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Molecular dynamics simulation of structural change at
metal/semiconductor interface induced by nanoindenter∗
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The structures of the Si/Cu heterogenous interface impacted by a nanoindenter with different incident angles and
depths are investigated in detail using molecular dynamics simulation. The simulation results suggest that for certain
incident angles, the nanoindenter with increasing depth can firstly increase the stress of each atom at the interface and it
then introduces more serious structural deformation of the Si/Cu heterogenous interface. A nanoindenter with increasing
incident angle (absolute value) can increase the length of the Si or Cu extended atom layer. It is worth mentioning that
when the incident angle of the nanoindenter is between −45◦ and 45◦, these Si or Cu atoms near the nanoindenter reach
a stable state, which has a lower stress and a shorter length of the Si or Cu extended atom layer than those of the other
incident angles. This may give a direction to the planarizing process of very large scale integration circuits manufacture.
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1. Introduction

With the rapid development of computer, telecommunica-
tion, and network technologies, the demand for integrated cir-
cuits (ICs) has increased. ICs have continued to develop high
speed, high integration, high density, and high performance.
This leads to smaller size ICs and a narrower distance between
the neighboring wiring. Currently, the very large scale integra-
tion circuit (VLSI) has reached the 14 nm node. Meanwhile,
the number of wiring layers has increased and the width of
the metal line has narrowed. Copper has high thermal and
electrical conductivity and a high melting temperature when
compared to aluminum. Therefore, Cu has become the current
VLSI multilayer wiring metal. The Si/Cu heterogenous in-
terface has gained extensive attention for micro-electronic de-
vices. The structural and morphological properties of the Cu
template layers grown epitaxially on Si substrates have been
studied by Vaz et al.[1] in order to provide a better understand-
ing of the characteristics related to the magnetism of ultrathin
films. Molecular dynamics (MD) simulation has been used
to systematically study the critical conditions of epitaxy, in-
terface mixing, and sputtering for Cu cluster depositing on Si
substrate under different incident energies, substrate tempera-
tures, and atom number per cluster.[2] In these studies,[1] the
Si/Cu interface is parallel to the surface. As far as we know,
few researchers have studied a system where the Si/Cu inter-
face is vertical to the surface.

In addition, chemical mechanical polishing (CMP)[3,4]

has drawn great attention as a technique used in semiconductor
fabrication for planarizing a semiconductor wafer. MD simu-
lations of the nanoscale polishing of a single-crystal copper
surface have been performed to study chip formation, material
defects, and frictional forces by Ye et al.[5,6] Han et al. carried
out a nano-scale polishing experiment of silicon wafer using
the MD simulation method.[7,8] It was shown that the ductile
material removal mode induced by physical phase transforma-
tion was the most important factor in achieving high levels of
global and local planarities. Lina et al.[9,10] proved that both
abrasive sliding and rolling play important roles in material
removal in the abrasive CMP of the silicon substrate by using
the MD simulation method. These studies of CMP of semicon-
ductor are focused on a single copper or silicon surface. Few
studies have focused on the CMP of Si/Cu heterogenous in-
terface using the MD simulation method. The manufacture of
VLSI with a multilayer structure needs the process of planariz-
ing the surface of the Si wafer embedded with copper wires,
which are neighboring by about 10 nm distance. The CMP
process will affect the structure of the Si/Cu heterogenous in-
terface which is vertical to the wafer surface, and then affects
the performance of the VLSI. However, there are very few in-
vestigations of the Si/Cu heterogenous interface which is ver-
tical to the wafer surface using the MD simulation method.

In this paper, we use the MD simulation to study the struc-
tural change at the Si/Cu heterogenous interface induced by a
nanoindenter. The Si/Cu heterogenous interface is vertical to
the surface. This calculation model is set up in order to sim-
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ulate the mechanical wear of the wafer surface with the Si/Cu
heterogenous interface. The mechanical wear is introduced by
abrasive particles in the CMP process. We systematically dis-
cuss the structural change at the Si/Cu interface induced by
nanoindenter with different depths varying from 0 Å to 20 Å
and different incident angles varying from −80◦ to 80◦.

