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Deposition and growth of Cu thin films on Si(100), Si(110) and Si(11 1) substrates are studied using
molecular dynamics method. The Cu/Si interface diffusion, surface roughness, crystalline structure and
growth orientation of Cu thin films are investigated in detail. The effects of substrate surface and temper-
ature are analyzed. Our simulation results show that the number of Cu atoms getting across the substrate
surface for Si(11 1) substrate is the largest, and the number for Si(1 1 0) substrate is the smallest. This is
caused by the difference of the linear atomic densities and planar atomic densities of Si crystal in differ-
ent directions and planes. The growth of Cu thin films deposited on Si(100) substrate is (1 00) oriented
at low temperature, and gradually changes to be (11 1) oriented as the increasing of substrate tempera-
ture. On the other side, the growth of Cu thin films deposited on Si(1 1 0) and Si(1 1 1) substrates is always
(11 1) oriented. Increasing substrate temperature could effectively reduce surface roughness, increase the
number of Cu atoms with face-centered cubic (fcc) structure, but meanwhile increase the Cu/Si interface
diffusion. Under the same substrate temperature condition, the number of Cu atoms with fcc structure

Keywords:

Copper thin film

Deposition and growth

Molecular dynamics

Crystalline structure and orientation

in thin films deposited on Si(1 1 0) substrate is larger than that deposited on Si(11 1) substrate.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Due to the development of integrated circuits (IC), the demand
of interconnection materials becomes higher. Interconnection
materials serve as the streets and highways of IC, connecting
elements of IC into a functioning whole and to the outside
world. Historically, the most popular interconnection material is
Al because of its low resistivity, ease of deposition and dry etching.
However, as the line dimensions of interconnections continue to
shrink to sub-micron range in the ultra-large scale integrated cir-
cuits (ULSIC), Alis no longer suitable due to its low electro migration
resistance. In today’s ULSIC, Cu has been used as interconnection
material to replace Al as it offers lower resistivity and higher elec-
tron migration resistance. This replacement results in the research
interests of epitaxial growth of Cu thin films on Si substrate. Many
efforts have been devoted to depositing Cu atoms on Si substrate
using various methods such as molecular beam epitaxy [1], electron
beam evaporation [2,3] and magnetron sputtering [4]. These exper-
iments reported that Cu(100) films could be grown on Si(100)
substrate with a 45° rotation along (1 00) axis and Cu(111) films
could be grown on Si(110) and Si(1 1 1) substrates.
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Until now, most of studies of Cu thin films on Si substrate
were performed by experimental methods. Due to the limitation
of experiment conditions, these studies were limited to some spe-
cific cases, not systematical study. On the other hand, molecular
dynamics (MD) method could be systematically performed to ana-
lyze the morphology of the deposited thin film in detail and to
understand the growing mechanisms. Hwang [5] performed MD
simulations for Cu cluster deposition on Si(1 0 0) substrate. Incident
energy, substrate temperature, and cluster size were considered
to discuss the critical conditions of epitaxy, mixing and sputtering
modes. Their results showed that interface mixing occurred at the
interface and the incident energy was the most important factor
to affect the film growth modes, more specifically, quasi-epitaxy
occurred at low incident energy, while the sputtering process could
start when the incident energy was above 40eV. Recently, we [6]
have studied the properties of Cu thin films deposited and grown on
Si(100) substrate. In our MD simulations, Cu atoms were deposited
one by one, which corresponds to the experiment of electron beam
physical vapor deposition [2,3], where the incident energies of Cu
atoms below 1eV. We showed that the growth of Cu thin films on
Si substrate is three-dimensional island growth mode. Based on the
common neighbor analysis of atoms, three crystalline structures in
the deposited Cu films were indentified. More important, we found
that the formed face-centered cubic (fcc) structure of Cu thin film
is (100) oriented with a rotation by 45° along (1 0 0) axis when the
substrate temperature is 300 K, while the fcc structure of Cu thin
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film becomes to be (11 1) oriented when the substrate temperature
is 900 K.

In this paper, we extend our previous research of Cu thin
film deposited on Si(100) substrate [6] to Si(110) and Si(111)
substrates. Under different substrate surfaces conditions, we com-
pared the Cu/Si interface diffusion, surface roughness, crystalline
structure and orientation of Cu thin films. Meanwhile, the effect
of substrate temperature is studied. Our objective is to find the
optimal condition for the epitaxial growth of Cu thin film on Si
substrate.

