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Step roughening effect on adatom diffusion
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Energy barriers for different movements of a single Cu adatom near steps on Cu~001! and Cu~111! surfaces
are studied with molecular statics where an embedded-atom potential is used to simulate atomic interactions.
The effect of step roughening on diffusion over step edges is investigated. In these calculations diffusion paths
~jump, exchange! with low-energy barriers through kink sites are found. The presence of imperfections in a
step ledge leads to a reduced Ehrlich-Schwoebel barrier in most cases and thus the obtained paths may serve
as channels for adatoms to cross the descending steps. The possible consequences of these findings for growth
processes are discussed.@S0163-1829~97!07743-6#
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Surface diffusion on metals has attracted interest in rec
years. This is due to the progress in experimental techniq
@field-ion microscopy~FIM!, scanning tunneling microscopy
and molecular-beam epitaxy~MBE!#, and also due to the
requirements of modern technology. To improve thin-fi
devices, it is essential to understand the epitaxial growth
metal films on an atomic scale.1 Diffusion studies are impor-
tant for the understanding of the microscopic nature
crystal-growth processes. Although a lot of work has alrea
been done in this field, many questions have remained u
solved even in the case of simple homoepitaxial grow
Strong intensity oscillations have been found in a reflect
high-energy electron diffraction~RHEED! experiment dur-
ing epitaxial growth of Cu on Cu~001! at 77 K.2 This obser-
vation has been explained with possible quasi-layer-by-la
growth model at low temperatures and interpreted as
dence of the transient mobility of adatoms at low tempe
tures. The recent discoveries, e.g., reentrant layer-by-la
growth phenomenon,3 unstable pyramidlike growth,4 and the
ballistic exchange process,5 are examples of problems in th
field. The discovery of reentrant layer-by-layer growth du
ing MBE of Pt on Pt~111! has stimulated the discussion o
the role of the Ehrlich-Schwoebel~ES! barrier6 in growth
processes.7

Diffusion on Cu surfaces has been studied quite int
sively with different theoretical approaches~see Ref. 8 and
references therein!. Recently discovered sophisticated e
change processes on metal surfaces9 show that surface diffu-
sion is a more complex phenomenon than was ea
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thought. Modern surface diffusion models sometimes g
contradictory predictions depending on the type of int
atomic interactions used in calculations. An example of t
is the estimation of energy barriers for jump and exchan
diffusion on a Cu~001! surface. An investigation based o
the effective-medium theory~EMT! with one-electron cor-
rections predicted that the exchange diffusion is a more
vorable process than the jump diffusion in Cu/Cu~001!
systems.10 However, the basic EMT~Ref. 10! and the
embedded-atom method11 ~EAM! gave an opposite predic
tion. The latter result is even supported by recent fir
principles calculations.12

Recently, Karimiet al.13 made a detailed study on diffu
sion of Cu on Cu surfaces. They used molecular-statics~MS!
simulations and the EAM to estimate energy barriers for d
ferent diffusion moves of a single Cu atom on flat a
stepped Cu surfaces. The dominant mechanism of diffus
was predicted to be single vacancy migration on a Cu~011!
surface and migration of adatoms on Cu~001! and Cu~111!
surfaces. Regrettably, modern experiments do not allow
test of theoretical predictions for a single Cu atom diffusi
on Cu surfaces on an atomic scale since most of the exp
ments use indirect methods@RHEED, low-energy electron
diffraction, helium-ion and x-ray scattering# to observe the
processes of epitaxial growth.14,2,15 The diffusion character-
istics are then extracted from the obtained separation o
lands and size distribution data.

The epitaxial growth depends on external conditions l
the flux of adatoms, substrate temperature, and surface
12 135 © 1997 The American Physical Society
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purities. The temperature of the substrate determines the
bility of the adatoms and the form of the steps. Because
ledges serve as sinks for adatoms, a high flux has an in
ence on the form of the steps. Step roughening due to
toms and impurities changes the interlayer diffusion pr
ability and consequently the growth mode can also chan

The influence of imperfections~steps, kinks, etc.! on
single atom diffusion on a Cu~001! surface has also bee
discussed in literature.13,16–18 Using the EMT, Merikoski
et al. showed that kinks play an important role for diffusio
both across and along step ledges in the case of Cu~001!.18 In
this paper, we present a comparative study on different
fusion processes on flat and imperfect Cu~001! and Cu~111!
surfaces. We study alternative diffusion paths close to a
in more detail. Furthermore, special attention is paid to
effect of step roughening on diffusion of adatoms over
step. The roughening of steps may occur when either t
perature or the flux of adatoms are increased.19,20

