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Effects of shadowing and steering in oblique-incidence metal (100) epitaxial growth
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The effects of attraction in oblique-incidence metal (100) epitaxial growth are studied by comparing the
results of simulations which include the effects of short-range (SR) and long-range (LR) attraction with results
obtained in the absence of attraction. In general, we find that the qualitative dependence of the surface
morphology on deposition angle and film thickness, including the existence of a transition from mounds to
asymmetric ripples oriented perpendicular to the beam at large deposition angles, as well as a second transition
from ripples to rods with (111) facets oriented parallel to the beam at larger deposition angles and film
thicknesses, is not altered by the presence of attraction. However, we find that attraction can have two
important effects. The first effect, which is a result of steering due to LR attraction and leads to decreased
shadowing, leads to decreased anisotropy in the submonolayer regime and can also lead to decreased surface
roughness for high-deposition angles and intermediate film thicknesses. The second effect, due to flux focus-
ing, leads to an increase in the surface roughness and feature size and also reduces the critical thickness for
ripple and rod formations. This effect also tends to limit the anisotropy in the rod phase for high-deposition
angles and film thicknesses. Surprisingly, we also find excellent scaling for the surface roughness as a function
of deposition angle and film thickness in the presence of attraction. We also present extensive results for the
dependence of the surface morphology on a variety of other parameters including azimuthal angle, growth
temperature, deposition flux, and crystal geometry. A comparison between our simulation results and recent

experimental results for grazing incidence Cu/Cu(100) growth is also presented.
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I. INTRODUCTION

Recently there has been a great deal of interest in under-
standing the detailed mechanisms controlling the surface
morphology in epitaxial growth.!> While much of the theo-
retical effort has focused on understanding the effects of
various surface relaxation processes, such as the Ehrlich—
Schwoebel barrier to interlayer diffusion® and edge and cor-
ner diffusions,*¢ recently, attention has also focused on the
deposition process. For example, in recent glancing angle
deposition experiments on Cu/Cu(100) growth by van Dijken
et al.,”® which were carried out at constant deposition rate, a
dramatic dependence of the surface morphology on deposi-
tion angle was observed. In these experiments a series of
transitions was observed from symmetric mound structures
for deposition angles up to 6=55° (where 6 is the angle
between the beam and the substrate normal), to asymmetric
mounds with increasing slopes for deposition angles up to
70°, to asymmetric ripples oriented perpendicular to the
beam with (113)/(111) facets on the shadow/illuminated
sides at #=80°, and finally to symmetric pyramidal struc-
tures with (111) facets at #=85°. In addition, it was found
that grazing incidence Co/Cu(001) growth® and Co/SiGe
templates on Si(100) growth!® generate a strong uniaxial
magnetic anisotropy due to the surface anisotropy produced
by oblique deposition.

Motivated in part by these experiments, as well as by
earlier experiments on Cu/Cu(100) growth of Ernst et al.,"
recent theoretical studies'>"'* have shown that even in the
case of normal-incidence deposition, the effects of steering
due to the short-range (SR) attraction of depositing atoms to
step edges can significantly enhance the surface roughness.
In addition, recent multiscale simulations of the early stages
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of Cu/Cu(100) and Cu(100) vicinal growth!>!¢ have demon-
strated that at large deposition angles, the long-range (LR)
van der Waals attraction of depositing atoms to the surface
can also play an important role. However, because of the
extremely time-consuming nature of these simulations, only
very recently has it become possible to extend these simula-
tions to multilayer growth.!”-18

Recently, we have used a simplified model with ballistic
deposition'® in order to show that many of the qualitative and
semiquantitative features observed in high-angle oblique-
incidence Cu/Cu(100) growth by van Dijken et al.”® can be
explained by geometrical (shadowing) effects. Our results
also indicated that the formation of (111) facets is crucial to
the formation of ripple structures at large angles of inci-
dence. A second transition from ripples to rods oriented par-
allel to the beam was also observed at high incident angles
and large film thickness. In addition, excellent scaling was
obtained for the surface roughness and perpendicular corre-
lation length as functions of film thickness and deposition
angle.

However, these results do not take into account the effects
of SR and LR attraction, and it is of interest to determine to
what extent these effects might alter the surface morphology,
as well as the picture previously presented in Ref. 19. Ac-
cordingly, here we present the results of extensive simula-
tions of a model of metal (100) growth which is similar to
that studied in Ref. 19, but in which the additional modifying
effects of SR and LR attraction have been included. Our
results indicate that the qualitative picture presented in ear-
lier ballistic deposition simulations,'? including the existence
of a transition from mounds to asymmetric ripples oriented
perpendicular to the beam at large deposition angles, as well
as a second transition to rods with (111) facets oriented par-
allel to the beam at larger deposition angles and film thick-

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.235423

SHIM, BOROVIKOV, AND AMAR

nesses, is not fundamentally altered by the inclusion of SR
and LR attraction. However, the results presented here also
demonstrate that attraction can have several important ef-
fects. The first effect, due primarily to LR attraction, is a
reduction in shadowing in the submonolayer regime which
leads to decreased anisotropy in this regime. The second ef-
fect which occurs primarily in the multilayer regime is “flux
focusing” due to SR and LR attraction.”® This effect tends to
increase the surface roughness and feature size and reduce
the critical thickness for ripple and rod formations, and can
also enhance the anisotropy in the early stages of multilayer
growth. In the later stages of growth it also leads to “side-
ways attraction” which tends to limit the anisotropy in the
“rod” phase. Along with the existence of a competition be-
tween ripples and rods at high-deposition angles, this second
effect may explain the experimental observation of symmet-
ric pyramids for deposition angles beyond the critical angle
for ripple formation.

In addition to these results for the surface morphology in
the presence of attraction, we also find excellent scaling for
the surface roughness and correlation length as functions of
deposition angle and film thickness.?? A number of additional
results for the dependence on other deposition parameters are
also presented. These include results for the dependence of
the surface morphology on growth temperature, azimuthal
angle, deposition flux, and crystal geometry.