2. Potential and computational procedure

In this study, we used molecular dynamics with many-body
effective potentials to model deposition of Cu on Si substrate.
The embedded-atom method (EAM) potential and corresponding
parameters developed by Adams et al. [7] are utilized to describe
the atomic interaction of Cu atoms, and Tersoff potential [8,9] is
used for the interaction of Si atoms. For the interaction between
Si and Cu atoms, the effect of variable charge transfer also plays
an important role. Recently, the extended Tersoff potential [10]
and Charge optimized many-body (COMB) potential [11] have been
developed by adding terms corresponding to the effects of charge
transfer. However, the applications of these potentials to thin film
deposition may be limited due to the fact that they require signifi-
cantly larger computational efforts than traditional potentials. For
example, the COMB potential costs 23 times more than EAM and
13 times more than traditional Tersoff potentials under same sim-
ulation conditions. For this reason, we employ Tersoff potential to
describe the interaction between Si and Cu atoms. Charge trans-
fer between Cu and Si is effectively taken into account through the
parameter xc,_si, Which is fitted to reproduce the experimental
value of lattice constant of copper silicide (Cu5Si4). The details of
Tersoff potential function and corresponding parameters are given
in our earlier paper [6].

The three-dimensional model of the deposition process used
in this work is similar to that described in the literature [6]. The
Si substrate has the dimensions of 108.6 A x 108.6 A x 32.58 A and
consists of 19,200 atoms with diamond structure. For the compar-
ison of different substrate surfaces, (100) plane, (110) plane and
(111) plane of Si crystal are chosen as the deposition surface in
simulations, respectively. Si atoms in substrate are classified into
three types, namely fixed atoms, thermostat atoms, and Newto-
nian atoms. The fixed atoms comprise the bottom 4 layers of atoms,
which are fixed on their lattice sites to prevent the moving of the
substrate due to the hit of Cu atoms during deposition. The middle
layers of atoms are defined as the thermostat atoms, which are used
to control the substrate temperature. The Newtonian atoms com-
prise the top 8 layers of substrate atoms. The motions of thermostat
atoms and Newtonian atoms are determined by the Newton’s equa-
tions of motion, besides the velocities of thermostat atoms are
rescaled every 10 time steps according to the prescribed substrate
temperature. In our simulations, the equations of motion are solved
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using Verlet time-integration algorithm with a constant time step
of At=1fs.

Deposition is performed by inserting one Cu atom every 400
calculating time steps, i.e., the deposition rate is 2.5atoms/ps.
The coordinates of deposited atoms are randomly generated
within the insertion volume, which has the dimensions of
108.6A x 108.6 A x 20A and is 54.3 A height above the substrate
surface. The initial velocities of deposited atoms are composed
of macroscopic velocity and thermal velocity. In our simulations,
the macroscopic velocities are chosen as 550 m/s vertically toward
the substrate surface, while the thermal velocities are randomly
selected from a Maxwellian distribution at the temperature of
220K. These values are selected according to the general results in
the experiments and simulations of electron beam physical vapor
deposition [12]. Periodic boundary conditions are assumed in the
x and y directions. Each simulation case proceeds with a certain
substrate temperature until 22,000 Cu atoms are deposited on Si
substrate. After deposition of the entire film, keep substrate tem-
perature constant for 2000 ps to enable the deposited film to be
relaxed, then linearly reduce the substrate temperature to 300 K
with a cooling rate of 0.1 K/ps, and finally relax the whole system
for another 2000 ps. All of our MD simulations are performed using
the MD package-LAMMPS [13].

3. Results and discussions

In this section we present our simulation results. The growth
mode of Cu thin film on Si substrate is three-dimensional island
growth mode, which has been reported in detail in our earlier paper
[6]. Here we focus on the Cu/Si interface diffusion, surface rough-
ness, crystalline structure and growth orientation of Cu thin films
deposited on different substrate surfaces. All of the analyses are
based on the final state of thin film. Fig. 1 shows the morphology
of the Cu thin films deposited on Si(110) and Si(11 1) substrates
with T=300K.

