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Effects of substrate rotation in oblique-incidence metal(100) epitaxial growth
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The effects of substrate rotation on the surface morphology in oblique-incidence metal共100兲 epitaxial growth
are studied via kinetic Monte Carlo simulations of a simplified model, and compared with previous results
obtained without rotation. In general, we find that substrate rotation leads to two main effects. At high
deposition angles with respect to the substrate normal, rotation leads to a significant change in the surface
morphology. In particular, it leads to isotropic mounds and pyramids with 共111兲 facets rather than the anisotropic ripples and rods observed in the absence of rotation. Due to the existence of rapid transport on these
facets, the lateral feature size increases approximately linearly with film thickness. Due to the fact that substrate rotation tends to reduce the effects of shadowing, the surface roughness is also decreased compared to
the roughness in the absence of rotation. While this leads to a moderate reduction in the roughness for the case
of ballistic deposition, the effect is significantly larger in the case of deposition with attraction. In the case of
ballistic deposition, we also find that the surface roughness increases with rotation rate ⍀ for ⍀ ⬍ 1 rev/
monolayer 共ML兲 before saturating at larger rotation rates 共⍀ ⬎ 1 rev/ML兲. In contrast, for the case of attraction
the surface roughness exhibits a negligible dependence on rotation rate for finite rotation rate.
DOI: 10.1103/PhysRevE.79.051604

PACS number共s兲: 81.15.Aa, 68.55.⫺a, 81.10.Aj

I. INTRODUCTION

During the last two decades there has been a lot of
progress made in understanding the detailed mechanisms
controlling the surface morphology in epitaxial growth 关1,2兴.
Besides the existence of a variety of activated processes
which can affect the growth morphology 共such as the
Ehrlich-Schwoebel barrier to interlayer diffusion 关3兴 and
edge and corner diffusion 关4–6兴兲, recently it has been shown
that the deposition process can also play an important role,
especially at low temperatures and/or large deposition
angles. For example, recent glancing angle deposition experiments on Cu/Cu共100兲 growth by van Dijken et al. 关7,8兴
demonstrate a dramatic dependence of the surface morphology on deposition angle, including a transition from symmetric to asymmetric mounds, and finally to ripples oriented
perpendicular to the beam with increasing deposition angle.
In addition, a variety of theoretical studies 关9–18兴 have
shown that interactions between the deposited atom and the
surface can have a significant effect on the surface morphology.
Recently, using a simplified ballistic deposition model
关17兴 which includes the effects of downward funneling 共DF兲
关19兴 and rapid diffusion on 共111兲 facets, two of us have
shown that many of the qualitative and semiquantitative features observed in high-angle oblique-incidence growth by
van Dijken et al. 关7,8兴, can be explained primarily by shadowing effects. In addition, our simulations indicate the existence of a second transition for large deposition angles and
film thicknesses from ripples oriented perpendicular to the
beam to “rods” oriented parallel to the beam 关20兴. More recently, we have also studied the modifying effects of short-
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range 共SR兲 and long-range 共LR兲 attraction on the surface
morphology 关18兴. While shadowing still plays an important
role, at large deposition angles we find that attraction can
have two important effects. The first effect, which is a result
of steering due to LR attraction, leads to decreased shadowing and anisotropy in the submonolayer regime and can also
lead to decreased surface roughness for high deposition
angles at intermediate film thicknesses. The second effect,
due to flux focusing, leads to an increase in the surface
roughness and also reduces the critical thickness for ripple
and rod formation. This effect also tends to limit the anisotropy in the rod phase for high deposition angles and film
thicknesses. Seo et al. 关15兴 have also pointed out that steering due to attraction can affect the surface morphology of
Cu/Cu共100兲 epitaxial films.
We note that in the oblique-incidence epitaxial growth
experiments considered so far, the substrate is typically held
fixed. As a result, both the deposition angle  with respect to
the substrate normal and the azimuthal angle  are constant.
However, in a number of cases of nonepitaxial growth, such
as glancing angle deposition 共GLAD兲 关21兴, substrate rotation
has been used to control and or alter the surface morphology.
Therefore, it is interesting to examine how substrate rotation
may alter the general picture obtained for the case of
oblique-incidence epitaxial metal 共100兲 growth. Accordingly,
here we present the results of simulations of a simplified
model of oblique-incidence epitaxial metal 共100兲 growth at
high deposition angles, which includes the effects of substrate rotation. In particular, we have studied the effects of
substrate rotation 共see Fig. 1兲 on the surface morphology and
surface roughness for large deposition angles  ⱖ 70°, both in
the presence of LR and SR attraction and in the absence of
attraction 共ballistic deposition兲. We note that while the model
studied here is in some sense generic, many of the parameters are close to or similar to those expected for Cu/Cu共100兲
and Fe/Fe共100兲 growth at or somewhat below room temperature. Therefore, we expect that our results will be relevant to

051604-1

©2009 The American Physical Society

PHYSICAL REVIEW E 79, 051604 共2009兲

SHIM et al.

