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The results of kinetic Monte Carlo simulations of epitaxial growth on¥66) and bc€100 surfaces in
which the correct crystal geometry is taken into account are reported. The existence of downward funneling to
fourfold hollow sites leads to a downward current for large angles and to angle selection as observed in a
variety of experiments. We have used our model to simulate FEIBedeposition at room temperature and
have compared our results with recent experiments. Excellent agreement is found for the selected angle, mound
coarsening exponent, and kinetic roughening exponefitas well as for the mound morphology. A theoretical
analysis also leads to an accurate prediction of the observed mound angle fafl6@/Beposition at room
temperature. The general dependence of the surface skewness, mound angle, and coarsening kinetics on
temperature, deposition rate, and strength of the step barrier to interlayer diffusion is also studied and com-
pared with recent experiments. While for a moderate step barrier we find an effective coarsening exponent
n=0.16-0.25, for the case of a very large step barrier werfind, which is significantly larger than found in
previous models but in agreement with recent experiments on Rh1Rh[S0163-18206)05544-(

[. INTRODUCTION an instability due to the Erhlich-Schwoebel barrier to inter-
layer diffusiort® has been predicted by Villaihand subse-
Molecular-beam epitaxyMBE) is one of the most effec- quently verified in discrete and continuum modeté;4the
tive techniques for growing high-purity materials including a detailed coarsening and roughening behavior is still not com-
variety of semiconductors and magnetic materials for applipletely understood. Furthermore, the origin and value of the
cations in electronic and optoelectronic devitelm this  selected angle in various experiments is not well understood.
method a constant flux of atoms impinge under ultrahigh One of the fundamental problems with existing kinetic
vacuum conditions on a substrate held at a fixed temperatutdonte Carlo models is the assumption that growth takes
to grow a high-quality crystalline material. The long- place on a simple-cubic lattice with the solid-on-sd809
standing scientific challenge in this area is to model epitaxiagrowth rule. In these models, while atoms may perform ac-
growth conditions and understand what are the fundamentaivated hopping in a direction parallel to the substrate, atoms
processes that control the evolution of epitaxial structure anthat diffuse from the top of one column to the top of another
morphology. column must perform “infinite” vertical diffusion in order
One way to develop a truly atomistic model of MBE to maintain the SOS condition. As has been pointed'dut,
growth is to include all the potentials between the particleghis may lead to such anomalies as a “grooved state” with
and solve the dynamical equations for the motion of evenyfarge “cliffs” and diverging slope¥*® as well as “anoma-
atom in the system. A good approximation to this approachous scaling.*>’In the case of an instability due to a posi-
is used in molecular-dynamics simulations, which have protive Ehrlich-Schwoebel barrier, it may also lead to dynamical
vided a great deal of information about microscopic pro-behavior and morphology that does not agree with experi-
cesses. However, due to limitations in computational powennents.
the time scales and system sizes that can be realistically In contrast, if the crystal geometry is correctly taken into
simulated are too limited to allow study of systems at theaccount, then due to the epitaxial nature of the growth there
time scales and length scales of experimental interest. Faxists a crucial dynamical proce@®metimes called “down-
this reason, much of the interest in modeling epitaxialward funneling’)'® that initially must take place when an
growth has concentrated on the development of kineti@atom randomly lands on the surface. This is the process by
Monte Carlo simulation models, which take into accountwhich some of the initial energy of condensation of the de-
only processes that are considered to be crucial for undeposited atom is dissipated as it moves and relaxes through a
standing and simulating long-time and large-scale propertieseries of cascades until it reaches an epitaxial site on the
of the system. surface. Such a microscopic process is not naturally built
One of the goals of developing growth models is to simu-into the usual solid-on-solid models, but it fundamentally
late how the morphology evolves with time. However, with alters the growth and the morphology of the surface by lim-
the rapid progress and improvements in experimental techiting the steepest angles on the surface. From the point of
nigues that have provided detailed atomistic informationview of recent continuum theories of epitaxial
about MBE growth, a number of unexpected features of surgrowth*11141%ych cascade processes may be thought of as
face evolution and morphology have been observed. In paeontributing to a downward current that overcomes the up-
ticular, a number of recent experimefitshave observed the ward current due to the Ehrlich-Schwoebel baffieand
existence of mounds or facets with a typical length scale antbads to a selected angle.
selected angle that coarsen with time. While the existence of In this paper we present the results of kinetic Monte Carlo
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simulations of epitaxial growth that take the crystal structure (001) + ©

