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The steering effect on the growth of islands is investigated by combining molecular dyn@iigsand
kinetic Monte Carlo KMC) simulations. Dynamics of incident atoms and kinetics of atoms on a substrate are
realized by MD and KMC, respectively. The reported experimental results on the asymmetric island growth
[van Dijkenet al, Phys. Rev. Lett82, 4038(1999] is well reproduced. A salient phenomenon, the reversal of
the asymmetry, is found as the island size increases and attributed to the asymmetric flux on the lower terrace
of islands.
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The growth of thin film is an essential step for many The purpose of the present study is to investigate the
modern technologies and scientific investigation, and a lot oteering effect on the growth of asymmetric islands by per-
efforts have been made to understand and tailor the growtforming a realistic simulation combining KMC and MD
process. There have been many studies on the effect sfmulations; MD simulation is executed to calculate the tra-
energeti¢ and kinetié variables to the growth of thin film, jectory of depositing atoms itnree dimensional space, when
while minor attention has been paid to the role of dynamica deposition event is selected in KMC. Before the next depo-
variables such as deposition conditions. Recently, vaition event is selected, various diffusion events of adatoms
Dijken, Jorritsma, and Poelsefngeport the growth of rect- are realized by KMC simulatioff. In the present study, the
angu'ar Cu is|ands on Square-symmetric(@l) When the asymmetric island Shape observed in the eXperimental %tudy
deposition is made at grazing incidence. Furthermore, the{p Well reproduced. Moreover, a salient phenomenon, the re-
control the shape of Co island on @01 by varying the versal of the asymmetry of island from elongation in the

deposition angle and successfully manipulate its magnetigirection to that in the direqtion, is found as the coverage or
anisotropy Their work clearly reveals the importance of dy- the substrate temperature increases. The asymmetric shape of

namic variable and expands the adjustable parameters for tlﬁlgze island is afiributed mainly to the asymmetric deposition

growth of thin film lux on the lower terrace of island that in turn depends on its
) ize.

o L . Si
An atomistic picture fgr the asy_mmetnc island growth is For the deposition events, Lennard-Jdhds potential in

also proposed by van Dijken, Jorritsma, and Poelséma. o o ot U(r) = 4D[ (/1) 2~ (o/r)°] with D =0.4093

cident atoms see a modified potential by preexisting islandg\, 5,q,=2.338 A is used for the interaction between the

and as a result the incoming flux is focused on the UpPef,cigent atom and surface atofh@nd Verlet algorithm is
terrace of the islands near the front edge, Wh||§ depleted OBdapted. The simulation box is composed of 6 layer high
the lower terrace near the rear edge of the islands. Suc@mpty space irz direction on an fc01) surface of 400
steering effect is argued to result in the shortened edge lengR400 lattice with periodic boundary condition in the xy
along the deposition directionx-axis, and leaves the edge plane.(The surface lattice constarty=2.56 A and the in-
perpendicular to the deposition directiopraxis, relatively  terlayer spacingd=1.805 A.) The incident atom starts at
longer. The model, however, is based on a qualitative arguthe initial height of 1@, along[110] direction. The initial
ment without any detailed kinetic description on islandkinetic energy(0.15 eV} is determined from the melting tem-
growth from the inhomogeneous flux distribution, and theperature of Cu. The atom follows a trajectory determined
steering effect is considered only in the incident plane rathefrom the interaction with preexisting atoms frozen on the
than in the three dimensional space as it should be. Indepesubstrate until it experiences the repulsive force, and thereat
dently, Zhonget al® propose that the enhanced corner crossone deposition event ends. For the diffusion events, 11 dif-
ing diffusion of the incident atoms at the front edge due toferent processes are taken into account including those sug-
the transient mobility or their enlarged kinetic energies bygested by Furmaet al*®* Some of the most influential dif-
the attraction of the atoms at the substrate, increases thasion barriers are listed in Table I.

growth speed along thedirection relative to that along the The mound radius, which can directly be compared with
x direction. However, the very existence and the role of thehe diffraction result$, is determined from the simulated
transient mobility still remains controversfaBteering effect morphology as the first zero of the height-height correlation
has also been studied for thin-film groWtf by MD and  function, (h(r)h(0))—(h)2. To increase the statistical reli-
nonlinear stochastic equatiofsFor the growth of a crystal-  ability, simulations are performed 60 times under the same
line film, only recently Montalenti and Vot&r report the  growth condition and the mound radius is calculated over the
steering induced instability of Ag film on AQ01), but the  whole set of simulated morphologies.