2. Computational method and details

The MD simulations are performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package.[11] Initially, the simulation model of the Si/Cu het-
erogenous interface contains about 17200 atoms with a dimen-
sion of 217.2 Å×108.06 Å×10.86 Å along x, y, and z direc-
tions, respectively. There are 6400 Si atoms and 10800 Cu
atoms. At the heterogenous interface, the Si and Cu are in
contact via their (100) faces, which are initially separated by
3.16 Å. The Si atoms are initially arranged in a diamond cubic
structure with a lattice constant of 5.43 Å, and the Cu atoms
are initially arranged in a face center cubic structure with a lat-
tice constant of 3.61 Å. The many-body Tersoff potential[12–14]

and the embedded atom method (EAM) potential[15–21] are
adopted for the Si–Si and Cu–Cu interactions, respectively.
The interfacial interactions between the Si and Cu atoms are
described by the Morse two-body potential function[2,22]

U = D[e−2α(r−r0)−2e−α(r−r0)], (1)

where D = 0.9 eV, α = 1.1 Å−1, and r0 = 3.15 Å. The ini-
tial crystal structure of the heterogenous interface of Si/Cu is
shown in Fig. 1(a).

In order to attain the minimum interfacial energy and ob-
tain the stable structure of the heterogeneous interface, the
following simple scheme is performed. Firstly, the periodic
boundary condition (PBC) is used in the x, y, and z directions,
and the relaxed system is obtained under zero pressure and
constant temperature (300 K) via the isothermal-isobaric en-
semble (NPT )[23–26] for 100 ps with a time step of 1 fs, as
shown in Fig. 1(b). Then, in order to eliminate the effect of
the neighbor heterogeneous interface, the atoms within 8 Å
of the edges at the left and right sides along the x axis are
completely removed. In the following, the free boundary con-
ditions are imposed in the x and y directions and the periodic
boundary condition is applied in the z direction. The Nosé–
Hoover thermostat[27,28] is applied, and the structure is equi-
librated after 10 ps, which is shown in Fig. 1(c). Then, a few
atomic layers within 10 Å of the boundary are fixed at the left,
the right, and the bottom edges of the heterogenous interface
system.
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Fig. 1. (color online) Orthographic views of the structures: (a) the ini-
tial crystal structure, (b) the structure relaxed via the isothermal-isobaric
ensemble (NPT ), (c) the structure at equilibrium. The blue and brown
spheres represent Si and Cu atoms respectively.

Figure 2 illustrates the nanoindenter incident angle with
signs of plus and minus. A cylindrical nanoindenter is mod-
eled exerting a repulsive force

F =−K(r−R)2 (2)

on each atom, where K is the specified force constant, r is
the distance from the atom to the center axis of the cylinder,
and R = 20 Å is the radius of the nanoindenter. The cylin-
der extends infinitely along its axis, which is parallel to the z
axis. Indenting is applied with looping. Energy minimization

normal line
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Fig. 2. (color online) The nanoindenters (green spheres) with different
incident angles on the Si/Cu heterogenous interface.
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is applied. We use the repulsive force to describe the action
of the nanoindenter on the surface atoms because it can effec-
tively exclude the effects due to different materials and differ-
ent surface roughness of the nanoindenter. It can then con-
tribute to reveal the intrinsical interaction mechanism between
the nanoindenter and the Si/Cu heterogenous interface.

3. Results and discussion
3.1. The extended atom layer of Si or Cu under the nanoin-

denter

The aim of the present study is to reveal the formation
mechanism of the structural change at the surface of the het-
erogenous interface under the nanoindenter with different inci-
dent angles. The incident angles between the normal line and
the incident direction of the loading nanoindenter are ±80◦,
±70◦, ±60◦, ±45◦, ±30◦, and 0◦ for this study, and the

nanoindentation depth is chosen as 20 Å. The relaxed struc-
tures with different incident angles are shown in Fig. 3. The re-
construction phenomenon due to dislocation mainly occurs at
the area with obvious accumulation of Si or Cu atoms, where
it is pressed by the nanoindenter. For the incident angles less
than 0◦, the nanoindentation first breaks the atomic bonds be-
tween the surface silicon atoms and the inner ones, and then
some of the surface atoms move together with nanoindenta-
tion. A similar phenomenon was found in Dan Guo’s research
of the nanoscratching processes on the surface of single crys-
talline silicon.[9]