correctly into account. In particular, we present results ob-
tained using our model to study multilayer growth in Fe/ \5\:

Fe(100 at room temperature. We find that the existence of
the Ehrlich-Schwoebel barrier to interlayer diffusion leads to
the formation and coarsening of mounds as observed in re- o
cent experiment$:® In particular, we find good agreement

with experimental result€® for the value of the selected

mound angle, mound coarsening dynamics, and surface (010
roughening behavid: We also present a theoretical analysis (@
based on the crystal geometry and system parameters that
leads to an accurate estimate of the experimental mound
angle at room temperature.

In addition to these room-temperature results for Fe/
Fe(100, we have also studied the dependence of the mound
angle and coarsening dynamics on the strength of the inter-
layer diffusion barrier and on temperature. In particular, re-
sults are presented for both the case of a very small and a
very large interlayer diffusion barrier, as well as for tempera-
tures significantly lower and slightly higher than room tem-
perature. We note that while E®0 corresponds to a of growth on a bc€l00) substrate. Initially, the sites labeledcor-
bcdlpo) surface, the crystal symmetry of the (€60 sur- respond to the top layer and form fourfold hollows, while the sites
face is the same and therefore our model and results Maypejeq with open circles are one layer below. The shaded square
also be applicable to describe (260 growth. Accordingly,  shows the catchment area for the deposition site in the celiler.

we also present a comparison between our results and rec&scade to an epitaxial site after depositi@.Diffusion across a
experiments on mound formation and coarsening in Cufyridge site to a next-nearest-neighbor site.

Cu(100 (Ref. 5 and Ag/Ag100.?> We also compare our

results with those found for Rh/Rhl11),° although in this . . .
case the crystal symmetry is different. We note thatum'l a fourfold hollow is found, although typically no more
elsewher® we have presented a comparison between simuthan two cascade processes ever takes place. The existence
lated diffraction profiles obtained using our model and recenpf Such “cascade” processes corresponds to the fact that
diffraction  experiments for Fe/F#00 at room initially deposited atoms will dissipate some of their energy
temperatur&:?° of condensation and to the fact that at not too low tempera-
The paper is organized as follows. In Sec. Il we presentures, growth will proceed epitaxially, i.e., atoms will relax
the details of our model as well as the parameters chosen t6 fourfold hollow sites shortly after deposition.
mimic Fe/F¢€100) epitaxy. In Sec. lll we present our theo-  Once atoms have reached the nearest fourfold hollow site,
retical and simulation results. Finally, in Sec. IV we presentthey are then allowed to diffuse along with all the other
a discussion of results and conclusions. atoms on the surface. As shown in Figc)l atoms are al-
lowed to diffuse along the next-nearest-neighbor direction
across the bridge sites of the fourfold hollow. The probabil-
IIl. MODEL AND SIMULATIONS ity of diffusion is determined by the number of next-nearest-

In our model atoms are randomly deposited at a Fag2 ~ N€ighbor (in-plang bonds of each atom as well as by
per lattice site per unit timécorresponding td= layers per whether or not the atoms jump down a step. In particular, the
unit time) onto a square latticksee Fig. 18)] corresponding  diffusion (hopping rate for atoms on a flat surface with no
to the bc€100) substrate. As already noted, since the crystanext-nearest-neighbor bonds is given By=Dge™ Fa’ksT,
symmetry is the same for an {d®0) substrate, Fig. 1 also Where E, is the activation energy for monomer diffusion,
corresponds to growth on a fd®0 substrate such as while the rate for atoms with in-plane bonds is given by
Ag(100) or Cu100). However, in_this case the arrows in Fig. D,=De En’keT. For monomers that diffuse to a site that is
1 correspond to thé011) and(011) directions, respectively, not a fourfold hollow sitgwhich would correspond to going
rather than th€001) and (010) directions®* down a step an extra step-barrier energyhe Ehrlich-