The organization of this paper is as follows. In Sec. II, we
describe the model used in our simulations along with a sum-
mary of the simulation parameters and measured quantities.
We then present our results in Sec. III. In particular, we first
present results for the effects of SR and LR attraction on
shadowing and steering followed by more detailed results for
the effects of attraction on the surface morphology. Addi-
tional results for the dependence of the surface morphology
on a variety of deposition parameters are also presented. Fi-
nally, in Sec. IV, we summarize and discuss our results.

II. SIMULATION DETAILS

In order to take into account the effects of shadowing as
well as the attraction of depositing atoms to the substrate, we
have carried out simulations using a hybrid model which
combines a one-atom molecular-dynamics (MD) simulation
to describe the deposition process, with kinetic Monte-Carlo
(KMC) simulations to describe surface relaxation. We first
describe the KMC model used in our simulations, and then
describe the deposition process in more detail.

A. Kinetic Monte-Carlo model

In order to compare with previous results without
attraction,!® we have used the same KMC model as was pre-
viously used in Ref. 19 for the case of ballistic deposition.
We note that this model is similar to previous models?!??
used to study metal (100) growth at normal incidence in
which the crystal geometry has been taken into account. In
particular, atoms are deposited with a (per site) deposition
rate F, while adatoms (monomers) on a flat terrace are as-
sumed to diffuse with hopping rate D=Dje £«*s", where E,
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is the activation energy for monomer diffusion and kj is
Boltzmann’s constant. Compact islands are also assumed and
accordingly a moderate amount of edge and corner diffusion
(D,=D,=eE/%TD) was included in our simulations, while
the attachment of atoms to existing islands was assumed to
be irreversible, as is reasonable for metal (100) growth at and
below room temperature. Since the Ehrlich-Schwoebel (ES)
barrier typically plays an important role in metal epitaxial
growth, the rate for an adatom at a descending step edge to
diffuse over the step is given by Dgg=De FEs*sT where Egg
is the Ehrlich—Schwoebel barrier.

While some simulations have been carried out using a
bee(100) geometry (see Sec. IIT E) in most of our simulations
an fcc(100) geometry was assumed, while a deposition rate
corresponding to D/F==10° was used. We note that this
value of D/F is in good agreement with that expected for the
experiments of van Dijken et al.”® on oblique-incidence Cu/
Cu(100) growth with deposition rate F=0.0042 ML/s and
T=240 K. Therefore, it is perhaps not surprising that in our
previous ballistic deposition simulations using this model,"”
excellent qualitative and even semiquantitative agreement
with Cu/Cu(100) growth was already obtained. In addition,
we note that while our main goal is to obtain a general un-
derstanding of the effects of attraction and of a variety of
deposition parameters such as deposition angle, azimuthal
angle, and deposition flux on the surface morphology, the
values of the deposition rate (F=0.0257 ML/s), prefactor
(Dy=1.8x10'"" s71), and activation barriers used in our
simulations  (E,=0.45 eV, E,=0.125 eV, and Egg
=0.07 eV) are identical to those previously used’! to simu-
late island nucleation and mound formation in room-
temperature Fe/Fe(100) growth at normal incidence.?*
Therefore, we expect that our simulation results may also be
relevant to the room-temperature oblique-incidence growth
of Fe/Fe(100). However, we have also carried out additional
ballistic deposition simulations with deposition rates corre-
sponding to values of D/F ranging from D/F=5 X 10° to 107
in order to understand the dependence on deposition flux, see
Sec. III D. In addition, we have carried out simulations with
D/F=0, in which all activated processes except downward
funneling were assumed to be “frozen” (see Sec. I B) in
order to understand the low-temperature/high-deposition rate
limit.

In order to examine the dependence of the surface mor-
phology on deposition conditions we have calculated a vari-
ety of different quantities as a function of average film thick-
ness 7 in units of monolayer (ML) and deposition angle 6.
These include the rms surface height or “width” w, the lateral
correlation lengths & and &, determined from the zero cross-
ing of the height-height correlation functions parallel and
perpendicular to the beam, respectively, and the anisotropy
a'=£,/&. In order to obtain a quantitative measure of the
amount of (111) facet formation at the front, back, and sides
of a mound, we have also calculated the average density of
local front, back, and side (111) microfacets based on the
relative height of a lattice site and its in-plane nearest-
neighbor (nn) sites in the four equivalent in-plane (010) di-

rections, i.e., the (010), (001), (010), and (001) directions. In
particular, the density of front (back) (111) microfacets was
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calculated by counting the number of lattice sites for which
the height of both of the nn sites “toward” the beam was
lower (higher) while the height of both of the nn sites
“away” from the beam was higher (lower), and then dividing
by the total number of lattice sites. Similarly, the density of
(I11) microfacets on the left (right) sides of the beam was
calculated by counting the number of lattice sites for which
the height of both of the nn sites to the “left” (right) of the
beam was lower (higher) while the height of both of the nn
sites to the “right” (left) of the beam was higher (lower), and
then dividing by the total number of lattice sites.

To minimize finite-size effects our simulations were typi-
cally carried out using relatively large system sizes ranging
from L=512 to L=2048. For the case of ballistic deposition
our results were averaged over 30-100 runs. For the more
time-consuming case of deposition with attraction, a more
moderate system size (L=512) was used along with averages
over 10 runs.

B. Deposition

In order to distinguish between the geometrical effects of
shadowing and the effects of steering due to attraction, we
have carried out simulations both with SR and LR attraction
as well as without attraction (ballistic deposition). In both
cases, the depositing atom is launched from a random posi-
tion above the substrate and at a height equal to the height of
the highest point of the film plus the cutoff distance r,, and
with a selected deposition angle @ with respect to the sub-
strate normal. In most cases the azimuthal angle ¢ was cho-
sen such that the deposition direction was parallel to the
close-packed step edge, i.e., along the [110] direction, as in
the experiments of Refs. 7 and 8. However, we have also
carried out some simulations with deposition along the [100]
direction in order to determine the effects of azimuthal angle
on the surface morphology and roughness. The initial kinetic
energy of the deposited atom corresponded to the average

value K,=2kzT,, (where T,, is the melting temperature of the
depositing material). Since our goal is to determine the gen-
eral effects of attraction on the surface morphology in metal
(100) growth, for simplicity we have chosen deposition pa-
rameters corresponding to Cu/Cu(100) growth, i.e., T,

=1356 K and K;=0.20 eV.