We calculate the length of the extended atom layer under
the nanoindenter with different incident angles. The length of
the extended atom layer is defined as the length of the atom
layer that crosses the plane of the heterogenous interface and
reaches to the other side of the plane. The bonds of the Si and
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Fig. 3. (color online) MD simulation results showing cross-sectional views of xy plane with the same nanoindentation depth (20 Å) and different incident
angles: (a) −80◦, (b) −70◦, (c) −60◦, (d) −45◦, (e) −30◦, (f) 0◦, (g) 30◦, (h) 45◦, (i) 60◦, (j) 70◦, and (k) 80◦. The extended length L of the extended atom
layer is illustrated in panel (a). (l) The lengths of the extended atom layer for different incident angles (blue and red points for the lengths of the Si and Cu
extended atom layers, respectively).
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Cu atoms near to the nanoindenter are broken under the pres-
sure of the nanoindenter, and the atoms reconstruct in order to
reach a new stable state. The lengths of the Si extended atom
layer are about 68.06 Å, 50.59 Å, 41.87 Å, 5.23 Å, 2.44 Å, and
0 Å for incident angles of −80◦, −70◦, −60◦, −45◦, −30◦,
and 0◦, respectively. The lengths of the Cu extended atom
layer are about 3.14 Å, 7.68 Å, 13.26 Å, 22.68 Å, 31.42 Å,
and 38.38 Å for incident angles of 0◦, 30◦, 45◦, 60◦, 70◦, and
80◦, respectively. The Si and Cu extended atom layers are al-
most located around the surface of the nanoindenter (shown
in Fig. 3), the configurations of the Si and Cu extended atom
layers are related to the radius size of the nanoindenter. The
larger radius of the nanoindenter will lead to the longer ex-
tended atom layers. In particular, when the incident angle is
80◦, the length of the Cu extended atom layer is about 38.38 Å,
which is larger than the radius of the nanoindenter. This fact
is important for the polishing process of VLSI manufacture. If
the radius of the abrasive particles is larger than the distance
between the neighboring Cu wires, the Cu extended atom layer
may cross the Si surface and reach the neighbor Cu wire sur-
face. This will destroy the electric stability of the wafer. The
IC manufacture progress should avoid this phenomenon in or-
der to ensure the high quality of the IC. When Cu is wired on
the IC board, the distance of the neighbor copper wires cannot
be too short. The radius of each abrasive particle should be
smaller than the distance of the neighbor copper wires on the
IC board to avoid overlapping the neighboring copper wires.
For a certain incident angle, the area of the reconstruction re-
gion around the metal/semiconductor interface gradually be-
comes wider and deeper when the nanoindentation depth in-
creases. For example, for the 0◦ incident angle, the width of
the reconstruction region under the nanoindentation changes
to 41.75 Å, 44.97 Å, and 59 Å, and the depth of the region
changes to 21.61 Å, 35.97 Å, and 41.02 Å, when the nanoin-
dentation depth is 10 Å, 15 Å, and 20 Å, respectively. Those
atoms beyond the reconstruction region keep their sites of bulk
structure.

Figure 3(l) clearly shows that the length of the Si or Cu
extended atom layer at the surface near the interface will in-
crease with increasing incident angle. The data indicate that
the length of the Si extended atom layer (when the incident
angle is −80◦) is longer than that of Cu (when the incident an-
gle is 80◦). When the incident angles are ±70◦ and ±60◦, the
situation is similar to that of ±80◦. This phenomenon happens
because the covalence bonds between Si atoms have stronger
directionality than the metallic bonds between Cu atoms. The
stress forces will then accumulate around the covalence bonds
and lead to the broken covalence bonds. The broken bond Si
atoms attach to the moving nanoindenter and form the longer
extended atom layer. Figure 3 shows that the length of the
Si extended layer decreases rapidly when the incident angle

decreases. This happens because the Si surface area affected
by the nanoindenter decreases rapidly, and then the number of
the broken bond Si atoms is reduced. The Si surface recon-
struction gradually becomes the main phenomenon when the
incident angle decreases.

3.2. The stress of atoms under the nanoindenter with dif-
ferent incident angles

The distributions of stress of the atoms in the Si/Cu het-
erogenous interface system are shown in Figs. 4 and 5 for a
series of cases with different incident angles (±80◦, ±70◦,
±60◦, ±45◦, ±30◦, and 0◦) and different nanoindentation
depths (10 Å, 15 Å, and 20 Å). The reconstruction phe-
nomenon occurs in the red and yellow areas with large stress.
As for the situations with 20 Å nanoindentation depth, the re-
construction area in Figs. 4 and 5 is the same as that in Fig. 3
when the incident angle is the same as that in Fig. 3.