3.1. Interface diffusion

It can be seen from Fig. 1 that interspecies mixing occurs at the
interface between Cu film and Si substrate. The interface diffusion
has an important effect on the epitaxial growth of Cu thin film. In
addition, Cu/Si interfaces find application in optical detectors, solar
cells, and chemical sensors [14]. Therefore, the chemical and phys-
ical properties of Cu/Si interface have been intensively studied. For
example, Echigoya et al. [15] reported the formation of amorphous
phase in Cu/Si(100) interface by reaction. Vaz et al. [ 16] performed
adetailed investigation of the structural and morphological proper-
ties of Cu (1 00) layers grown epitaxially on Si(1 0 0) substrates, and
they showed that interspecies mixing occurred at the Cu/Si inter-
face, limited to less than 10 nm. To quantify the interface diffusion
phenomenon, we count the number of Cu atoms getting across the
original Si substrate surface under different substrate surface and
temperature conditions. As shown in Fig. 2, the number of Cu atoms
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Fig. 1. Morphology of Cu thin films deposited on Si substrates with T=300K: (a) Si(110) substrate; (b) Si(1 1 1) substrate.
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Fig. 2. Number of Cu atoms getting across the original substrate surface in Cu thin
films deposited on Si(100), Si(110) and Si(11 1) substrates.

getting across the substrate surface increases as the increasing of
substrate temperature. It is known that the diffusion coefficient of
solid atoms could be expanded as

—E,
D=Doexp(k—;), (1)

where Dy is pre-exponential factor, E4 is activation energy, k is
Boltzmann constant, and T is temperature. According to Eq. (1),
increasing substrate temperature would enhance the interface
diffusion. Under the same substrate temperature condition, the
numbers of Cu atoms getting across the substrate surface are dif-
ferent if the substrate surfaces for deposition are different. It can
be seen from Fig. 2 that the number of Cu atoms getting across the
substrate surface for Si(1 1 1) substrate is the largest, and the num-
ber for Si(110) substrate is the smallest. This phenomenon could
be explained according to the linear atomic densities and planar
atomic densities of Si crystal with diamond structure. Fig. 3 shows
the atomic configurations of Si crystal in (100), (110) and (111)
directions, and correspondingly the linear atomic densities are 1/a,
v2/a and 2+/3/3a, respectively, where a is the lattice constant of
Si crystal. Fig. 4 shows the atomic configurations of Si crystal in
(100), (110) and (111) planes, and correspondingly the planar
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Fig.3. Atomic configurations of Si crystal in different directions: (a) (1 0 0) direction;
(b) (110 direction; (c) (11 1) direction.
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Fig. 4. Atomic configurations of Si crystal in different planes: (a) (100) plane; (b)
(110) plane; (c) (111) plane.

atomic densities are 2/a2, 2+/2/a? and 4v/3/3a2, respectively. Based
on these results, we could conclude that the linear atomic density
in (110) direction and the planar atomic density in (11 0) plane are
the largest, and thus it is the most difficult for Cu atoms to get across
the Si(1 1 0) substrate. On the other side, although the linear atomic
density in (11 1) direction and the planar atomic density in (111)
plane are larger than thatin (1 00) directionand thatin(100) plane,
the number of Cu atoms getting across Si(11 1) substrate are larger
than that for Si(100) substrate. This is because that the atomic
distributionin (11 1) direction in non-uniform (see Fig. 3c), and the
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Fig. 5. Surface morphology of Cu thin films deposited on Si(1 1 0) substrate with different temperature: (a) T=300K; (b) T=900K.

largest distance of neighboring atoms is 3v/3a/4, which is larger
than that in (100) direction (see Fig. 3a), a. Therefore, due to the
larger vacancy in (11 1) direction, Si(11 1) substrate benefits the
diffusion of Cu atoms comparing with Si(100) substrate. For the
application of Cu thin films as interconnect material in integrated
circuits, the Cu/Si interface diffusion is the bad side. In this context,
Si(110) substrate is the optimal choice for the deposition of Cu thin
films on Si substrate.

3.2. Surface roughness

Besides the interface between film and substrate, the quality of
the deposited films is also closely related to the surface morphol-
ogy. For example, Timoshevskii et al. [17] demonstrated by an ab
initio study that atomic-scale surface roughness (1-3 atoms) on a
perfect copper surface could lead to a substantial (30-40%) reduc-
tion in the electrical conductivity of thin Cu film. The physical origin
of roughness-induced conductivity reduction may relate to the
destruction of isotropic Fermi surface sheets. Therefore, reducing
surface roughness is generally required for the fabrication of thin
film. Fig. 5 shows the surface morphology of Cu thin films deposited
on Si(11 0) substrate under different substrate temperature condi-
tions. It is obvious that the surface of thin film obtained at T=900K
is much smoother than that at T=300K. The surface roughness is
quantitatively evaluated using the definition of root-mean-square
roughness:

n =2
Rs = Ziﬂ(#, 2)