Since a full MD simulation of each deposition event is
prohibitive for the system sizes (L=512 and larger), film
thicknesses (up to 50 ML) and number of runs (10-100 runs)
considered here, in our simulations the substrate atoms were
all held fixed at their lattice positions while a one-atom MD
simulation of the trajectory of the depositing atom was car-
ried out. In particular, the depositing atom undergoes a one-
atom MD simulation until its distance to the closest substrate
atom is equal to the nearest-neighbor distance a;=a/\2
(where a is the crystal lattice constant). At that point, the
particle is then assumed to “cascade” randomly via down-
ward funneling?® (DF) from a site corresponding to this
atom, until it reaches a fourfold hollow site. Thus, in our
model atoms deposited on (111) microfacets are assumed to
diffuse essentially instantaneously via DF to the terrace be-
low. When considering the extremely low barriers for diffu-
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sion on metal (111) surfaces [approximately 0.05 eV for
Cu(111) (Ref. 26)], this is a very reasonable approximation
except at extremely low temperatures. We note that the in-
clusion of rapid DF in our model implies that the maximum
selected mound angle corresponds to a (111) facet.

In order to estimate the possible errors in our one-atom
MD simulations, we have also carried out fully multiscale
simulations of deposition, in which a full-scale MD simula-
tion of the depositing atom and nearby substrate atoms is
carried out for each deposition, for a few special cases. Com-
parison with these results indicates that our one-atom MD
approach takes into account the bulk of the effects due to LR
and SR attraction, and is thus a good approximation. How-
ever, it slightly underestimates the effects of the SR interac-
tion after collision with the substrate.'*

While a relatively efficient “restricted” four-neighbor
search was used in our previous ballistic deposition
simulations'® to identify the nearest lattice site to the depos-
iting atom at each point of the deposition process, in most of
the results presented here, a more accurate “extended” nine-
neighbor search was used. While there is very little differ-
ence in the qualitative behavior, the surface roughness ob-
tained from simulations using the extended search is slightly
larger than when using the restricted search. This suggests
that the extended search method leads to enhanced uphill
funneling (or equivalently reduced downhill funneling) near
step edges, in good agreement with MD simulations,'*?” thus
resulting in a larger surface roughness. It is also interesting
to note that in the case of ballistic deposition at normal inci-
dence (6=0), the surface roughness obtained using the re-
stricted search is in perfect agreement with the results of
ordinary KMC simulations with DF in which the deposition
site is selected randomly rather than via molecular dynamics.

As in several previous simulations of steering effects in
Cu/Cu(100) growth,'#-1¢ in our simulations with attraction,
we have used a Lennard—Jones (LJ) copper potential®® of the

form
12 6
w(-1]

(where €=0.4093 eV and 0=2.3377 A) to represent the SR
interaction. We note that in previous MD simulations of ada-
tom deposition near Cu(100) close-packed steps,'* it was
found that the results obtained using this potential with a
cutoff distance r>X=2¢ which is close to that of a more so-
phisticated embedded-atom-method (EAM) Cu potential,?
were essentially identical to those obtained using the EAM
potential.

In order to include the effects of LR interactions, we have
also included a LR van der Waals attraction”** for atoms
which are farther than the cutoff distance for the short-range
interaction. To speed up our simulations, the LR interaction
was divided into two parts. The first part corresponds to the
LR attraction between the depositing atom and the semi-
infinite slab below the last completely filled layer of the sub-
strate, and has the form U;g(z)=-C5/z® (where z is the
height of the depositing atom above this layer). The main
effect of this interaction is to bend the path of the depositing
atom as it approaches the substrate. The second part corre-
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sponds to pair interactions with the atoms above the last
completely filled layer of the substrate and has the form
Vir(r)==Cq/r°, where r is the distance between the depos-
iting atom and the substrate atom. At high angles, this inter-
action can lead to flux focusing toward protruding structures
which can significantly enhance the surface roughness.’

As for the SR interaction, the values of the constants de-
scribing the long-range interaction [C;=2.1 eV A3 and Cg4
=(3a°C3/2m) =472 eV A%, where a is the lattice constant
of Cu] were chosen to correspond to Cu/Cu(100). We note
that these values were obtained in a previous calculation®®
and are significantly weaker than predicted by the LR (1/7%)
portion of the LJ Cu potential. Therefore, to avoid a discon-
tinuity we have used the following expression for the pair
potential in our simulations:

Vi(r) =[1 = f(n)Vis(r) + (1) Vig(r), (2)

where f(r)=1/[1+e""29/R] is the sigmoid function centered
on r=20 with width R=0.125¢. To save computation time in
our calculations of the pair interaction, a long-range cutoff
reu="70 was used, since the results were found not to depend
on the cutoff for larger values.

III. RESULTS
A. Effects of attraction on steering and shadowing

In order to understand the effects of SR and LR attraction
on shadowing and steering during deposition, we have first
compared the flux distribution for atoms deposited near a
large 50 X 50 single-layer-high island with the corresponding
results obtained using ballistic deposition. We note that simi-
lar calculations have been carried out by van Dijken et al.”$
although in this case a much stronger LR interaction [corre-
sponding to the LR portion of the LJ Cu interaction in Eq.
(1))] was used. Figure 1 shows the normalized flux distribu-
tion profile (averaged over the width of the island) for two
deposition angles #=55° and #=80°. As can be seen, for
both the case of ballistic deposition and deposition with at-
traction, the flux near the front edge of the island (40
<x/a;<350) is enhanced due to shadowing and/or steering
effects, which increase with deposition angle. However, in
the case of ballistic deposition, this enhancement only occurs
at the bottom and top of the front step edge, while in the case
of attraction it is “smeared” out over a significantly larger
region beyond the step. Similarly, while the size of the shad-
owed region beyond the back edge of the island also in-
creases with deposition angle [see Fig. 1(b)] it is again sig-
nificantly larger in the case of attraction than in the case of
ballistic deposition. However, due to steering effects, in the
case of attraction the amount of shadowing immediately be-
hind the island is less than in the case of ballistic deposition.
As discussed in Sec. III B, this leads to decreased submono-
layer anisotropy in the case of deposition with attraction
when compared to ballistic deposition.