The formation mechanism of these reconstruction areas is
analyzed in detail as follows. Firstly, when the incident angle
is less than −45◦ or more than 45◦, the stress of each atom is
increased when the nanoindentation depth is increased. The
nanoindenter with increasing depth can lead to the compress-
ing space under the nanoindenter, and then cause the Si or Cu
reconstruction. However, when the incident angle is −45◦, the
nanoindentation with increased depth could lead to that the
stress of each atom near the nanoindenter first increases and
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Fig. 4. (color online) The stress distributions of each atom under the
nanoindenter with different incident angles ((a) −80◦, (b) −70◦, (c) −60◦,
(d) −45◦, (e) −30◦, and (f) 0◦) and different nanoindentation depths ((a1)
10 Å, (a2) 15 Å, (a3) 20 Å).

114601-4



Chin. Phys. B Vol. 25, No. 11 (2016) 114601

(a1)

(b1)

(c1)

(d1)

(e1)

(a2)

(b2)

(c2)

(d2)

(e2)

(a3)

S
tr
e
ss

(b3)

(c3)

(d3)

(e3)

7Τ105

0

S
tr
e
ss

7Τ105

0

S
tr
e
ss

7Τ105

0

S
tr
e
ss

7Τ105

0

S
tr
e
ss

7Τ105

0

Fig. 5. (color online) The stress distributions of each atom under the
nanoindenter with different incident angles ((a) 30◦, (b) 45◦, (c) 60◦, (d)
70◦, (e) 80◦) and different nanoindentation depths ((a1) 10 Å, (a2) 15 Å,
(a3) 20 Å).

then decreases, as shown in Fig. 4(d). A similar phenomenon
occurs when the incident angle is 45◦. Secondly, for cases with
20 Å nanoindentation depth and the incident angle between
−45◦ and 45◦, the stresses on these atoms under the nanoin-
denter are smaller than those with the incident angle less than
−45◦ or more than 45◦. For cases with the incident angle be-
tween −45◦ and 45◦, the vertical components of the nanoin-
denter pressure are larger than those in the case with the inci-
dent angle outside the range between −45◦ and 45◦, and the
dislocation among these atoms under the nanoindenter can get
enough energy to overcome the potential barrier of diffusion.
The potential barrier means that the forces from the bulk atoms
that prevent the dislocation under the nanoindenter move to the
inside of the bulk. The dislocation near the nanoindenter can
then diffuse into the deeper region of the material and cause a
larger region of dislocation diffusion, as shown in Figs. 4(d3),
4(e3), 4(f3), 5(a3), and 5(b3). The stresses on these atoms are
then partly released. These atoms reach a new balance state.
Figures 3–5 also show that the dislocation near the nanoin-
denter diffuses among Si or Cu bulk atoms more easily than
among Si and Cu interface atoms. However, when the incident
angle is less than −45◦ or more than 45◦, the vertical compo-
nents of the nanoindenter pressure are smaller than those of
the cases with the incident angle between −45◦ and 45◦, and
then dislocation among the atoms under the nanoindenter can-
not get enough energy to overcome the potential barrier and
the dislocation near the nanoindenter is blocked in the small
region that is very close to the nanoindenter. The structure of
the heterogenous interface system then retains the special state

with the stress that cannot be released.

3.3. The radial distribution function under the nanoinden-
ter

The radial distribution function (RDF) is generally used
to classify the crystal structure and show the structure change
of the crystal system in MD simulations. The RDF is an exam-
ple of the pair correlation function, which describes how, on
average, the atoms in a system are radially packed around each
other. The RDF g(r) gives the probability of finding a particle
in the distance r from another particle.[29] Figure 6 shows the
RDF for the structures of the heterogenous interface system
under the nanoindenter with 20 Å nanoindentation depth and
different incident angles.

As for the RDF of Si in the heterogenous interface sys-
tem under the nanoindenter, when the incident angle is from
−80◦ to 45◦, there is a slightly raised peak (located at 3.18 Å)
between the first peak (located at 2.34 Å) and the second peak
(located at 3.82 Å), which is marked in Figs. 6(a)–6(h) respec-
tively. This slightly raised peak is contributed by the recon-
struction Si atoms. The stress of the Si surface atoms under
the nanoindenter partly transfers to the deep area of the Si ma-
terial through the strong covalent bond between the Si atoms,
which leads to the reconstruction of Si. The height of this
peak is 2.15 when the incident angle is −80◦, which is higher
than 0.92 when the incident angle is −60◦. When the incident
angle is −80◦, the nanoindenter passes through a larger sur-
face area of Si than that when the incident angle is −60◦. The
number of reconstruction Si atoms due to the nanoindenter for
−80◦ incident angle is larger than that for −60◦. However, the
raised small peak for the −45◦ incident angle is 1.47, which is
also higher than that for the −60◦ incident angle. The vertical
component of the Si atom stress introduced by the nanoinden-
ter with the −45◦ incident angle is larger than that with the
−60◦ incident angle. The dislocation of these atoms for −45◦

can then get enough energy to overcome the potential barrier
of diffusion, and diffuses into the material to enlarge the re-
constructed area, which is also clearly shown at Fig. 4(d3). As
a result, the number of reconstructed Si atoms for the case with
the −45◦ incident angle is larger than that of the case with the
−60◦ incident angle.