study is restricted to the roughening of the film on a substrate In Fig. 1 we summarize the simulation results under the
near 0 K and to the deposition at normal incidence. identical growth conditions to those of the previous experi-
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TABLE I. Some of the diffusion barriers and diffusion param-
eters used in KMC. Notations in the bracket are from Furman

et al. (Ref. 13.
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FIG. 2. The deposition flux and atomic trajectory calculated

ment® (We denote the mound radius along thexis by L
and that along thg axis byW.) For the normal depositioWy

from MD simulation at deposition angle of 8Q@) Deposition flux

along thex axis through the center of a preexisting island of size,

30a, (top), 108, (middle), and S, (bottom), respectively(b) Top
view of the trajectory of incident atoms near a preexisting island

andL are identical at all coverages. When the deposition isand the flux distribution across the deposition direction. The flux is
made at 80° off the surface normal, however, the symmetryormalized to the average flulong dashed ling
is broken and the difference betwedd and L becomes

larger as the coverage increases. At 0.5 monoldykr), W

is larger than L by 5% reproducing the previously reported
result? It is worth noting that the experimental resutould

be reproduced without taking any transient mobility into ac-
count. The inset of Fig. 1 shows that for constant coverage o
0.5 ML, the aspect ratio)V/L, increases as a function of the
deposition angléfrom the surface normalThis result dem-
onstrates that the asymmetry of the island shape is close
related to the reduced symmetry of the deposition geometry.

2(a); as the island size becomes smaller, the portion of the
island with enhanced flux is enlarged. Besides, in Fiy),2

an unpredicted steering effect called herein the side edge
(tS-edgé steering is observed; the trajectories of incident at-
oms are curved toward both side edges and enhanced flux is
found along both side edges. As will be discussed later, both
he dependence of deposition flux on the island size and the
elative strength oFR-edgesteering to that oS-edgesteer-

To analyze the effect of the reduced symmetry of the"d have great impact on shaping the island.
deposition process on the island growth, the two-dimensional A Series of simulation is performed with various substrate
distribution of the deposition flux is calculated at a deposi-temperatures to investigate the kinetic effect in the asymmet-

tion angle of 80°. The top figure in Fig(& reproduces the

ric island growth. Figure 3 shows the dependenck ahdW

flux distribution along thex axis through the center of a On the coverage at various growth temperatures. A stunning
preexisting island as reported in Ref. 3, which herein isneéw phenomenon, the reversal of the asymmetry of island is

called the front and rear edd&R-edge steering effect. A

found. At each temperature above 230 K, as the coverage

strong dependence of the flux distribution on the island sizéncreases a poirtmarked by+ sign) is found, below which
is additionally found in the present study as shown in Fig.
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FIG. 1. Mound radius along botk andy directions for Cu
islands grown on C@01) at 250 K as a function of the coverage.
Inset: Aspect ratio of mound radiV/L, versus deposition angle
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FIG. 3. Temperature and coverage dependence of mound radius.

Solid curves represent mound ra@ii) alongy direction and dotted
curves correspond to thogke) alongx direction. + signs indicate
the reversal points of the asymmetry. Inset: Temperature depen-

dence of the aspect rati®\(/L) for 0.5 ML deposition.
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W<L and above whichW>L. The inset summarizes the w i "R ' (@)
temperature dependence of the aspect ratio at 0.5 ML depo- 51.6 - o FR-terrace b
sition; W>L above 230 K as observed in Ref. 3, bist - - 9 .
<L below 230 K. Such reversal of the island shape has _@1 4t ob |
never been predicted before. Té: ooo""&""“‘..“.S-terrace |
To understand such intricate temperature and coverage de- 5 % ®® e .
ici 1.2 ¢ 00, 0% ey
pendence of the asymmetric island growth, the effect of the Z. -o-?‘o-o‘lo-o-
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plored in more detail. The inhomogeneous flux would mani-
fest itself in two different waysj1) asymmetric downhill
current from the top of the island due to the asymmetric
deposition flux on the island an@) asymmetric deposition
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flux around the lower terrace of the island. As for the first o@é’% (0.5 ML) i
one, the downhill current is estimated by counting the num- 0.9 g i
ber of atoms coming over theS barrier during the growth e 1
simulations. Despite the inhomogeneous deposition flux on 0.8 — ‘ ‘ ' ‘ '

0 10 20 30 40

the upper terrace of the island as shown in Fig. 2, the ratio of )

the downhill current per unit edge length ovedirectional Island Size (ao)

gl%%ist ;oltg a}rrg\ée(:ﬁ-r?;ﬁgaoigzlegggiznltsJ;)g;rir:ﬁattr)ii (\j/g\:\)//n FIG. 4. Deposition flux and the aspect ratio according to the
. i e . isl ize.(@ The fill ircl h

hill current is due to the terrace diffusion on top of the island’> and size.(a) The filled and open circles represent the average

. L . deposition flux onSterrace Esieracd and that onFR-terrace
which is much more frequent than the downhill diffusion by (Feruenac), respectively. Each flux is normalized to the mean flux

~10* times. As a result, the inhomogeneous deposition flu,er the whole simulated areh) The ratio of deposition fluxes,

on the island is effectively homogenized before atoms comeg_  /F_ - qotted curve and the aspect ratio/L) for

over ES barrier and hence it would not contribute to the .5 ML deposited with various temperaturés90 K—300 K and

asymmetric growth of island. diffusion parameters are plotted as a function of the island §ize:
As for the second one, the distribution of the deposition(Table ), + (AEg,=0.05 eV),[ (AEs.=0.00 eV), ¢ (AEgch

flux on the lower terrace around the island is investigated. In=0.15 eV), ® (E,=0.553 eVE,=0.485 eV), A (deposition rate