Due to the epitaxial nature of the growth, deposited atom$Schwoebel barrieEg (Ref. 10] is assumed so that the dif-
are incorporated into the system only at the fourfold hollowfusion rate is given by g=De™ Ee/ksT_ |n order to main-
sites formed by the four nearest-neighbor atoms in the layeain epitaxy, such an adatom then cascades to the nearest
below. This implies that if the deposited atom lands directlyfourfold hollow site at the bottom of the step. We note that,
on a fourfold hollow sitdsee Fig. 1c)] then it becomes part depending on the situation, such a process may actually oc-
of the surface. However, if one or more of the nearestcur preferentially via an “adatom exchangé®®® so that
neighbor sites has height lower than that of the depositiomather than hopping over the edge and cascading to the near-
site before depositiofFig. 1(b)] so that the deposition site est fourfold site the adatom “pushes” the adatom below it to
does not correspond to a fourfold hollow site, then thethe adjoining fourfold site on the terrace below and replaces
freshly deposited atom “cascades” randomly to one of theséhe position of the atom it has pushed out. While the identity
lower sites. This process is then repeated at the new sitef the two atoms is reversed in this case, from the point of

+ 0 + 0 +
o + 0 + o
+ 0o + 0 +
o+ 0 + o

(b) Cascade (c) Diffusion

FIG. 1. (a) Square lattice of deposition sites used in simulation
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view of our Monte Carlo simulation the result is the samesomewhat lower estimate of the step barrier assuming instan-
and therefore we do not distinguish between the case of @neous restructuring of island edges has been made in Ref.
step barrier for adatom exchange or adatom hopping but in34.

stead lump both processes into one overall step barrier. We

note that while our simulations may be able to provide an

estimate of the overall barrier, a detailed microscopic calcu- A. Quantities measured
lation such as in Ref. 26 will be needed to determine the |n order to quantitatively characterize the surface mor-
dominant mechanism. phology we have calculated a variety of quantities as a func-

In order to take into account cluster relaxation, the possition of the average layer heigtit), whereh(r) is the height
bility of a different rate of diffusion for atoms with one bond in layers at siter. These include the circularly averaged
along the edge of a cluster was also included in our simulaheight-height correlation functio®(r) =(h(0)h(r))c , where
tions by assuming that the rate of edge-diffusion of one-(r)=h(r)—(h), as well as the root-mean-square surface
bonded atoms is given by =De "/, Finally, we have flyctuation or surface widtv=[G(0)]¥2 As in the experi-
also included in our simulations the possibility of an addi-mental analysis used in Ref. 6, the average mound size or
tional process, “transient kinetics” at a step edge, accordingeature separation (2) was estimated fron®(r), wherer,
to which freshly deposited atoms at a step edge without anjs the position of the first zero crossing 6f(r). The ratio
lateral bonds may immediately haith probability ; per  w/r ., which is proportional to the tangent of the average
step-edgeto the nearest fourfold hollow site below. This is mound angle, was also calculated in order to compare with
equivalent to the “knockout” process at step edges observeehe experimental results of Ref. 6. From the dependence of
in field_ion microscopy of Rh deposited on Il  surface width and feature separation on film thickngss
clusters®® More specifically, in the case of transient kinetics the kinetic roughening or growth expongd{w~(h)#) and
one of the four next-nearest-neighbor directions of a freshl\toarsening exponent= 1/z (r.~(h)") were obtained. In or-
deposited atom at a step edge with no next-nearest-neighbger to study the existence of asymmetry in the surface due to
bonds is randomly selected. If the direction selected correthe crystal structure and/or the step barrier, the third moment
sponds to a step edge then the hop is accepted; otherwise gp the height fluctuations around the average height

hqp is madt—:?..7 Simlulat.ions were carried out both with and _K3:<(h—<h>)3> was also measured and used to calculate the
without transient kinetics at a step edge. However, the qualiscaled skewnesS,;= x4/w®.

