displacement of atoms in Z direction (A)

Fig. 4. Atomic [010] slice of the indentation morphology during the loading and unloading processes.

3.3. Analysis of the atomic stress distribution

Figure 5 shows the contours of von Mises stress on the
slice of atomic [010]. During the loading process, the main
force acting on the substrate atoms changes from attraction
to repulsion. For the substrate, an indentation displacement
of —1.0 A is observed. The maximum von Mises stress on
the substrate is under the wire and close to the surface. This
is because the attractive force between the wire and substrate
appears and increases significantly during the initial contact
stage. As the indentation displacement continues to increase,

the equivalent von Mises stress at the contact edges of the sub-
strate is higher than that at the center of contact. For the wire,
after the indentation displacement reaches 2.8 A, dislocations
in the middle area of the Cu wire are observed. Therefore, the
stress concentration occurs around dislocations.

During the unloading process, the equivalent von Mises
stress value in the substrate firstly reduces and then increases.
This is because the total force acting on the substrate atoms
changes from repulsion to attraction with the continuation of
the unloading. Stress concentration is observed in the wire
because of the dislocations.
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Z=-1.0 A
kot G &

Ny

N

Loading
,_____________A..___________

1

\

Unloading
D S

Z=009 A Z=18 A

von Mise stress of atom (GPa)

Fig. 5. Contours of the equivalent von Mises stress on the slice of atomic [010].
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Fig. 6. Equivalent von Mises stress distribution along the line AA’ of the substrate during the (a) loading process and (b) unloading process.

Figure 6 shows the equivalent von Mises stress distribu-
tion along the line AA’ of the substrate during the loading and
unloading processes. During the loading process, at the in-
dentation displacement of —1.0 A, the maximum von Mises is
under the wire tip; moreover, it is under the JC process and the
main force is attractive. As the indentation displacement in-
creases from 2.0 A to 4.6 A, the main force changes to a repul-
sive force. The maximum von Mises stress increases and shifts
toward the edge of the contact area, as shown in Fig. 6(a). Dur-
ing the unloading process, the main force changes from repul-
sive to attractive. As retracting the indentation displacement
from 2.9 A to —2.6 A, the main force is the attraction force, as
displayed in Fig. 3. The maximum von Mises stress increases
by increasing the attractive force. It is higher at the contact

edges of the substrate than at the center of contact, as shown
in Fig. 6(b). At the indentation displacement of —18.4 A, a
neckband forms and breaks between the wire and substrate.
The minimum von Mises stress is observed under the wire tip,
corresponding to the narrowest band.

4. Conclusions

In this study, a MD nanoindentation model of weld in the
wire bonding process was developed. Through the loading
and unloading processes, the mechanism of the Cu wire and
Cu substrate contact was investigated by using the analysis of
load force versus the indentation displacement curve, indenta-
tion morphology, and atomic stress distribution. The following
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conclusions could be drawn:

(1) During the loading process, at the initial contact stage,
the main force was an attractive force because of the wire and
substrate adhesion. At the indentation displacement of 2.32 A,
the contact load was zero. Further indenting the wire to the
substrate, the main force changed to repulsive. During the
unloading process, the repulsive force decreased significantly,
changing to an attractive force. The loading and unloading
curves did not coincide, and the unloading curve exhibited
hysteresis.

(2) For the substrate, at the initial contact stage of the
loading process, the maximum von Mises is under the tip of
the wire. As increasing the indentation displacement, the max-
imum von Mises stress is increased and shift toward the edge
of the contact area. The equivalent von Mises stress at the con-
tact edges of the substrate is higher than that at the center of
contact. During the unloading process, the value of equivalent
von Mises stress in the substrate is reduced firstly and then in-
creased. And it is higher at the contact edges of the substrate
than that at the center of contact. There is the minimum von
Mises stress at the indentation displacement of —18.4 A, cor-
responding to the most narrow band.

(3) For the wire, stress concentration occurs around dis-
locations in the middle area of the Cu wire during the loading
and unloading process.

(4) Microwelds can be formed and broken in an extremely
short time. The attractive force between the two parts occurred
and created bonds at the initial stage of contact between the
wire and substrate.
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