Fig. 4(a), shown is the average deposition flux on lower ter-1/2F,), X (deposition rate 1/12;), V (vo=1.2x10%). The val-

race within 3, distance from the side edgeS {erracg and  ues in the parentheses are those varied from Table I.

that from the front and rear edgéSR-terrace as a function

of the island size. Asymmetric distribution of the depositionsponding ones in the flux ratio. This is understood from the

flux can be clearly recognized over the whole range of islandact that the island size is determined by the integration of

size. Furthermore, the flux on the FR-terrace decreasedeposition flux. It suggests that the most important factor

monotonically while that on th& terrace shows a maximum determining the shape of the island is the flux distribution on

as the island becomes larger. For the island size smaller thahe lower terrace of the island, which in turn is determined

10a,, the flux on FR-terrace is larger than that 8terrace, by the island size.

but the reverse is true for the larger island. If this conjecture is correct, the reversal of the asymmetry
The island-size dependence of the flux ratio as shown ishould also occur at similar island sizes regardless of the

Fig. 4(b) is quite similar to the temperature dependence otemperature or the coverage. The reversal of the asymmetry

the aspect ratio of the islands as shown in the inset of Fig. 3s indeed observed at similar island sizes, as indicated with

Keeping in mind that the mean island size monotonically+ signs in Fig. 3, regardless of the substrate temperature,

increases with the substrate temperature for the same coveeassuring that the island-size dependence of the flux ratio at

age, it suggests that the temperature dependence of the asptinet lower terrace of the island is the critical factor for shap-

ratio originates from the dependence of the flux ratio on théng the island.

island size; At low substrate temperature where small islands Still it remains to find out the origin of such island-size

form, the average flux on FR-terrace is larger than thaBon dependence of the flux ratio. This could be understood from

terrace and results in asymmetric island havingW, and the flux distribution shown in Figs. 2 and 5. For small islands

vice versa [Fig. 2@ middle and bottorfy the perturbed potentials at
This idea is examined further by plotting the aspect ratiofront and rear edges interfere and result in the increased flux

of islands as a function of the mean size of islands formedn the FR-terrace. As the island size increases, the flux near

with various substrate temperatures, diffusion parameterthe rear edge becomes relatively small€ig. 2(a) top].

and deposition ratgsig. 4(b)]. A strong correlation is found Hence, theaverageflux on the FR-terrace monotonically de-

between the aspect ratio and the island size as expected, eveneases as the island-size increases as found in @&p. 4

though the data are collected from uncorrelated simulations. On the other hand, the average flux on ®¢errace is

Furthermore, it reproduces all the features found in the deinfluenced by two counteracting factors; first, the flux on the

pendence of the flux ratio on the island size, especially th& terrace increases with the island size, because the longer

crossover (aspect ratiec1). (The island sizes where the the edges the more atoms moving parallel to the side edges

crossover in the aspect ratio occur are larger than the correxe attracted to the edges. However, the fluxSderrace is
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' ' I '%' average flux on the island size as observed in Fig. Zhe

: origin of the inhomogeneous enhancement of flux along the

E o X X . .

X axis P 5a0° S|.de edge oisterrace can be found b_y comparing Fig. 5 with
: Fig. 2(a). The flux profile along the side eddEig. 5 shows

quite a resemblance with that along the center line of the
island in the deposition directidrrig. 2(a)]. It suggests that
the side edge flux is determined not solely by edge
steering butooperativelyby the FR-edgesteering.

In summary, the present simulation combining MD and
KMC properly reproduces the previously reported rectangu-
lar island growth of Cu/C@01) under deposition at a graz-

FIG. 5. Flux profile onSterrace along the side edge for islands ing incidence angle, and shows that the transient mobility
of varying sizes, 5, 20, and 44, long. Each solid line represents js not a necessary condition for the asymmetric island
both the pogition of a preexisting island and the average flux ovegrowth. Instead, the asymmetry of the island shape is attrib-
the whole simulated area. uted mainly to the asymmetry of the deposition flux on the

lower terrace of island. Also found is the reversal of the
not homogeneous along the side edges due to a somewtagpect ratio of asymmetric islands, which depends mainly on
intricate variable involvedFig. 5. For small islandsFig. 5  the island size. This, so far, unanticipated phenomenon re-
top and middlg, the deposition flux is enhanced over the mains to be proven by further experimental study. It is also
whole edge. As the island-size increases, the relative portiofbund important that, for a proper interpretation of the ex-

of the side edge with pronounced flux enhancement gradiperimental results, the steering effect should be treated in full
ally decreasefFig. 5 bottom. This suggests that theverage  three dimension.

flux over the side edge will gradually decreases as the edge

length increases. Hence, the competition between these two S. V. Dijken is appreciated for many helpful comments.
factors results in the maximum of the average flux at theThis work is supported by KOSER06-2002-007-01002)0
island size of 17-2@,, explaining the dependence of the and CSCMR.(JK)

S-terrace Flux Profile
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