In order to quantify the effects of steering due to LR
attraction in the early stages of growth, we have calculated
the impact angle 6;(z) of atoms approaching a flat substrate
as a function of the vertical distance z from the substrate for
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FIG. 1. Normalized deposition flux near a one-layer-high square
island (corresponding to 0=x/a;=49) for deposition angles 6
=55° and 80° with attraction (filled symbols) and without attraction
(open symbols). (a) Front side and (b) back side. Inset shows ori-
entation of island with respect to particle beam. Error bars (not
shown) are smaller than symbol size.

various deposition angles. Here the angle 6,(z) is calculated
using #;=tan"! (v./v;), where v, and v are the components
of the velocity of the depositing atom perpendicular and par-
allel to the substrate. As can be seen in Fig. 2(a), due to LR
attraction, there is a significant difference between the initial
deposition angle 6 and the impact angle near the substrate,
especially for large deposition angles. It is this steering effect
which reduces the effects of shadowing in the submonolayer
growth regime, when compared to ballistic deposition for
large deposition angles.

To quantify the effects of steering due to LR attraction in
the later stages of growth, we have also measured the aver-
age “impact” angle at a distance r=20¢ from the surface, for
the case of slow deposition with D/F=10° and Egg
=0.07 eV, as a function of film thickness as shown in Fig.
2(b). As can be seen, with increasing film thickness the ef-
fects of steering due to LR attraction become weaker and as
a result the effects of shadowing become more important.
This reduction in the degree of “downward steering” due to
attraction is due to the increase in the film roughness with
increasing thickness, which implies that the depositing atom
remains farther from most of the substrate before being “fo-
cused” on a local peak or protuberance. Thus, while steering
due to attraction can substantially alter the time evolution of
the surface morphology, at large film thicknesses the effects
of shadowing become dominant as characteristic structures
such as mounds and ripples are developed on the surface of
growing films. We now consider the effects of SR and LR
attraction on the surface morphology.
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FIG. 2. (a) Incidence angle 6,(z) of depositing atoms as a func-
tion of distance z/ o above a flat substrate in the case of LR attrac-
tion. (b) Average impact angle at a distance r=20 above a growing
film as a function of film thickness. All results are for D/F=10> and
moderate ES barrier. Error bars (not shown) are comparable to line
thickness.

B. Effects of attraction on surface morphology

In order to distinguish the effects of attraction from those
of shadowing, we have carried out simulations both with and
without attraction for the case of D/F=10° and Egg
=0.07 eV. Figure 3(a) shows the corresponding results for
the surface width as a function of film thickness for deposi-
tion angles ranging from 0° to 85°. As can be seen, both with
and without attraction the surface roughness and effective
growth exponent B (where w~ tP) increase with deposition
angle. In particular, the effective exponent B at large film
thicknesses increases from a value close to 1/4 at small
angles to a value close to 1 at large angles. However, in the
case of attraction both the roughness and effective exponent
B are larger at large film thicknesses than in the case of
ballistic deposition due to the effects of flux focusing.

The behavior for large deposition angles (8= 70°) is par-
ticularly interesting. For example, while the “enhancement”
of the surface roughness due to attraction tends to increase
with deposition angle, for very large deposition angles (6
=85°) the relative enhancement of the surface roughness due
to attraction is actually somewhat lower than at a somewhat
lower angle (#=80°). In addition, for #=85°, the roughness
at small film thicknesses (r<<6 ML) is actually lower in the
case of attraction than in the case of ballistic deposition. This
is due to the fact that at very high-deposition angles and
small thicknesses, the effects of shadowing are significantly
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FIG. 3. (a) Surface roughness as a function of film thickness for
0=0°-85° with and without attraction (ballistic deposition). (b)
Relative width deviation Sw/w(z,0) as function of scaled deposition
angle 6r” for #=55°-85° (with attraction) and 6=10°—-85° (with-
out attraction) and r=5-50 ML for the cases given in (a). The
scaling result in the case of attraction has been shifted up by a
factor of 5 for clarity. All results are for D/F=10° with a moderate
ES barrier.

reduced by the LR attraction which decreases the effective
deposition angle, as discussed in Sec. II A. However, at
higher thicknesses, the LR steering effect is reduced [see Fig.
2(b)], since the depositing atom remains farther from the
substrate before impacting the surface, as discussed in Sec
ITA. As a result, the surface is again rougher in the case of
attraction due to flux focusing.

Figure 3(b) shows the corresponding scaling results3! for
the relative deviation in the width w(z, 6) compared to the
width at normal incidence as a function of the scaling vari-
able 6¢”. As can be seen, there is excellent scaling both with
and without attraction over a large range of deposition angles
and film thicknesses, although there are some small devia-
tions for the case of ballistic deposition with angles larger
than 80°. Interestingly, the scaling exponent y=0.11 is ap-
proximately the same in both cases, although somewhat
larger than the value (y=0.075) previously obtained in bal-
listic deposition simulations with restricted search.'” In addi-
tion, the approximate linear behavior of the scaling function
on a semilog plot clearly indicates that the relative width
deviation increases exponentially with increasing deposition
angle in both cases, while the small value of the exponent y
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FIG. 4. Surface roughness as a function of scan length / for 6
=55°-88° for D/F=10° with system size L=512. Filled (open)
symbols correspond to deposition with (without) attraction with the
same type of symbol for each angle. Dotted lines are guide lines
with slopes a@=1/2 and 1.

indicates a much weaker dependence on the film thickness ¢.

We have also examined the effect of oblique-incidence
deposition on the surface roughness exponent «. Figure 4
shows the rms height fluctuation w; measured over a square
region of size [ X/ at t=50 ML as a function of the scan size
I. For small /, the surface width exhibits power-law behavior
with w~[% where « is the roughness exponent, and it satu-
rates for large [ (when the scan length [ is larger than the
lateral correlation length £). As can be seen, the effective
roughness exponent increases from a value of approximately
1/2 for small deposition angles to a saturation value of 1 for
large angles, although the increase with deposition angle is
more rapid in the case of attraction. We note that these re-
sults imply that for small deposition angles, the value of the
dynamic exponent (z=c«/fB) is approximately 2, but de-
creases with increasing deposition angle to a value close to 1.