The simulations were done with finite atomic slabs with
free surface on the top, two atomic layers fixed on the b
tom, and periodic boundary conditions in the two directio
parallel to the free surface. The slab representing the s
strate was 11 layers thick with 128 atoms per layer. We u
the classicalNVE ensemble and molecular-dynamics co
ing method for MS calculations of energy barriers. The eq
tions of motion were solved using a leapfrog algorithm21

with a time step of 10214 s. A conventional spherical cutof
and a minimum image technique were used in the numer
simulations. The cutoff radius was 4.8 Å. The parameters
EAM were taken from Ref. 22. The energy barrier of a p
ticular diffusion process was obtained by testing vario
paths of a diffusing atom and the path with the lowest dif
sion barrier was chosen to be the optimum path. The ada
diffusion barrierEd is defined asEd5Esad2Emin whereEsad
andEmin are the total energy of the system with the adat
at the saddle point and at the equilibrium adsorption s
respectively. Using the method above, two types of calcu
tions were done. The minimum energy paths for both
jump and exchange processes of Cu on Cu~001! and Cu~111!
were calculated. The minimum energy path for jump diff
sion was determined by allowing the migrating atom to re
in a plane perpendicular to the path at each step. The re
the atoms in the system were allowed to relax along all
rections. The energy barrier of the exchange mechanism
obtained by moving the surface atom, which was to be
placed, by an adatom with finite steps along the direction
exchange. This atom was allowed to relax in the plane p
pendicular to the exchange direction at each step, whe
the other atoms, including the adatom, were allowed to re
in all directions.

In order to understand how step roughening affects cry
growth, one has to compare first the diffusion barriers
imperfect steps with those of perfect steps and of flat s
faces. We calculated the barriers in all these cases. The
fusion barriers for a single Cu atom on a flat Cu~001! surface
are 0.49 eV for jump and 0.69 eV for exchange. In the c
of perfect steps on a Cu~001! surface, the diffusion barrier
over a ^100& step ~0.33 eV for exchange and 0.57 eV fo
jump! are lower than those for the most closely packed s
^110& ~0.54 eV for exchange and 0.77 eV for jump!. The
barrier for diffusion along thê 100& step ledge is much
o-
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higher~0.83 eV! than that for diffusion along thê110& step
~0.26 eV!. The very-low-energy barrier for diffusion alon
the ^110& step ledge suggests a large atomic transport al
that step ledge which in crystal growth procedures leads
the formation of small monolayer islands which have bord
consisting of steps with the orientation of^110&. This predic-
tion is supported by the recent LEED experiments
Cu~001!.14

Adatom diffusion on Cu~111! differs drastically from that
on Cu~001!. Because an fcc~111! surface has a close-packe
structure, it represents almost a flat surface for an ada
motion. The corresponding energy barrier for jump diffusi
is very low ~0.029 eV!. Due to the close-packed structure
this surface the process of exchange diffusion has a very
activation energy and may be neglected when the ada
motion on a perfect Cu~111! surface is discussed.

There are two kinds of steps on fcc~111! surfaces: $100%
microfaceted steps~A! and$111% microfaceted steps~B!. As
in the case of Cu~001!, exchange diffusion is a more favor
able process for crossing the descending steps on
Cu~111! surface. While both steps~A and B! represent al-
most equal barriers for jump diffusion~A, 0.51 eV;
B, 0.50 eV! they differ drastically in the case of exchang
diffusion ~A, 0.28 eV;B, 0.085 eV!. Compared to stepA,
stepB has a very low barrier for crossing descending ste
through the exchange mechanism suggesting that at no
conditionsB-type steps should disappear whileA-type steps
should be predominant in a growth process. The lower b
rier for exchange diffusion over stepB is suggested to be du
to the different geometry of the step ledge in these two ca
The movement of the exchanged atom in the case of steB
can be related to jump diffusion on a flat Cu~111! surface
which has a very low activation barrier. The energy barri
of crossing descending steps are much higher for fcc~111!
surfaces than for fcc~001! surfaces compared to the flat su
face case. Therefore the changes in ES barriers on a su
may have more important consequences for epitaxy in
case of fcc~111! than in the case of fcc~001!. Our results for
the diffusion on flat surfaces and near-perfect steps
Cu~001! and Cu~111! are in agreement with other EAM
calculations.13

To discuss the effect of step roughening on energy ba
ers of descending steps we consider two extreme case
imperfections on a ledge: a single atom and a kink. T
diffusion paths considered in the present paper are show
Fig. 1. We use the following notation hereafter:j 0 andx0
refer to jump and exchange over a perfect step,j 1 andx1
refer to jump and exchange over a step near a single atom
a ledge, andjk and xk refer to jump and exchange over
kink site. For each configuration the systematic MS calcu
tions of the energy barriers~jump and exchange! of an ada-
tom crossing the corresponding step were performed.
results are summarized in Table I.

