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A simulation of the growth of an obliquely deposited thin film in a three-dimensional lattice was made using

kinetic Monte Carlo method. Cu growth in three dimensions on a (001) substrate with high deposition rates has been

simulated in this model. We mainly investigated the variation of three-dimensional morphology and microstructure of

films with incidence angle of sputtered flux. The relation of roughness and densities of films with incidence angle was

also investigated. The simulation results show that the surface roughness increases and the relative density of thin

film decreases with increasing incidence angle, respectively; the columnar structures were separated by void regions for

large incidence angle and high deposition rate. The simulation results are in good agreement with experimental results.

However, the orientation angle of columns is not completely consistent with the classical tangent rule.

Keywords: kinetic Monte Carlo method, oblique deposition, three-dimensional morphology, mi-

crostructure
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1. Introduction

A considerable number of theoretical and experi-
mental studies are focused on film growth. Thin films
are widely used in modern optical and electric devices.
Many properties of opto-electronic thin film depend
on the film morphology, texture and microstructure.
For example, the large grains can restrain electromi-
gration of metal interconnections!! in a very large-
On the other hand, films

with voids or columns are sometimes desirable be-

scale integrated circuit.

cause of their anisotropic electromagnetic and optical

(2:3] The morphology and the microstruc-

properties.
ture of films are determined by the growing process
at the atomic-scale. So the simulation of thin film
growth based on the atomic-scale model attracts con-
siderable attention. A diffusion-limited aggregation
(DLA) model¥ is an earlier Monte Carlo (MC) model
for film growth but the deposition rate and temper-
ature parameters are not included. Bruschil® pro-

posed a two-dimensional (2D) MC model, which in-

corporated the deposition process and surface diffu-
sion process together. Wei et al 6~8] studied the ef-
fect of the substrate temperature and deposition rate
on the growth process of the thin film in some de-
tail. To study the microstructure and texture of a
thin film, a three-dimensional (3D) model is proposed
in this paper. The solid on solid (SOS) model® (see
Fig.1) is a coarse 3D model, which is suitable for
the simulation of film growth using molecular beam
epitaxy. Nevertheless, the crystalline lattice struc-
ture is not considered and the over-hangs (protrud-
ing atoms on the edge of a terrace) are not allowed

in this model. [10,11]

The ballistic deposition model
is devised to simulate the sputtering deposition, but
the surface diffusion process is too simple. Recently,
Huang and Gilmer(213] presented a 3D simulator
known as ADEPT using the so-called lattice Monte
Carlo method. They successfully simulated the fea-
tures of aluminum films deposited onto trenches and
vias. Deposition at high rate and moderate temper-

ature may cause formation of columnar structure. In
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addition, an oblique angle of incidence can also lead
to columnar film morphology.['¥l For example, when
particles arrive at the sidewalls of trenches or vias,

columns or voids will be formed.[12]

In this article, we propose a 3D model using the
kinetic Monte Carlo (KMC) method, in which the pro-
cesses of deposition and diffusion are included. Com-
pared with the earlier models, our model is really a
3D one and the lattice structure of the simulated ma-
terial is also considered. Here, we mainly investigate
the effect of oblique incidence of atom flux on the sur-
face roughness, relative density, morphology and mi-
crostructure of Cu films deposited on a Cu(001) sub-

strate.

Fig.1. The solid on solid model in Ref.[9].

2.The model

In this paper, the simulation of deposition Cu
onto a Cu(001) surface is carried out and the 3D
mesh corresponding to the fcc lattice structure of Cu
is built. In the following KMC simulations, atoms are
constrained to remain at their discrete lattice sites.
This is a valid assumption when the temperature is
lower than about 0.57}, (melting point), since atomic
motion is largely restricted to vibrations about lattice
sites.[!5] The substrate is periodic in the lateral direc-
tion and open in the vertical direction. An incident
atom is selected with random lateral coordinates in
the sputtering target above the substrate. The trajec-
tory of the atom is chosen with a random azimuthal
angle ¢ and a particular polar angle §, where ¢ ranges
from 0 to 27. The polar angle 8 is chosen as some spe-
cific values (6 ranging from 0 to 7/2). The incident
atom travels to the substrate along a line with starting
angles ¢ and 0 (see Fig.2). A site with the highest co-
ordination number, found among those sites near the
trajectory within one lattice spacing, will be occupied

by the new incident atom.

target
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Fig.2. 2D sketch map showing the deposition process in the

model. 0 is the incidence angle of atoms and J is the column
orientation angle (inclined angle of the column). The arrows
indicate possible diffusion directions of adatoms.