We now examine the general effects of SR and LR attrac-
tion on the surface morphology. Figure 5 shows typical pic-
tures of the surface at a film thickness of 50 ML for the case
of ballistic deposition [Figs. 5(a)-5(d)] as well as for the case
of deposition with attraction [Figs. 5(e)-5(h)] for the same
set of parameters used in Figs. 3 and 4. In all cases, the
resulting structures move toward the beam as they grow and
coarsen. As in the simulations carried out in Ref. 19, for the
case of ballistic deposition there is a series of morphological
transitions with increasing deposition angle, from asymmet-
ric mounds at #=70° to asymmetric ripples with (111) facets
on the illuminated side at #=80°, to larger, more well-
defined ripples with some evidence of (111) side facets at
0=85°, and finally to rods with well-defined (111) front and
side facets at #=88°. On the other hand, in the case of at-
traction, at a thickness of 50 ML, ripples are already formed
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FIG. 5. Gray-scale pictures of surface morphology for 6
=70°-88° with L=512 at t=50 ML. Here, (a)—(d) are for ballistic
deposition while (e)—(h) correspond to case of deposition with at-
traction. Arrow in (a) indicates deposition direction.

at a deposition angle #=70° [see Fig. 5(e)], while at #=80°
[see Fig. 5(f)], there is an indication of competition between
ripples and rods: and at §=85°, rods are clearly visible with
(111) facets. These results indicate that one of the main ef-
fects of attraction is to cause the transitions from asymmetric
mounds to ripples and from ripples to rods to occur at lower
thicknesses and/or mound angles than in the case of ballistic
deposition. In addition, the corresponding feature sizes are
larger in the case of attraction than in the case of ballistic
deposition, due to flux focusing. A second important effect of
attraction is to reduce the magnitude of the anisotropy in
both the ripple and rod phases. For example, at §=80° the
ripples are less pronounced and anisotropic in the case of
attraction than in the case of ballistic deposition, while at 6
=88° the rods are also less anisotropic due to sideways at-
traction. Similarly, at #=85°, sideways attraction tends to
favor the formation of pyramidal structures [see Fig. 5(g)].

It is also interesting to compare the morphology shown in
Fig. 5 with the experimental results for grazing incidence
Cu/Cu(100) growth at T=250 K obtained by van Dijken er
al.”® The formation of ripples with (111) facets on the illu-
minated sides but smaller slopes on the shadow side for
deposition angle #=80°, as shown in Fig. 5(b) for the case of
ballistic deposition and Fig. 5(e) for the case of attraction, is
in good qualitative and semiquantitative agreement with ex-
periment. Similarly, our results for the case of deposition
with attraction with deposition angle #=85° are in good
qualitative agreement with the experimental observation of a
pyramidal mound phase with (111) facets on all sides at this
deposition angle. The onset of rotated ripples or rods at large
angles 0=88° [see Figs. 5(d) and 5(h)] and/or thicknesses is
also in good agreement with very recent experimental
results.’> However, in the case of attraction, the onset of
ripple formation [see Fig. 5(e)] occurs in our simulations at
an angle (6#=70°) which is somewhat lower than observed
experimentally. This is most likely due to the fact that the
effective rate of edge diffusion in our simulations was some-
what smaller than that expected for Cu/Cu(100) growth,33-3
and as we have previously shown,!® the critical angle and/or
thickness for ripple formation tends to increase with increas-
ing edge diffusion.

Our results for the surface morphology can be understood
more quantitatively by measuring the anisotropy o'=§,/§,
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FIG. 6. Anisotropy as a function of film thickness in the case of
deposition with attraction (solid lines) and without attraction
(dashed) for case of D/F=10° and Epg=0.07 eV in multilayer
regime.

as a function of film thickness, as shown in Fig. 6. As can be
seen, for deposition angles #=70°, there is an abrupt in-
crease in the anisotropy at a critical thickness ¢, which de-
creases with increasing deposition angle. As indicated by the
“crossing” of the local density of (111) facets on the “front”
side and on the “shadow (back)” side which occurs at the
same thickness (see Fig. 7), this abrupt increase coincides
with the onset of the formation of (111) facets on the illumi-
nated sides of mounds. Since (111) facets can efficiently cap-
ture and transport depositing atoms to the sides via DF, this
leads to a strong enhancement of mound coalescence in the
direction perpendicular to the beam, followed by the forma-
tion and growth of ripples with extended (111) facets on the
front side. As growth continues, the (111) facets become
larger while the mounds coalesce and tend to form ripples,
while the anisotropy remains relatively constant. Thus, the
presence of DF in our model, combined with the effects of
oblique incidence provides a kinetic rather than a thermody-
namic mechanism for the formation of (111) facets in
oblique-incidence metal (100) growth.

For larger deposition angles and film thicknesses, the in-
crease in anisotropy with film thickness is followed by a
decrease in the anisotropy which coincides with the forma-
tion of the rod phase. As can be seen in Fig. 7(c) for 6
=85°, this is accompanied by a significant increase in the
density of side (111) microfacets. Figure 6 also indicates that
for large angles (#=80°) the anisotropy tends to be smaller
in the case of attraction than in the case of ballistic deposi-
tion. However, for smaller angles (#=70°) and large thick-
nesses, the reverse is true since the effects of steering due to
LR attraction are relatively weak.

We note that in the submonolayer regime (see Fig. 8)
there is relatively little difference in the anisotropy with and
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FIG. 7. (a) Anisotropy as a function of film thickness for case of
ballistic deposition for L=2048 and D/F=10°. (b) and (c) Densities
of front, back, and side (111) microfacets along with (100) micro-
facet as a function of film thickness corresponding to (a) for 6
=80° and #=85°.

without attraction for deposition angles #<<80°. However,
for very large angles (6=80°) the effects of steering due to
LR attraction tend to reduce the effects of shadowing as al-
ready discussed, and thus significantly reduce the anisotropy.
Thus, for example, for #=80°, the calculated submonolayer
anisotropy at 0.5 ML coverage in the presence of attraction is
in good agreement with the value (1.05) estimated in the
experiments of van Dijken et al.,® and is significantly lower
than the value obtained if attraction is not taken into account.