As for the RDF of Cu, the first highest peak locates
at 2.56 Å, which corresponds to the nearest neighboring Cu
atoms in the ideal fcc structure. When the incident angle is
±80◦, ±70◦, and ±60◦ respectively, there is a small raised
peak (located around 0.67 Å) that is contributed by the recon-
structed Cu atoms, as shown in Figs. 6(a)–6(c) and 6(i)–6(k).
This indicates that the reconstructed Cu atoms with stress due
to the nanoindenter crowd together, so that the distance be-
tween the neighbor reconstructed Cu atoms is shorter than
the nearest neighbor atomic distance for the ideal Cu crys-
tal. When the incident angle is 80◦ (Fig. 6(k)) the height of
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the small raised peak (located at 0.68 Å) reaches the high-
est value (24.01) among all the small raised peaks in the Cu
RDF curves. When the incident angle is −60◦ (Fig. 6(c)), the
height of the small raised peak (located at 0.68 Å) reaches the
lowest value (2.09). Due to the dynamical mechanism that is
similar to that mentioned in the previous section for Si RDF,
the number of reconstructed Cu atoms for 80◦ is larger than
the other cases. However, when the incident angle is between
−45◦ and 45◦, there is no small raised peak around 0.66 Å
in the Cu RDF curves. This fact happens because the vertical
component of the Cu atom stress introduced by the nanoinden-
ter with the incident angle between −45◦ and 45◦ is larger than

that with ±80◦, ±70◦, and ±60◦ incident angle. The disloca-

tion of these crowded Cu atoms for the cases with the incident

angle between −45◦ and 45◦ can then get enough energy to

overcome the potential barrier of diffusion, and diffuses into

the deep part of the Cu bulk so that it partly releases the stress

of the crowded Cu atoms and enlarges the distance between

the crowded neighbor Cu atoms. The small raised peak around

0.66 Å for ±80◦, ±70◦ and ±60◦ then disappears for the cases

when the incident angle is between −45◦ and 45◦. The struc-

ture with partly released stress is obviously more stable than

the other cases.
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Fig. 6. (color online) The radial distribution functions for the nanoindentation depth 20 Å with different incident angles ((a)–(k)).
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4. Conclusion

The structural properties of the Si/Cu heterogenous in-
terface under nanoindenter are obtained by performing MD
simulations. The results indicate that the indentation depth,
the incident angle, and the size of the nanoindenter play im-
portant roles in the structural deformation of the heterogenous
interface. For a certain incident angle, the nanoindenter with
increasing indentation depth could firstly increase the stress
of each atom at the interface and then introduce more serious
structural deformation of the heterogenous interface of Si/Cu.
For the 20 Å indentation depth, the nanoindenter with the in-
creasing incident angle can induce the increase of the length of
the Si or Cu extended layer. Furthermore, when the absolute
value of the incident angle is larger than 60◦, the length of the
Si or Cu extended layer is also related to the size of the nanoin-
denter. In particular, when the incident angle of the nanoin-
denter is 80◦, the length of the Cu extended atom layer is very
close to the length of the nanoindenter diameter. The length of
the extended atom layer will affect the IC circuit performance.
In the polishing process, the most appropriate diameter of each
abrasive particle should be smaller than the distance of neigh-
bor copper wires on the IC board to avoid the overlapping of
the neighbor copper wires. For the cases under the nanoinden-
ter with the incident angle from 45◦ to −45◦, the dislocations
of the atoms under the nanoindenter can get enough energy to
overcome the diffusion potential barrier, and diffuse into the
deeper region of the material and cause a larger region of dis-
location. The stress of these atoms is then partly released and
the system of the Si/Cu heterogenous interface reaches a new
balance state. This systematic study on the Si/Cu heteroge-
nous interface may give a direction to the planarizing process
of the VLSI manufacture.
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