W
q
Substrate
FIG. 1. Schematic diagram showing deposition angle  and substrate rotation with rate ⍀ = d / dt.

experiments on oblique-incidence metal共100兲 epitaxial
growth in the presence of rotation.
As discussed in more detail below, our results indicate
that substrate rotation can dramatically affect the surface
morphology. In addition, we find that substrate rotation tends
to reduce the surface roughness moderately in the case of
ballistic deposition and even more significantly in the case of
deposition with attraction. Somewhat surprisingly, we also
find that while the surface roughness is reduced in the presence of rotation, it depends relatively weakly on rotation rate
⍀ for ⍀ ⬎ 1 rev/monolayer 共ML兲. More importantly, we find
that the ripples or rods observed 关17,18兴 in oblique-incidence
simulations without substrate rotation do not appear in the
presence of substrate rotation. Instead, well-developed pyramids are observed with 共111兲 facets whose lateral size increases rapidly as the deposition angle increases. In the case
of attraction, these pyramids are relatively well ordered
while their size distribution corresponds approximately to a
bimodal distribution.
The organization of this paper is as follows. In Sec. II, we
describe the model used in our simulations along with a summary of the simulation parameters. We then present our results in Sec. III. Finally, in Sec. IV, we summarize our results.
II. MODEL AND SIMULATIONS

In order to compare with previous results for deposition at
oblique incidence without rotation, we have used the same
kinetic Monte Carlo model as was previously used in Ref.
关18兴. We note that this model is similar to previous models
关22,23兴 used to study metal 共100兲 growth at normal incidence
in which the fcc crystal geometry has been taken into account. In particular, atoms are deposited with a 共per site兲
deposition rate F, while adatoms 共monomers兲 on a flat terrace are assumed to diffuse with hopping rate D. The rate for
an adatom at a descending step edge to diffuse over the step
is given by DES = De−EES/kBT, where EES is the EhrlichSchwoebel barrier and kB is the Boltzmann’s constant. Compact islands are also assumed and accordingly a moderate
amount of edge and corner diffusion 共De = Dc = 0.01D兲 was
included, while the attachment of atoms to existing islands
was assumed to be irreversible. We note that in the case of
Cu/Cu共100兲 the barrier for edge diffusion is significantly
lower than for monomer diffusion, while the rate of corner
diffusion is almost as large as that for monomer diffusion.
The resulting fast edge diffusion leads to large regular
mounds whose gaps are further enhanced by flux focusing.

However, we do not expect these effects to alter the qualitative behavior discussed here.
Besides the deposition angle and rotation rate, two of the
key parameters in this model are the ratio D / F of the monomer diffusion rate to the deposition rate, and the magnitude
of the ES barrier. In our simulations, a deposition rate corresponding to D / F = 105 was used and a moderate ES barrier
corresponding to EES = 0.07 eV at room temperature was assumed. We note that this value of D / F is in good agreement
with that expected for the experiments of van Dijken et al.
关7,8兴 on oblique-incidence Cu/Cu共100兲 growth with deposition rate F ⯝ 0.0042 ML/ s and T ⯝ 240 K and is also in
good agreement with experiments on room-temperature
mound formation in Fe/Fe共100兲 growth at normal incidence
关24,25兴.
To distinguish between the effects of shadowing and attraction, we have carried out simulations both with SR and
LR attraction as well as without attraction 共ballistic deposition兲. In both cases, the depositing atom was launched from
a random position above the substrate at a height equal to the
height of the highest point of the film plus the LR cutoff
distance rcut with the appropriate deposition angle  with
respect to the substrate normal and azimuthal angle . A
one-atom molecular-dynamics 共MD兲 simulation of the trajectory of the depositing atom was then carried out 共with the
substrate atoms all held fixed at their lattice positions兲 until
the distance of the depositing atom to the closest substrate
atom was equal to the nearest-neighbor distance a1 = a / 冑2
共where a is the crystal lattice constant兲. If the empty lattice
site above this substrate atom corresponds to a fourfold hollow site, the depositing atom is moved to this site, otherwise
it is assumed to “cascade” randomly via downward funneling
共DF兲 关19兴 until it reaches a fourfold hollow site. Thus, in our
model atoms deposited on 共111兲 microfacets are assumed to
diffuse essentially instantaneously via DF to the terrace below. When considering the extremely low barriers for diffusion on metal 共111兲 surfaces 共approximately 0.05 eV for
Cu共111兲 关26兴兲, this is a very reasonable approximation except
at very low temperature.
As in Ref. 关18兴, for the case of attraction the initial kinetic
energy of the deposited atom was chosen to correspond approximately to that for Cu/Cu共100兲 deposition, i.e., K̄i
= 0.2 eV. As in several previous simulations of steering effects in Cu/Cu共100兲 growth 关11,12,14兴, in this case a
Lennard-Jones 共LJ兲 copper potential 关27兴, given by
VLJ共r兲 = 4⑀