C. Dependence on azimuthal angle

While the results presented so far correspond to deposi-
tion along the [110] direction (corresponding to an azimuthal
angle ¢=0° with respect to the principal lattice directions, as
in the experiments of Ref. 7) for comparison we have also
carried out simulations for the case of deposition along the
[100] direction corresponding to ¢=45°. As can be seen in
Fig. 9, for large deposition angles the azimuthal angle has a
significant effect on the surface morphology. In particular,
for the case of deposition along the [100] direction and 6
=80°, the ripples are effectively “rotated” so that they remain
perpendicular to the beam, but consist of “zigzag” facets
oriented along the principal crystal directions. Similarly, for
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FIG. 8. Same as Fig. 6 but for submonolayer regime.

higher angles (6=85°), the rod formation observed for depo-
sition along the [110] direction is replaced by the formation
of zigzag ripples and rods in the case of deposition along the
[100] direction. However, as shown in Fig. 10, despite these
dramatic effects on the surface morphology, the surface
roughness exhibits only a very weak dependence on the azi-
muthal angle.

D. Dependence on growth parameters (ballistic deposition)

In previous work!? it was found that, in general, those
factors which enhance mound formation also tend to enhance
ripple formation at oblique incidence. In particular, we found
that increasing the ES barrier tends to hasten ripple forma-

AR
o
b \‘)\N\Q‘l

FIG. 9. Comparison of surface morphology obtained for depo-
sition along the [110] direction (top row) with that obtained for
deposition along the [100] direction (bottom row) for different
deposition angles 6, in the presence of attraction with L=512 at ¢
=50 ML. Arrows indicate deposition direction in each case.
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FIG. 10. Surface roughness as function of film thickness for the
case of deposition along the [110] direction (solid lines) and along
the [100] direction (dashed lines) for different deposition angles 6
with D/F=10° and Egg=0.07 eV.

tion, while increasing D/F and/or increasing the rates of
edge and/or corner diffusion tends to delay the formation of
(111) facets and ripples.'® Here we present some additional
detailed results regarding the dependence of the surface mor-
phology on growth parameters and temperature. Since these
simulations are quite time consuming, in most cases they
were only carried out for the case of ballistic deposition with
restricted search, and in all cases correspond to deposition
along the [110] direction (¢=0°). However, we expect that
the qualitative behavior will be the same in the presence of
attraction.

1. D/ F dependence and low-temperature case

In order to understand in more detail the dependence of
the surface morphology on deposition parameters, we have
carried out simulations with a moderate ES barrier and mod-
erate edge and corner diffusions, but with values of D/F
ranging from 5.2X 10 to 107. Figure 11 shows the corre-
sponding results for the perpendicular correlation length &,
as a function of film thickness for a deposition angle 6
=80°. As can be seen in Fig. 11(a), the critical thickness
corresponding to the transition to ripple formation increases
with increasing D/F, while &, ~¢", where n=1/2 after
ripple formation. We note that this value of the ripple coars-
ening exponent is consistent with a ripple growth mechanism
which involves the deposition-induced coalescence of
mounds perpendicular to the beam direction and thus corre-
sponds to growth with nonconserved order parameter.

Figure 11(b) shows the corresponding results for the
scaled correlation length &, /1, as a function of scaled film
thickness #/13, where [,= (D/F)"° is the diffusion length ap-
propriate for our model, for which the critical island size3%-3
is 1 since it corresponds to irreversible growth. As can be
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FIG. 11. (a) Correlation length &, as a function of film thickness
for case of ballistic deposition and #=80° with L=512 (b) scaled
correlation length as a function of scaled film thickness.

seen, there is excellent scaling. In addition, these results in-
dicate that the initial ripple size is determined by the “diffu-
sion length” [, corresponding to the island and/or mound size
in the early stages of growth. They also indicate that the
critical thickness 7. for ripple formation scales as tc~l§. We
have also obtained excellent scaling with the same set of
scaling exponents for a deposition angle of 85° (not shown).

In order to further understand the dependence of the sur-
face morphology on D/F as well as the origin of the ripple
instability, we have also carried out simulations for the case
D/ F=0, corresponding to a growth temperature which is low
enough that both edge diffusion and monomer diffusion on
the (100) terrace are suppressed, but still high enough that
both DF and fast diffusion on (111) facets remain active. We
note that at normal incidence there is no mound instability in
this case and the surface is flat and relatively featureless,?!
due to the existence of a downhill surface current which
arises from downhill funneling.?> Figure 12 shows typical
pictures of the surface morphology for deposition angles 6
=70°-88° at =50 ML for this case. As can be seen, all the
characteristic features and morphological transitions ob-
served previously for the case of moderate D/F (D/F
=10%) and ES barrier are also present in this case. These
results show clearly that the instability to ripple and/or rod
formation is primarily a geometric effect and is not depen-
dent on the existence of an instability to mound formation.
We also note that due to the relatively small feature sizes in
the early stages of growth, which tend to enhance coales-
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FIG. 12. Gray-scale pictures of surface morphology at ¢
=50 ML (512X 512 portion of L=1024 system) for §=70°-88°
for the case of ballistic deposition with D/F=0.

cence and ripple formation, both the ripple and rod transi-
tions occur at smaller thicknesses than for the case of mod-
erate D/ F. Figure 13 shows the corresponding scaling results
for the relative width deviation as a function of the scaling
variable 6¢”, where y=0.072. As can be seen, there is excel-
lent scaling over a large range of film thicknesses and depo-
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FIG. 13. Relative width deviation éw/w(z,0) for the case of
ballistic deposition with D/F=0 as a function of scaled deposition
angle 6r” for #=10°-88° and r=5-100 ML. As in Fig. 3(b) the
error bars are much smaller than the symbol size for large values of
the scaling variable.
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FIG. 14. Relative width deviation éw/w(z,0) obtained in ballis-
tic deposition simulations with constant flux as a function of scaled
deposition angle for #=10°-88° and r=5-100 ML. (a) D/F,
=5000 and (b) D/F,=10. Results for D/Fy=5000 have been
shifted up by a factor of 10 for clarity.

sition angles. We note that the value of the scaling exponent
is very close to that previously obtained in Ref. 19 (y
=0.075) for the case of ballistic deposition with restricted
search and moderate D/F.