tative features of our results are independent of whether or |n order to compare with recent experiments in which the
not transient kinetics was included. evolution of the surface morphology was studied, our simu-
lations were carried out using two different deposition rates:

a “slow” deposition rate(F=0.0257 ML/seg, close to that
l. RESULTS used in the room-temperature high-resolution low-energy

In order to Compare W|th recent experiments on Feﬁlectro-r-] diffraCtion eXperimentS Of Ref 20, and a “faSt”
Fe(100) deposition at room temperature we have carried oufleposition rate(F=0.51 ML/seg, corresponding to the
simulations using parameters appropriate for this case. |feposition rate used in a more recent scanning tunneling mi-
particular, the experimental estimafg=0.45 eV (Ref. 28 croscopy and 6reﬂecuon high-energy electron diffraction
was used, while the prefactdr, (D,=1.8x10' sec!) was (RHEED) study.
obtained by matching the island density in our simulations
with experiments at#=0.07 ML?® We have also taken
E,=0.6 eV (using an estimaté3° based on the submono-
layer island density at high temperatur&his leads to neg- Figure 2 shows gray-scale contour plots of the surface
ligible one-bond detachment at room temperature and is corebtained from simulations at room temperature after deposi-
sistent with previous experimental evidence indicating thation of 10 and 100 ML at both the fast and slow deposition
the critical island size for Fe/F£00) at room temperature is rates. In both cases mound structures are observed that grow
equal to 128 In order to match the approximately square butand coarsen with tim&® However, due to the larger diffu-
slightly irregular submonolayer island morphology observedsion length in the case of slow deposition, in this case the
at room temperatur® simulations were carried out for val- mounds are somewhat larger than for fast deposition. A com-
ues of the edge-diffusion barrier in the rarigg=0.1-0.125 parison of Fig. &) with the corresponding experimental
eV. The energy barrieEg was then estimated as in Ref. 30 contour plot in Ref. 6 indicates that as in the experiment, the
by matching our simulation results for the root-mean-squarenounds are slightly irregular. We also note that approxi-
surface width to the experimentally observed values at roormately the same number of exposed surface layers are ob-
temperaturé>2in the first few layers of growtitsee Fig. 4  served in our simulations as in the experiments.

For E.=0.1 eV we obtainedtg=0.055 eV without transient Figure 3 shows the corresponding mound angle ratiq
kinetics andEz=0.06 eV with transient kinetics, while for as a function of film thickness for both fast and slow depo-
E.=0.125 eV we obtainedE;=0.065 eV without transient sition rates. Beyond the first 10—20 layers, the mound angle
kinetics andEz=0.07 eV with transient kinetics. We note is essentially constant, although the mound angle ratio ap-
that these values are close to those previously obt#finedpears to saturate much more quickly for the case of fast
using a simple-cubic lattice model to study the first few lay-deposition. The calculated value fav'r . for the case of fast
ers of growth and are also consistent with estimates madéeposition(0.06—0.07 is very close to the corresponding
using a rate-equation approach to estimate the coverage experimental valuav/r .=0.06—0.0&, while for the case of
which second layer nucleation takes plat&®A similar but  slow deposition the valu@.08—0.09 is slightly higher. The

B. Mound morphology and coarsening behavior
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FIG. 4. Surface widthw for bcc growth model aff =20 °C
(slow and fast depositionas well as corresponding results for
simple-cubic SOS moddklow deposition Power-law fits to late-
time data(dashed lingsat T=20 °C give exponent$=0.45+0.01
(SOS model B=0.24+0.01 (bcc model, slow deposition and
B=0.22+0.02(bcc model, fast depositipnOpen circles are experi-
mental result§Ref. 28.