The lattice site with three or more nearest neigh-
bouring atoms is considered to be stable, which is
called “stable site” in the text and can be occupied
by an atom. However, not all stable sites can be oc-
cupied by an atom on considering the arrangement of
the nearest neighbouring atoms. In Fig.3, the dark
circles represent the atoms below, the light gray ones
the atoms above and the white ones the empty sites.
The arrows indicate the possible jump directions of
an atom. Atom 2 is not stable although it has three
nearest neighbours, because there is a low energy bar-
rier with which it easily falls down along the arrow
direction.['®! Compared with atom 2, atom 1 is con-
sidered to be stable because it is not only on a (001)
plane, but also on a (111) facet of fcc lattice. Like-
wise, it also has three nearest atoms. Thus, protruding
atoms (over-hangs) are permitted in the model. This

is different from the earlier MC model where no such

SRt eResiRs

Fig.3. Sketch showing surface diffusion. The arrows in-
dicate possible diffusion directions of adatoms. The dark
circles represent the atoms below, the light gray ones the
atoms above and the white ones the empty sites. Atom 2
is not stable and easily falls down to the lower empty site
along the arrow direction. Atom 1 sits on the (111) plane
of fcc lattice. Atom 3 can overcome the Ehrlich—Schwoebel
barrier and jump to site 4 or 5, likely atom 7 to site 6.
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atoms were allowed.[®] The experiments also show that
these protruding atoms exist under certain conditions,
such as when metal atoms are deposited onto trenches
and vias.[12:13]

In the deposition process, an atom buried un-
der newly arriving atoms is considered to be a “bulk
atom”, which cannot diffuse any more. In order to
store the diffusion rates and coordinates of movable
atoms, a hashing array is constructed, in which the
jump rate and coordinates of movable atoms are both
stored. The diffusion rates (or jump rate) of a single
adatom was defined as the probability of a diffusion
jump per unit time and is given by the Arrhenius-type
expression

v = ypexp(—Ep/kT), (1)

where vy = 10'2s7! is the commonly-used attempt
rate, k is the Boltzmann constant, T is the substrate
temperature (7 is held at 300K in our simulation) and
FE’g is the activation barrier. Then the rates and co-
ordinates of atoms are pushed into the hashing array.
The event of inserting a new atom or surface diffusion
is randomly chosen according to the ratio of the depo-
sition rate to the total rate of all events. If a diffusion
event takes place, an atom is selected and a jump to
an empty neighbour site is performed. The pairwise

potential energy of the Born-Mayer typell7:18]

1/2
E;=— { Z§2eXp(—2q(Tz‘j/7‘o - 1))}
+ Z Aexp[—p(rij/ro — 1)], (2)

J

is used to model the interaction between two atoms,
where ¢ is an effective hopping integral, r;; is the dis-
tance between atoms ¢ and j, r¢ is the nearest neigh-
bour distance, and the four parameters £, g, A, p are
determined by experimental data of the cohesive en-
ergy, the lattice parameter, the bulk modulus and the
elastic constants, respectively. In this article, the pa-

rameters are listed in Table 1.

Table 1. The parameters used in our simulation to calculate

the activation barrier.

parameters | £/eV ¢ AleV P
Cu-Cu 1.224 2.278 0.0855 10.960 0.2556 < 1.57g

ro/nm 7y

The algorithm is summarized as follows: (1) the
jump rates of all movable atoms are calculated and
pushed into the hashing array. (2) The event of de-
position or diffusion is determined by comparing the
ratio p = L with a random number £; in the

Va + Ry,

interval (0, 1), where V, is the deposition rate and
Ry, is the total diffusion rate of atoms. If £ < p, the
event of deposition is chosen, a new atom is inserted in
an empty stable site, otherwise, the diffusion event is

chosen. (3) A diffusion atom M is chosen according to
M-1

E v; < &Ry < g v;, where & is a random num-
i=1 i=1

n
ber, Ry, is total diffusion rate of atoms, the v; = Z VJ]-“

is the jump rate of the jth atom, n is the total pgs_sible
diffusion directions of the jth atom and V]’-“ is the kth
directional jump rate of the jth atom, which is calcu-
lated with formula v} = Voexp(—E]gk) /kT) and EE is
the diffusion barrier of this atom in the kth direction.
(4) Move the atom M to the new site specified by dif-
fusion event. (5) Update the diffusion rates for the
affected atoms. (6) The jump rates of affected atoms
are re-calculated and the hashing array is updated.