2. Angle-dependent deposition rate (F=F cos 0)

In the experiments of van Dijken et al.,”® the effusion cell
geometry was carefully controlled so as to maintain a con-
stant overall deposition rate F as the deposition angle 6 was
varied. However, one could easily imagine an experiment in
which the deposition flux was kept constant while the depo-
sition angle was varied, thus leading to a deposition-angle
dependent deposition rate F(6)=F cos 6. In this case, the
time taken to complete 1 ML is proportional to 1/cos 8 and
as a result, we expect that the scaling variable 6¢” used in the
scaling of the relative width deviation should be replaced by
a new scaling variable 6(z/cos 6)?. Figure 14 shows the cor-
responding scaling results, for this case for two different val-
ues of D/F, (5000 and 10°). As can be seen, excellent scal-
ing is observed in both cases, although the exponent v is
somewhat higher for D/F,=10° than for D/F,=5000. We
note that in this case the relative width deviation
ow(t, 6)/w(t,0) does not increase exponentially with the
scaling variable but roughly as a power law, at least for small
values of the scaling variable. This is perhaps not surprising
since the increase in D/F with increasing deposition angle
leads to smoothing which “opposes” the increase in the
roughness due to shadowing. In particular, for both values of
D/F, one has o&w(x)/w~x*> for x<80, where x
=6(t/cos 0).
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FIG. 15. Gray-scale pictures illustrating mound growth and mo-
tion toward the beam for the case of ballistic deposition with 6
=50°, D/F=10°, and a moderate ES barrier (256 X 256 portion of
L=512 system). Circles indicate positions of a given mound at dif-
ferent times.

3. Dependence of mound speed on deposition angle

Due to the asymmetry in flux between the illuminated and
shadow sides, the asymmetric mounds, ripples, and rods
formed in oblique-incidence growth move toward the beam,
as can be seen in the pictures in Fig. 15 for different film
thicknesses for #=50°. In order to determine the dependence
of the mound speed on deposition angle, we have marked
individual mound peaks in our simulations and tracked their
motion during the deposition process. We note that in this
case ripples are formed at #=80°.'° However, some isolated
mounds are also observed. By carrying out linear fits to the
data, the average mound speed v was measured in units of
the nearest-neighbor distance a; per ML. As shown in Fig.
16, for small and moderate deposition angles the mound
speed increases linearly with deposition angle 6 (dashed
lines) while for larger angles it increases more rapidly with
deposition angle. In particular, for the case of ballistic depo-
sition, we find that the overall dependence of the mound
speed on deposition angle is well described by the simple
form v(6) ~ tan(6/2) up to a deposition angle of #=75° at
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FIG. 16. Mound speed measured in units of the bond distance
a;=a/~2 per ML as a function of deposition angle.
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FIG. 17. Comparison of surface roughness obtained in ballistic
deposition simulations with D/F=10° and Epg=0.07 eV with fcc
geometry and deposition angle # and bec simulations with deposi-
tion angle 6, (in parenthesis) such that tan #,=?2 tan 6. Error bars
(not shown) are smaller than symbol size.

which ripples are formed on the surface. Similar results have
also been obtained for the case of deposition with attraction
(filled symbols in Fig. 16). However, due to the fact that the
“critical” angle for ripple formation is lower in this case, the
average mound speed was only measured up to §=60°. As
can be seen, the mound speed is slightly smaller in the case
of attraction since the effects of steering due to LR attraction
tend to decrease the effective deposition angle [see Fig.
2(b)]. However, it also increases linearly with deposition
angle 6 up to a deposition angle of 60°.

E. Dependence on crystal geometry

In order to understand the effects of crystal geometry on
shadowing we have also carried out ballistic deposition
simulations corresponding to slow deposition and moderate
ES barrier (D/F=10° and Egg=0.07 eV) for different depo-
sition angles for the case of a bec(100) substrate. We note
that for a bcc(100) substrate the slope of a step or microfacet
is \2 times smaller than for a fcc(100) substrate. Therefore,
we would expect that if shadowing by microfacets or steps
plays the dominant role in determining the surface morphol-
ogy then, assuming the same set of diffusion barriers and
relaxation processes on the surface, the results of oblique-
incidence bcc(100) simulations with deposition angle 6,
should be equivalent to growth on a fcc(100) substrate with
deposition angle @ if the condition tan 6,=\2 tan @ is satis-
fied. Figure 17 shows a comparison between the surface
roughness in ML obtained from deposition on an fcc(100)
substrate with angle 6 and deposition on a bee(100) substrate
with deposition angle 6,. As can be seen there is excellent
agreement between the two results. We note that in the pres-
ence of attraction, which becomes particularly important for
angles larger than 80°, one might expect that the relationship
between 6, and 6 would be slightly modified from the ex-
pression above. However, to a good approximation we would
expect that even in this case, the results obtained using an
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fce(100) model would apply to bee(100) oblique-incidence
growth as long as the relation tan ,=12 tan @ is satisfied.
These results also suggest that, in general, ripple and rod
formations are likely to occur at somewhat higher deposition
angles on bee(100) substrates than on fec(100) substrates.

IV. DISCUSSION

We have carried out extensive simulations of a model of
oblique-incidence metal (100) growth in order to understand
to what extent the effects of steering and flux focusing due to
SR and LR attraction, as well as shadowing may affect the
surface morphology. For comparison, we have presented the
results of simulations both with and without attraction. In
both cases, due to computational constraints, we have used a
simplified model of deposition, in which a one-atom MD
simulation is carried out until the depositing atom is one
nearest-neighbor distance away from the nearest film atom,
and then “cascades” via DF until it reaches a fourfold hollow
site. As already noted, this is a good approximation to the
results of a full multiscale MD simulation.

In general, our results indicate that the qualitative picture
of oblique-incidence metal (100) growth obtained from ear-
lier ballistic deposition simulations'® is not fundamentally
altered by the inclusion of attraction. In particular, we find
that for the case of deposition along the [110] direction there
is a series of transitions with increasing deposition angle and
film thickness: from asymmetric mounds at moderate depo-
sition angles, to asymmetric ripples oriented perpendicular to
the beam at larger deposition angles, and finally to “rods”
with (111) facets oriented parallel to the beam at larger depo-
sition angles and/or film thicknesses. However, our results
also indicate that the attraction of depositing atoms to the
substrate can have several important modifying effects on the
surface morphology.