In the following, we consider imperfections on the^110&
steps on Cu~001!. The presence of kinks on a^110& step on
Cu~001! strongly influences the energy barriers for differe
diffusion moves close to the step. According to our simu
tions, a kink on a step changes the diffusion barrier o
within the nearest-neighbor region of the kink atom. Impo
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tant changes take place especially for diffusion over the k
site. An interesting result is the very low barrier of the e
change diffusion as the corner atom of a kink is involved
the exchange process. This barrier~0.34 eV! is even lower
than the one for diffusion on a flat Cu~001! surface~0.45
eV!. The exchange diffusion over a kink site forms a chan
through a potential barrier on the step edge, creating a d
for an adatom to cross the descending step. Somewhat
prisingly, even the presence of a single Cu atom on a s
ledge lowers the step barrier almost as much as an ordi
kink.

FIG. 1. Possible movements of adatoms near the steps w
single atom and a kink on the step ledge.~a! The ^110& step on the
Cu~001! surface.~b! The $100% faceted step and~c! the $111% fac-
eted on the Cu~111! surface. The atomic layers from the surface
the bulk are large filled circles, large open circles, small op
circles, and small filled circles.
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In the case of Cu~111! we consider similar diffusion path
as for the Cu~001! case@Figs. 1~b! and 1~c!#. As for Cu~001!
we observe that the diffusion barrier of jump diffusion f
bothA andB steps is reduced due to imperfections on a s
ledge. An exception is exchange diffusion which shows
blocking effect forxk ~stepB! which means that the diffu-
sion barrier is higher for the kink site than for the perfe
step. The blocking effect in this case is due to the very l
exchange barrier over a perfect step. Thex1 for stepB is
omitted in Table I because in this case, we obtained a m
complex diffusion process instead of a simple exchange.

The lowering of the energy barrier on a step ledge can
understood on the basis of the number of interatomic bon
The ES barrier of a descending step is usually the numbe
interatomic bonds. The ES barrier of a descending ste
usually explained as a result of a reduction of the numbe
the interatomic bonds when an atom crosses the step edg
the adatom crosses the step near a kink atom, the numb
bonds will not be reduced as much as in the case of a pe
step. Next, we discuss the possible effects of step roughe
on growth modes. Because of the ES barrier on a descen
step in both exchange and jump diffusion, the probability
adatoms to cross a descending step is low at low temp
tures. This reduction in step crossing favors a thr
dimensional growth mode during homoepitaxy at low te
peratures. Our results suggest that the presence of kinks
even single atoms on a step ledge can open convenient c
nels for atoms to cross descending steps. Similar effects h
been discussed recently in connection with the role of a s
factant in epitaxial processes.23,24 Step roughening may oc
cur, for instance, due to the fact that the edges of isla
serve as sinks for adatoms during epitaxial growth or due
the high-temperature roughening of the steps. The latter
been observed recently in FIM experiments on an Ir~001!
surface.19 When an adatom has arrived at a step ledge it m
move along the ledge until it is trapped on a kink site. T
specific feature of the diffusion over the step with a ki
makes it more favorable for adatoms to trickle from the u
per terrace into a step-ledge corner where the ledge
blocked by the kink. Thus, the step roughening may cont
ute to quasi-layer-by-layer growth at low temperature es
cially in the case of high fluxes.

In conclusion, the effect of step roughening on adat
diffusion has been studied through MS calculations w
EAM potentials for Cu~001! and Cu~111! surfaces. It was

a

n

TABLE I. Energy barriers for single Cu atom diffusion over descending steps with different imperfections on a step ledge of Cu~001! and
Cu~111! surfaces.

Moves j 0 x0 j 1 x1 jk xk

Cu~001! step^110&
Present work~EAM! 0.77 0.54 0.55 0.36 0.57 0.34

EAM ~Ref. 13! 0.77 0.51
EMT ~Ref. 18! 0.578 0.631 0.442 0.378

Cu~111! $100% faceted stepA
Present work~EAM! 0.51 0.28 0.38 0.20 0.40 0.20
$111% faceted stepB
Present work~EAM! 0.50 0.085 0.37 0.39 0.31

EAM ~Ref. 13! 0.49 0.085
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shown that kinks and atoms on a step ledge lower the ene
barriers so that adatoms can cross descending steps in
cases. This may affect growth modes during homoepitaxy
Cu~001! and Cu~111!. Although our present results are fo
Cu surfaces, it is expected that the tendency of imperfecti
on a step ledge to lower the diffusion barrier over a step
general feature based mainly on the geometry of the kink
rather than on the type of the atoms. This result is suppo
by the investigations on Ir diffusion on an Ir~111! surface25

that show similar results as those discussed in the pre
paper.
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