冋冉 冊 冉 冊 册

r

12

−


r

6

共1兲

共where ⑀ = 0.4093 eV and  = 2.3377 Å兲 was used to represent the SR interaction. Similarly, to take into account the LR
van der Waals attraction 关28兴 an additional pair interaction of
the form VLR = −␥ / r6 共using the value ␥ = 47.2 eV-Å6 previously obtained for Cu in Ref. 关28兴兲 was included for atoms
which are farther than the cutoff distance for the short-range
interaction. To avoid a discontinuity between the short-range
VLJ共r兲 and long-range VLR共r兲 potentials we have used the
following expression for the pair-potential in our simulations:
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III. RESULTS
A. Dependence of roughness on rotation rate

We first discuss the effects of substrate rotation on the
surface roughness. As can be seen from Fig. 2, in general
substrate rotation leads to a reduced surface roughness when
compared to the case of no rotation 共solid curves兲. This is
due to the fact that rotation tends to reduce the amount of
shadowing, thus, reducing the roughness. However, the decrease in the surface roughness due to rotation is typically
larger in the case of attraction than for ballistic deposition.
This is not surprising since in the absence of rotation, the
effects of shadowing and attraction reinforce each other, i.e.,
shadowing leads to increased flux focusing, thus increasing
the surface roughness, which leads to further shadowing.
However, in the presence of rotation the decreased amount of
shadowing leads to a decrease in flux focusing, thus further
reducing the surface roughness. Consistent with this observation, a comparison of Figs. 2共a兲 and 2共b兲 also indicates that
for a given deposition angle  the surface roughness is higher
in the case of attraction than in the case of ballistic deposition 关18兴.

No rotation
Random rotation
rotation (1 rev/ML)
rotation (
rev/ML)

10

Width

where f共r兲 = 1 / 关1 + e−共r−2兲/R兴 is the sigmoid function centered
on r = 2 with width R = 0.125. However, we note that the
results were relatively insensitive to the value of R. To save
computation time in our calculations of the pair interaction, a
long-range cutoff rcut = 7 was used, since the results were
found not to depend on the cutoff for larger values.
In order to examine the dependence of the surface morphology on deposition conditions we have calculated a variety of different quantities as a function of the average film
thickness t in MLs, deposition angle  and rotation rate ⍀.
These include the r.m.s. surface height or “width” w, and the
circularly averaged correlation length c determined from the
first zero-crossing of the circularly averaged correlation
function G共r兲 = 具h̃共0兲h̃共r兲典, where h共r兲 is the surface height at
position r and h̃共r兲 = h共r兲 − h̄ is the deviation from the average height. For the case of ballistic deposition our results
were averaged over 10–100 runs, while for the more timeconsuming case of deposition with attraction our results were
averaged over 5 runs.
In order to study the dependence on rotation rate, results
were obtained for rotation rates ⍀ ranging from values much
less than 1 rev/ML and as high as 5 rev/ML. In addition,
simulations with a random azimuthal deposition angle 共corresponding to the limit of a very large rotation rate兲 were
also carried out. We note that in previous simulations of
oblique-incidence growth with attraction but without substrate rotation 关18兴 it was found that there was a negligible
dependence of the surface roughness on the azimuthal angle.
Accordingly, for the comparison case of no rotation, simulations with a fixed azimuthal angle  = 45° corresponding to
the 关110兴 direction were carried out. This is the same azimuthal direction as was used in the experiments of Refs.
关7,8兴. To minimize finite-size effects, relatively large system
sizes 共L = 512 in units of the lattice spacing兲 were used.
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FIG. 2. Surface roughness as function of film thickness for 
= 70° – 85° 共a兲 without 共ballistic deposition兲 and 共b兲 with attraction
for cases of no rotation, random rotation and rotation with rates
1
⍀ = 16 and 1 rev/ML.