Then a new cycle starts.
3. Results and discussion

Figures 4(a) and (b) show the 3D morpholo-
gies and their 2D sections for films deposited onto a
Cu(001) substrate at different incidence angles, where
the deposition rate is chosen to be 10nm/min. For
6 = 0°, the surface looks smoother and only a few
columns appear, and the thickness of the film is less
than that for other incidence angles, indicating that
few voids exist in the film under this incidence an-
gle. In the case of § = 30°, some larger columns are
formed, which are inclined toward the atom impinging
direction (incident direction) and the inclined angle 3
is small (8 is defined as the column orientation angle,
see Fig.2). For § = 60°, the columns become higher
and the inclined angle 8 becomes larger. The region
of voids between columns becomes larger than that
in the case of § = 30°.

side face of the columns. Finally, the columns are al-

Some facets appear on the

most completely separated by some large void regions;
the (111) facets become larger and can be seen clearly
when 6 = 75°, because the (111) facet is the low index
plane in a fcc crystal. The formation of columns and
voids in the film has been explained as a kinetic rough-
ening mechanism.['9:2% In the case of impinging atoms
arriving at large incidence angles, the hills formed by
previously deposited atoms intercept more atom flux
to arrive the valley behind them. At the same time,
the low mobility prevents atoms from moving to the
valley and the ultimate outcome is the formation of

the columnar structure in the films as shown in Fig.4.
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Fig.4. (a) 3D morphology variation as a function of incidence angle § = 0°, 30°, 60° and 75°. (b) The

2D sections of a two layers thickness from the 3D simulation. The deposition rate is 10nm/min and the

temperature T is 300K.

The variation of the inclined angle (8) with inci-
dence angle (#) can be seen in Fig.4 (b). For 6 = 0°,
the columns are basically vertical to the substrate. For
6 = 30°, the columns are slightly inclined toward the
incident direction, but we find that the inclined direc-
tion of the column does not coincide with the incidence
angle (0). For other cases, the inclined angle (3) be-
comes larger when the incidence angle () is larger.
In our simulation, for incidence angles § = 30°,60°
and 75°, the corresponding average values of the an-
gles (B) of growth for columns are about 10.5°,34°
and 45°, respectively, where

B =tan™ (R™"), 3)

R = (2 — z0) /(i — zo), (4)

1 N
5 2 (@i = a0), )

(zi — o)

1 N
(#i — z0) = N Z (zi — 20), (6)

N is the number of the counted particles, z; and z;
are the coordinates of the ith particle in a slice of the
3D film, and z;g and z;y are the coordinates of the
first particle in the group which contains the ith par-
ticle (see Ref.[11]). From the values of these angles, it
seems that the column growth angle 6 and the inci-

dence angle @ are not in accordance with the tangent
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rule (i.e. tan(B) = 1t::m(¢9)).[14’20’21] The reason is
that the atoms are attached at the step edge to pro-
duce overhanging configurations, leading to small in-
clined angles of columns.[*3] The relation between the
incidence angle and the inclined angle of the column

is plotted in Fig.5.

80

[}
(=}

Collumn inclined angle 8/(°)
8 8

0 0 2IO I 4b 6b 80

Incidence angle 6/(°)

Fig.5. The relation between the incidence angle and
the column inclined angle. The simulated results are
plotted in solid line with diamond marks. For com-
parison, 3 = a (dotted line) and the tangent rule line

are also plotted (dashed curve).

In order to characterize the films, we define the
roughness o and the relative density of the film as

follows:

o = & 3 (i, )R (7

where N is the number of sites on the substrate ;
h(i,7) is the height of the film above the (001) sub-
strate lattice site (4,7), which is defined as the height
of the highest occupied lattice site, and h is the mean
height of the thin film. The relative density of the film
is calculated by averaging the ratio of the number of
occupied sites to the total number of sites in the mid-
dle ten layers. The variations of roughness and density
with incidence angle at different deposition rates are
plotted in Figs.6 (a) and (b). For § = 0°, the den-
sity is close to 1.0, indicating that very few voids exist
in the film in this situation. The roughness increases
when the incidence angle becomes larger; meanwhile
the density decreases. The reason is that some high
columns and highly voided region are formed when the
incidence angle gets larger. This is in agreement with
the previous discussion. However, in the case of larger
0 (60° and 75°), the roughness decreases slightly. The
reason is that when 6 is larger, the upper columns
overlap the layers below. In this case, the roughness

o cannot really describe the surface roughness. This

can be seen from Fig.4 (b), where the columns stretch

out above and overlap the film.
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Fig.6. The plots of (a) surface roughness and (b)
density of the film variations with incidence angle;
6 = 0°,15°,30°,60° and 75° at different deposition

rates.

4. Conclusion

We have developed a 3D model to simulate Cu
film growth based on the KMC method. The 3D mor-
phology and microstructures of Cu films have been
investigated in our model, in which the existence of
the over-hangs is considered but not allowed in the
earlier model. The main goal of the simulation is to
investigate the effect of incidence angle on the mor-
phology of the films. The results show that the colum-
nar structure is affected by the incidence angle of the
atoms. The columns are connected to each other at
a small incidence angle. When the incidence angle is
large enough, the columns are completely separated
by a few large void regions. The columns are inclined
toward the direction of the incidence angle and the in-
clined angles become larger when the incidence angles
are larger. The simulation results are in good agree-

s [22,23]

ment with experimental result However, in our
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simulations, the relation of the inclined angles and the

incidence angle is not completely consistent with the

tangent rule. The reason is that the over-hangs at the

step edge can result in small inclined angles.
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