where Z; represents the height of the exposed atoms on the film
surface, Z is the mean height of all the exposed atoms, and n is
the total number of the exposed atoms. Fig. 6 shows the surface
roughness obtained according to Eq. (2) under different substrate
surface and temperature conditions. It is shown that the surface
roughness decreases as the increasing of substrate temperature
in the range of 300-900 K. This phenomenon is directly related to
surface diffusion. Although surface diffusion coefficient is difficult
to well-quantified, an empirical relationship similar to Eq. (1) is
popularly used except that the specific values of pre-exponential
factor and activation energy are somewhat different. In the range
of 300-900K, increasing temperature would enhance surface dif-
fusion, and hence make the surface become smoother. However,
when the substrate temperature exceeds 900K, due to the strong
interspecies mixing at the Cu/Si interface, the epitaxial growth of
Cu thin film has been destroyed, and thus the surface roughness
will be no longer decreasing linearly.

3.3. Crystalline structure and growth orientation

Crystalline structure and growth orientation are the most
important properties for deposited thin films. Here the crystalline
structures are analyzed using angular distribution functions as
reported by Ackland and Jones [18]. The Ackland-Jones method
(AJM) is based on the analysis of angular distribution function of
perfect crystalline lattices as well as lattices with small distortions
generated in simulations. With a heuristic algorithm it is decided
which kind of local environment (structure) each atom belongs
to. The power of AJM has been proven in analyzing structures
based on MD simulation results and confocal microscopy data [18].
Recently, Pereira and da Silva [19] have successfully employed
AJM to study the defects in Pd thin films on Au(100) substrate.

Using AJM analysis, we identified the Cu atoms in four different
kinds of local environments: face-centered cubic (fcc), hexagonal
close-packed (hcp), body-centered cubic (bcc) and amorphous
structures. The atomic configurations in the cross section of the
middle height of Cu thin films deposited on Si(100) substrate
with T=300K and T=900K are shown in Fig. 7. Atoms are colored
according to their local structures: green denotes fcc structure,
brown denotes hcp structure, light blue denotes bcc structure,
and dark blue denotes amorphous structure. It is obvious that
the number of Cu atoms with fcc structure for T=900K is larger
than that for T=300K. More interesting, Cu thin film with fcc
structure is (1 00) oriented for T=300K, while it is (11 1) oriented
for T=900K. This phenomenon has been reported in detail in our

2
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Fig. 6. Surface roughness of Cu thin films versus substrate temperature.



421

J. Zhang et al. / Applied Surface Science 276 (2013) 417-423

oo
"'

*e

)
e

SEunes

VARRBRREBRARE
ERTsARRSRERER 4N
SRAN.

s

Sany
o

22

WRRRN
3

»
e
BENS

BEERRSS

SREs

3¢

»

S+

(b)

i(100) substrate

ing

900 K. Atoms are colored accordi

(a) T=300K; (b) T=

tedon$S

ight of Cu thin film deposi

ddle he

i

ion of the m
to their local structures: green denotes fcc structure, brown denotes hcp structure, light blue denotes bcc structure, and dark blue denotes amorphous structure. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

the cross sect

ions in

Fig. 7. Atomic configurat

X
o0

sy
Sagste
Yo

.u
an

T LY T
$%%5e

Se

)

(b)

(a)

in the

900 K. Atoms are colored

(a) T=300K; (b) T=

the cross section of the middle height of Cu thin film deposited on Si(1 10) substrate:

ions in

Fig. 8. Atomic configurat

same form as Fig. 7.

ile the closed-packed (11 1) planes

highest surface free energy, wh

dentified by

tation could be i

en

earlier paper [6]. The growth or

. Therefore, deposited Cu films

have the lowest surface free energy.

analyzing local atomic configurations of fcc structure along growth

naturally prefer to grow with a (11 1) orientation to reduce surface

free energy.

to

is known

that for Cu crystal with fcc structure, the (100) planes have the

1entation

direction. The reason for the change from (100) or

300K,

is
for deposited atoms to move

when the substrate temperature

However,

It

is related to the surface free energy

on

tati

orien

111

ive jumps

there are not enough effect

>
LA

O

voe e

. é

(b)

(a)

in the

900 K. Atoms are colored

(a) T=300K; (b) T=

substrate

(111)

i

itedon S

in film depos

ht of Cu th

ion of the middle heig

the cross sect

ions in

Fig. 9. Atomic configurat
same form as Fig. 7.