(©) (d)

relatively weak dependence @i/r. on deposition rate is
FIG. 2. Gray-scale images of a 887 nn?. portion of surface consistent with the experimental resfiits which slow depo-
obtained from simulations of Fe/F®0) deposition atT=20°C.  Sition rates were used up to 20 ML, while fast deposition
Lighter shades correspond to larger heights. The images have be&ateés were used up to a thickness of several hundred IZers.
rotated by 45° from Fig. 1 so that the edges are along@bé) and Also shown in Fig. 3 is the calculated feature separation
(010 directions.(a) Fast deposition rate, 10 MI(b) fast deposition  in nanometers as a function of thickness. Power-law fits in-
rate, 100 ML;(c) slow deposition rate, 10 ML(d) slow deposition  dicate the existence of a mound coarsening exponehtat

rate, 100 ML. is relatively insensitive to the deposition rafe18+0.02 for
slow deposition and 0.220.02 for fast deposition These
values are consistent with but slightly above the experimen-
tal estimaten=0.16+0.04% We note, however, that fits to
0.00 v T the later-time data give someyyhat higher val(res0.22 and
o oosk Siowdep. o *°° L ena ] 0.25 for slowland qut deposmop rates, r_espet;tWeIg;e to
Ao ; * Fast dep. ] the valuen=3; previously found in numerical simulations of
B o007f N S a sosstaumy, a continuum model with angle selectith.
0.06 [+ b+ —
101 .
- ol T=20°C / 1 C. Roughening behavior
g sl Slow dep.‘.o ﬁ i . . . .
= L Figure 4 shows the corresponding simulation results for
.5 I n=o01s s S | the surface width as a function of film thickness along with
B er U 5 Fastdep. | experimental data in the first few layers of growi? The
8 ol e ¢ o effective kinetic roughening exponeng, defined by
2 Pt P w~(h)#, was found to be 0.240.02 for slow deposition and
o 417 # T~n=-o022 0.22+0.02 for fast deposition, in good agreement with the
2 » experimental estimat® of =0.22+0.02. The fact that the
é’ d effective value ofB is somewhat larger than the coarsening
3f exponent over the same range of thickness appears to be due
i R to the fact that the mound angle increases somewhat over
10 100

Thickness (layers)

this range. Also shown in Fig. 4 are results obtained for the
corresponding SOS model on a simple-cubic lattice. As

can be seen, at late times the surface roughness increases
much more rapidly than in the experiment due to the lack of
angle selection, leading to a significantly larger value for

B (B=0.45.

FIG. 3. Calculated feature separationr {f and mound angle
ratiow/r; versus film thickness &t=20 °C for slow and fast depo-
sition rates.
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D. Measurement of surface current and selected angle —rr—