Figure 3 shows the relative deviation in the width
w共t ,  , ⍀兲 / w共t ,  , 0兲 − 1 compared to the width in the absence
of rotation at t = 25 ML and 50 ML as a function of the
rotation rate ⍀ for several different deposition angles 
= 70°, 80°, and 85°. Results are shown for both ballistic
deposition and deposition with attraction. As can be seen, in
the case of ballistic deposition the roughness tends to increase with rotation rate for small ⍀ and then saturate for
⍀ ⱖ 1 rev/ML at a value which is lower than in the absence
of rotation. As a result, the smallest roughness occurs for the
smallest nonzero rotation rate 共⍀ = 1 / 16 rev/ML兲 while the
largest roughness occurs in the absence of rotation 共⍀ = 0兲.
However, while the surface roughness is lower in the presence of rotation than in the absence of rotation in the case of
attraction, there is a negligible dependence on rotation rate
for ⍀ ⫽ 0. One possible explanation for this difference is as
follows. For small rotation rates ⍀ ⬍ 1 rev/ML, rotation
forces the mounds to grow in a spiral fashion as the substrate
is rotated. In the case of ballistic deposition, this “spiral
growth” tends to fill-in the gaps between mounds, thus, reducing the surface roughness. As the rotation rate increases,
the amount of spiral growth is reduced, thus, leading to an
increase in the surface roughness. In contrast, in the case of
attraction, the feature sizes are typically much larger and
deeper due to flux focusing. As a result, the existence of
“spiral” mound growth due to rotation has a negligible effect
on the surface roughness.
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FIG. 3. Relative width deviation ␦w / w共t ,  , 0兲 as function of
rotation rate ⍀ with and without attraction, where A and B in parentheses stand for attraction and ballistic deposition, respectively.
共a兲 t = 25 ML and 共b兲 t = 50 ML.

addition, in this case some of the mound tops are relatively
flat or contain small dimples, in contrast to the case of fast
rotation for which the tops tend to be sharper and more regular.
Similar results are shown in Fig. 5 for the case of attraction. We note that in this case, due to flux focusing, the
pyramids are relatively well-developed with sharp tops and
well-defined 共111兲 facets, while the corresponding feature
sizes are larger than in the case of ballistic deposition. We
also note that for the largest deposition angles 共 = 85° and
88°兲 there exists a bimodal distribution of mound sizes with
a number of smaller mounds as well as large mounds with
well-defined 共111兲 facets.
In order to quantify the lateral mound size and/or feature
size, we have calculated the circularly averaged correlation
length c as a function of film thickness for different rotation
rates and deposition angles  = 70° – 88° with and without
attraction. As can be seen in Fig. 6, for a given deposition
angle the correlation length c for the case of attraction is
larger than that for the case of ballistic deposition due to flux
focusing. In addition, we find that c increases approximately
linearly after an initial transient period which is related to the
formation of 共111兲 facets on the sides of pyramids. Once
such 共111兲 facets are formed, atoms landing on these facets
are efficiently transported to a lower terrace via DF, thus,
leading to linear growth of the correlation length with coverage. We note that such linear behavior was also observed in
the case of no substrate rotation with a deposition angle of
 = 88° due to the formation of well-defined 共111兲 facets on
the front and sides of rods 关17兴.

IV. CONCLUSION

B. Dependence of surface morphology
on rotation rate

We now consider the effects of substrate rotation on the
surface morphology. Figure 4 shows a comparison of the
surface morphology at a film thickness of 50 ML for the case
of ballistic deposition for different rotation rates ⍀ and deposition angles . As previously observed in Ref. 关17兴, in the
absence of rotation 共⍀ = 0兲 a series of morphological transitions occurs with increasing deposition angle from asymmetric mounds at  = 70° 共not shown兲 to asymmetric ripples running perpendicular to the beam with 共111兲 facets on the
illuminated side at  = 80°, and finally to rotated rods with
共111兲 front and side facets at  = 88°. In the presence of substrate rotation, however, these orientational transitions are
suppressed. Instead, as can be seen in Fig. 4, for the case of
large rotation rate 共⍀ = 1 rev/ML兲, a gradual transition occurs
with increasing deposition angle from fuzzy or poorly developed mounds at  = 80° to more well-developed mounds at
 = 85° and finally to well-defined pyramidal mounds with
sharp tips and 共111兲 side facets at  = 88°. Thus, the ripples or
rods formed at high deposition angles in the absence of rotation are replaced by well-defined mounds and pyramids in
the presence of rotation. We note that in the case of slow
rotation 共⍀ ⬍ 1 rev/ML兲 the observed mounds are less regular and well developed than for higher rotation rates. In