422 J. Zhang et al. / Applied Surface Science 276 (2013) 417-423

a’ -

509 | —e— si(100) substrate

g [ | ——&—— Si(110) substrate

£ [| —=— si(111) substrate

s L

08

=1

= L

z |

o |

Eor|

-~ L

[

= |

o |

s I

So6 I

e L

© |

&

c -

g |

505

|

L L L 1 L L 1 L L 1 L L L 1 L
200 400 600 800 1000

T(K)

Fig. 10. Percentage of Cu atoms with fcc structure in thin films versus substrate
temperature.

to their preferred locations, and most of them only vibrate in the
neighborhood of their initial locations. In this way, the growth
orientation for T=300K is mainly governed by the geometrical
lattice match rule. When the substrate temperature gradually
increases, the enough effective jumps for deposited atoms make
them move to their preferred locations and form (11 1) oriented
structure.

For the sake of comparison, we show the atomic configurations
at the middle height of Cu thin film deposited on Si(110) and Si
(111) substrate in Figs. 8 and 9, respectively. Atoms are also col-
ored according to their local structures. It can be seen that all of Cu
thin films with fcc structure are (11 1) oriented. This phenomenon
is consisting of the experimental results reported by Jiang et al.
using magnetron sputtering method [4]. Comparing the thin film
deposited under different substrate temperature conditions, it is
shown that the number of Cu atoms with fcc structure for T=900 K
is larger than that for T=300K.

To further quantify the effects of substrate surface and temper-
ature on the structure of Cu thin film, we show the percentage of
Cu atoms with fcc structure in thin films in Fig. 10. For the Cu thin
films deposited on Si(1 1 0) and Si(1 1 1) substrates, the numbers of
Cu atoms with fcc structures increase as the increasing of substrate
temperature from 300 K to 900 K. When the substrate temperature
exceeds 900K, the epitaxial growth of Cu thin films is affected due
to the strong interspecies mixing at the Cu/Si interface, and thus
the number of Cu atoms with fcc structure will decrease. For the Cu
thin films deposited on Si(1 0 0) substrate, the numbers of Cu atoms
with fcc structures decrease as the increasing of substrate temper-
ature from 300K to 600 K. This is because that the growth of Cu
thin film changes from (100) orientation to (11 1) orientation in
the range of 300-600 K. When the substrate temperature exceeds
600K, the numbers of Cu atoms with fcc structures increase as the
increasing of substrate temperature up to 900 K. It is more interest-
ing to note that under the same substrate temperature condition,
the numbers of Cu atoms with fcc structures for Si(110) substrate
islarger than that for Si(1 1 1) substrate. Accordingly, we could con-
clude that Si(1 1 0) substrate is preferable for the growth of Cu thin
film with fcc structure. This conclusion is consistent with the exper-
imental results reported by Jiang et al. using magnetron sputtering
method [4]. As shown in their results related to XRD patterns and
pole figures, the intensity of Cu(11 1) diffraction for Si(110) sub-
strate is much stronger than that for Si(1 1 1) substrate at the same
thickness.

4. Conclusions

We have systematically studied the deposition and epitaxial
growth of Cu thin films on Si(1 00), Si(1 1 0) and Si(1 1 1) substrates
using MD simulations. The Cu/Si interface diffusion, surface rough-
ness, crystalline structure and growth orientation of Cu thin films
are shown. The effects of substrate surface and temperature are
analyzed in detail. Some important conclusions are as follows: for
the Si(100) substrate, the growth of Cu thin films is (1 0 0) oriented
at low temperature, and increasing substrate temperature could
make the growth gradually change to be (11 1) oriented. Accord-
ingly, as the increasing of temperature from 300K to 900K, the
number of Cu atoms with fcc structure in thin films firstly decrease
and then increase. When the substrate temperature approaches
to 900K, the number of Cu atoms with fcc structure arrives at its
maximum. For the Si(110) and Si(11 1) substrates, the growth of
Cu thin films is always (11 1) oriented. Under the same substrate
temperature condition, the number of Cu atoms getting across the
substrate surface for Si(110) is smaller than that for Si(11 1), and
the number of Cu atoms with fcc structure for Si(110) is larger
than that for Si(11 1). Therefore, Si(1 1 0) substrate is more favor-
able than Si(11 1) substrate for the epitaxial growth of Cu(111)
thin films. Under the same substrate surface condition, increas-
ing substrate temperature could reduce the surface roughness of
thin films, increase the number of atoms with fcc structure, but
meanwhile enhance the Cu/Si interface diffusion. Considering the
comprehensive effects of substrate surface and temperature, we
conclude that Si(1 1 0) substrate with 900 K is the optimal condition
for the epitaxial growth of Cu thin films.
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