. —
One explanation for the angle selection observed in our I 2 T=20°C Fastdep.]
simulations is that the initial cascade upon deposition to a 08 ,/Z”O\\; ]
fourfold hollow site leads to a downward current that coun- e v A No Transient Kinetics
terbalances the uphill currérdt due to the Ehrlich- v / A
Schwoebel step barriétg . For sufficiently large local slope E A \ 0\\
. o . 04 Io A\ -
m this leads to a stabilizingegativecurrent. The value of O | v
the slope(m=m,) for which the current is zero corresponds 8 0 oy N
to the selected mound andféAccordingly, we have mea- “f;;‘S e \ o\\
sured the surface curred¢m) in our simulations as a func- (}‘) o 1 _______ \2 N
tion of imposed slopen [with the surface tilted around the I & N
(001 axis| for both fast and slow deposition. As in Refs. 4 | Transient Kinetics N
and 19, the scaled curreitF was measured by counting the | N N AN
number of hops made by an adatom in either the uphill or oalo vy .
downhill direction (with uphill corresponding to a positive 0 0.1 0.2 0.3 0.4
current and downhill to a negative currgmind dividing by () m
the number of particles deposited. For simplicity, the initial
surface consisted of a regular array of straight steps with 27 ' ' ‘
equal terrace widths, while the current was measured over [ T=20°C Slow dep.
the first 0.1 ML deposited. sl 5//«§\ ]
Figure 5a) shows our results for the case of fast deposi- P \Q\ ]
tion corresponding to the experiments in Ref. 6. As can be g N
seen, the current is negative for sufficiently large slope both g L W ]
with and without transient kinetics. The range of values of 8 I é ‘*\\ No Transient Kinetics
my obtained in our simulation§).20-0.2% is in very good o i WA
agreement with the experimental reSultg=13°+3, L,::U o5l % \e\ / ]
m=0.18-0.29 for Fe/F€100) at room temperature as well 3 f O\\\ N
as with estimates of the mound angle obtained from pictures @ P SN
such as those in Fig. 2. We note that for a(i0) surface oL - ——/——— @Oﬁ\eﬁ 777777
this corresponds to a selected mound angle that is interme- [ Transient Kinetics >~ .
diate between that for @03 facet and g105 facet, while T
for growth on the equivalent f¢t00 surface, this would 0 0.1 0.2 0.3 0.4
correspond to a mound slope that is intermediate between (b) m
that for a(113) facet and 115 facet.
Similar results are shown in Fig(H for the case of slow FIG. 5. Surface current/2F at room temperature as a function

deposition. For small slopes the current is significantly largenf imposed slopem both with (open circley and without (filled
than for fast deposition due to the increased diffusion lengthcircles transient kinetics at step edges. Cross with arrows indicates
However, for large slopee.g., small average terrace 9ize experimental estimat¢éRef. 6 of the mound angle for room-
close to the selected angle the current is approximately themperature Fe/k&00) deposition. Dashed lines are theoretical fits
same for both cases. Accordingly, the value of the selectedf the form of Eq.(6). () Fast deposition anth) slow deposition.
angle does not appear to depend strongly on deposition rate.
direction before bonding to the step. The second part corre-
sponds to deposition at the top of a step and again leads to a
contribution of—1, since an adatom deposited at such a site
The surface current(m) and selected angle may also be will cascade with probability; via two downward hops to
directly estimated from an analysis of the upward and downthe bottom of the step. Summing and multiplying by the
ward currents that takes into account the crystal geometryprobability (m=1/,) that a deposited adatom will land on
For simplicity, we consider a surface with slope tilted  either of these sites, one obtains for the case without tran-
around the[001] direction (see Fig. 1 consisting of a peri- sient kinetics a negativédownhill) current that is propor-
odic array of terraces of width,=1/m (in units of 3 the  tional to the step density
next-nearest-neighbor distanceeparated by straight steps
running along the_{OO_l] direction[see Fig. (_Sa)]._ Assuming Jdowr{M)/F=—2|m]|. 1)
that the step barrier is perfectly reflectifwghich is a reason-
able approximation at room temperafljrinen the only con-  £qr the case of transient kinetics at step edges, there is an
tribution to the downward current comes from deposition at,ggtional contribution due to atoms that land at a fourfold
steps. As shown in Fig.(8), the downhill current for depo- 10y site at the top of a step and théith probability 2)
sition at straight steps consists of two parts. The first parhOp three units to the bottom of the step. This leads to a

corresponds to _dep_osition just below t_he_ top _of a step a”ﬂegative(downhill) current for this case given by
leads to a contribution to the currefsigain in units of; the

next-nearest-neighbor distanasf —1, since an adatom de- -
posited at such a site will make one hop in the downward Jdowr(M)/F=—7|m|/2. 2

E. Theoretical estimate of surface current and selected angle
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#=11°, again in reasonable agreement with our simulations
and experiment.
Q We note that for small angles for which the terrace width