We have presented the results of kinetic Monte Carlo
simulations of a model of oblique-incidence metal共100兲
growth in the presence of substrate rotation in order to understand the effects of rotation on the surface morphology.
We have also compared our results with those obtained in the
absence of rotation. In general, two main effects are observed. At high deposition angles, substrate rotation results
in a drastic change in the surface morphology. In particular,
it leads to isotropic mounds and pyramids rather than the
strongly anisotropic structures, such as ripples or rods, observed in the absence of rotation. Rotation also leads to a
reduced surface roughness, although the surface roughness
tends to increase with rotation rate.
We have also compared the effects of substrate rotation in
the absence of attraction with the corresponding effects in
the presence of attraction. For the case of ballistic deposition
and large deposition angles 共 ⱖ 80°兲, the decrease in the
surface roughness 共compared to the absence of rotation兲 is
1
largest for a slow rotation rate 共⍀ = 16
rev/ML兲 and decreases
with increasing rotation rate and then saturates for ⍀ ⯝ 21
rev/ML. On the other hand, in the case of attraction there is
a negligible dependence of the surface roughness on rotation
rate for finite rotation rate. As already noted, this may be
explained by the fact that flux focusing leads to feature sizes,
which are much larger than in the case of ballistic deposition,
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FIG. 5. Comparison of surface morphology for the case of attraction with and without substrate rotation for  = 80° – 88° with
L = 512 at t = 50 ML. Here, 共a兲–共c兲 correspond to no rotation while
共d兲–共f兲 and 共g兲–共i兲 correspond to rotation with ⍀ = 1 / 16 rev/ML and
1 rev/ML, respectively. The arrow in 共a兲 denotes deposition direction 共 = 45°兲 for the case of no rotation.
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thus, reducing the effects of spiral mound growth on the
surface roughness.
Similar differences between the morphology in the case of
ballistic deposition and that in the case of attraction can also
be noted in the presence of rotation. In particular, while rotation tends to promote the formation of 共111兲 facets on the
sides of mounds and pyramids in the case of attraction the
resulting pyramids are larger and more well ordered than in
the case of ballistic deposition. We also note that in the case
of attraction with rotation, there appear to be a large number
of relatively large pyramids as well as a relatively large number of much smaller pyramids, thus, leading to an approximately bimodal size distribution.
We have also carried out a detailed analysis of the circularly averaged correlation length which reveals that after an
initial transient period related to the formation of 共111兲 facets, the correlation length increases approximately linearly
with film thickness. This linear behavior is associated with
the rapid transport expected on a well-defined 共111兲 facet.
Thus, any process, such as attraction, which promotes the
formation of 共111兲 facets, leads to a significant increase in
the correlation length and surface roughness.
In summary, we have shown that substrate rotation can
dramatically alter the surface morphology in obliqueincidence metal共100兲 growth. In particular, the asymmetric
ripples or rods observed at high deposition angles in the
absence of substrate rotation are replaced by well-defined
pyramids with 共111兲 facets in the presence of rotation. Due to
the existence of rapid transport on these facets, the lateral
feature size increases approximately linearly with film thick-

Rotation (
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20
70o
0
(b) W = 1 rev/ML

60

85o
40

xc

FIG. 4. Comparison of surface morphology for the case of ballistic deposition with and without substrate rotation for 
= 80° – 88° with L = 512 at t = 50 ML. Here, 共a兲–共c兲 correspond to no
rotation while 共d兲–共f兲 and 共g兲–共i兲 correspond to rotation with ⍀
= 1 / 16 rev/ML and 1 rev/ML, respectively. The arrow in 共a兲 denotes
deposition direction 共 = 45°兲 for the case of no rotation.

No rotation

80o
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0

0
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FIG. 6. Circularly averaged correlation length as a function of
1
film thickness with 共a兲 ⍀ = 16 rev/ML and 共b兲 1 rev/ML for deposition angles  = 70° – 85° with and without attraction. All results are
for D / F = 105 and EES = 0.07 eV.
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