The first effect, due primarily to LR attraction, is a reduc-
tion in the anisotropy in the submonolayer regime when
compared to ballistic deposition. As indicated by our results
for the normalized flux near an island, this is due to the effect
of steering which reduces the angle of incidence for large
deposition angles and thus tends to reduce the amount of
shadowing directly behind submonolayer islands and thus
inhibit island coalescence in the beam direction. For very
large angles, this effect can also lead to reduced surface
roughness in the early stages of multilayer growth.

The second effect is due to flux focusing”® and tends to
occur in the multilayer regime. This effect tends to increase
the surface roughness and feature size and also reduce the
critical thickness for ripple and rod formations. It can also
affect the anisotropy in the early stages of multilayer growth.
For large deposition angles and film thicknesses this effect
also leads to sideways attraction which tends to limit the
anisotropy in the rod phase. Our simulation results also indi-
cate that the effects of flux focusing and sideways attraction
may explain the experimental observation of symmetric
pyramids in Cu/Cu(100) growth for deposition angles and
film thicknesses near the transition from ripple to rod forma-
tion.

In addition to these results for the surface morphology we
have also studied the scaling of the surface roughness as a
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function of deposition angle and film thickness. In particular,
for both ballistic deposition and deposition with attraction,
we have found excellent scaling for the relative width devia-
tion compared to normal incidence using the scaling form
ow(t, 0)/w(t,0)~f(6(r /F(6)”) for deposition angles 6
=55°. We note that the exponent y (ranging from y=0.072
in the case of restricted search to y=0.11 in the case of
extended search both with and without attraction) appears to
depend somewhat on the details of the SR interaction but not
on the long-range attraction. However, the relatively small
value obtained also indicates that the dependence on film
thickness 7 is much weaker than the dependence on deposi-
tion angle 6. For the case of a deposition rate which is inde-
pendent of deposition angle as in the experiments of Ref. 7,
the shape of the scaling function indicates that the relative
deviation in the surface roughness increases exponentially
with deposition angle. The existence of such a scaling form
also indicates that while the critical thickness for ripple for-
mation increases rapidly with decreasing deposition angle,
for angles which are not too small, a ripple transition will
still be observed for sufficiently large thicknesses. It is worth
noting that this prediction is in good agreement with recent
experimental results.*?

While we have primarily focused on the case of deposi-
tion along the [110] direction, as in the experiments of Ref.
7, we have also carried out simulations corresponding to
deposition along the [100] direction in order to examine the
dependence on azimuthal angle. This leads to dramatic
changes in the surface morphology, including the formation
of zigzag ripples perpendicular to the beam at large angles of
incidence, as well as a “mixed” rod and ripple phase at larger
deposition angles. However, despite these effects on the sur-
face morphology we find that the azimuthal angle has very
little effect on the surface roughness.

In order to get a more complete understanding of the de-
pendence of the surface morphology and roughness on depo-
sition parameters, we have also carried out a variety of ad-
ditional simulations for the case of ballistic deposition and
deposition along the [110] direction. In particular, we have
studied the scaling of the surface roughness and perpendicu-
lar correlation length &, as functions of film thickness and
D/ F for fixed deposition angle. Our results indicate that the
ripple length increases as 1!/> with a prefactor that is approxi-
mately proportional to the submonolayer diffusion length or
island-spacing 1,~ (D/F)"®. This result indicates that the
initial ripple size is determined by the island and/or mound
size in the early stages of growth. Similarly, the “coarsening”
exponent of 1/2 is consistent with a ripple growth mecha-
nism which involves the deposition-induced coalescence of
mounds perpendicular to the beam direction and thus corre-
sponds to growth with nonconserved order parameter. Our
results also indicate that the critical thickness for ripple for-
mation at fixed deposition angle increases as 131 or (D/F)"3,
We note, however, that for large deposition angles, the
growth perpendicular to the beam is eventually superceded
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by growth parallel to the beam with w~ &~ leading to rod
formation at large film thicknesses.

One particularly interesting case is that of low-
temperature growth corresponding to small D/F (D/F=0),
but at temperatures high enough that downward funneling
and fast diffusion on (111) facets are still active. While there
is no mound instability for this case at normal-incidence
deposition, in the case of oblique-angle deposition ripple and
rod formations are still observed. This indicates that ripple
and rod formations are primarily geometric effects and may
occur at low temperature even in the absence of an instability
to mound formation. These results also indicate, consistent
with our scaling results for the dependence on D/ F, that with
decreasing temperature the effects of shadowing tend to be-
come important at smaller deposition angles and film thick-
nesses.

Finally, we note that while the results presented here are
based on a generic model of metal (100) oblique-incidence
growth, the parameters used in most of our simulations are
identical to those previously used?! to model Fe/Fe(100)
growth at normal incidence.?>** Accordingly, we expect that
with the exception of a slight modification of the deposition
angle as described in Sec. III E to account for the bcc geom-
etry, our simulation results may be relevant to the room-
temperature oblique-incidence growth of Fe/Fe(100). While
these parameters have also been shown'® to provide good
qualitative agreement with oblique-incidence Cu/Cu(100)
growth experiments below room temperature,’ it is interest-
ing to consider the possible differences between our model
and a model more specific to Cu/Cu(100) growth.'® One of
the main differences is the existence of an extremely low
barrier for the diffusion of adatoms along Cu [110] island
edges.>*338 The resulting fast edge diffusion enhances the
mound instability at normal incidence® and also enhances the
regularity and ordering of the resulting islands and
ripples.”’l&zz

In summary, we have carried out extensive simulations of
a model of oblique-incidence metal (100) growth in order to
understand the effects of steering and flux-focusing due to
attraction as well as shadowing on the surface morphology.
We have also studied the dependence of the surface morphol-
ogy on a variety of deposition parameters including the azi-
muthal angle, growth temperature, and flux, as well as depo-
sition angle and film thickness. While our results indicate
that much of the qualitative behavior previously observed in
experiments’® can be explained by geometric effects which
dominate at large deposition angles, we find that the effects
of flux focusing and steering due to attraction also play an
important role.
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