Q 5(a)]. For the case of transient kinetics we obtaig=0.2 or

is of the order of or larger than the diffusion lengih the
estimateg3) and (4) for the uphill current are incorrect. In

particular, for very small slopes and large terrace widths

(m<1/0), one expects that the uphill current will be propor-
172 [ \,/2 tional to the probability §m) that an adatom lands within a

distanceo of an up step, multiplied by the average distance
][ traveled}* e.g.,J,,~0m. In order to obtain an expression

for J,,(m) that is correct for both large and smat, we
therefore replace Eq$3) and(4) with the approximate form

Jug(M)=?m/[ 1+ o?mi I 1 (m)], (5)
Q which interpolates, between th&m behavior for the uphill
current for smalim and our estimate) and(4) for largem,
Um -2 | with J,5(m) given by(3) and(4). This leads to the following
172 form for J(m):

AVATAA

I(m)=om/[ 1+ oM/ I g(M) 1= Jgour(M), (6)

where J,(m) and Jgo,(M) are as given in Eqs(l)—(4).

Figures %a) and §b) show dashed-line fits using this form to

our simulation results. As can be seen, there is very good
) = Um , gquantitative agreement with the simulation results even for
small slopem. As expected, the diffusion lengthis larger
for the case of slow depositiofr=8) than for fast deposi-
tion (0=5). However, the measured current tends to be
slightly below the theoretical fits due to the fact that the step
barrier used in the simulations is not perfectly reflecting. We
note that form=0.1 the difference between the surface cur-
rent obtained using the interpolation fo(®) for J,(m) and
'g/hat obtained using3) and(4) directly is negligible.

(b)

FIG. 6. Diagram showing contributions to surface current for an
idealized (100 surface with straight step edgéside view and
slopem tilted around thg(0021) axis. (a) Downhill current at step
edges andb) uphill current.

The positive(uphill) contribution to the current may also
be estimated by assuming that the step barrier is perfectl
reflecting. This implies that for large enough slodesy.,
terrace sizes smaller than a diffusion lengdhall atoms that ~ F- Dependence of coarsening dynamics on step barriétg
land at the top of a step reach the nearest ascending step |n order to clarify the effect of the step barrier on mound
without attaching to or forming an islaf@nd contribute a  formation and coarsening dynamics, we have also carried out
term equal tam times the distance to the nearest up step. Insimulations with different values of the step barrier. Simula-
addition, atoms that land on the top edge of a $t8® Fig. tions were carried out with no step barri&z=0) as well as
6(b)] will cascade with probability} to the terrace above and with a very large, perfectly reflecting barriéE;=0.6 e\).
diffuse to the nearest up step. This leads to the sunm order to compare with previous results, simulations were
Jy/F=m[1+2+3+---+(1/m=3)]+(m/2)(1m—2), so carried out at room temperature using the “slow” deposition
that for the case without transient kinetics at a step edge ongte (F=0.0257 ML/set and both with and without transient
has kinetics at step edges.

Jup/F:(1_2|m|)2/2|m|_ () 1. No step barrier (i =0)
Figure {a) shows a log-log plot of the surface width as a

Taking into account the additional downward current for thefunction of thickness for this case. As can be seen, the sur-
case of transient kinetics, we obtain for this case face width exhibits significant although slightly damped os-
cillations indicative of layer-by-layer growth. A power-law
fit to the later time behavior gives a very small growth ex-
ponentB=0.08, while the approximately linear behavior at
late times on a semilog pldhot shown indicates approxi-

The selected mound angle may now be obtained by equatrately logarithmic growth of the surface width. This behav-
ing the magnitudes of the uphill and downhill currents. Forior is consistent with the surface curreltm) shown in the
the case without transient kinetics this leads ugijgand(3)  inset, which is negative due to the downward current at
to the estimaten,=0.25 or #=14°, which is in good agree- steps. This impli€d a “positive” surface tension and loga-
ment with experiment and with our simulatiofisee Fig. rithmic, Edwards-Wilkinson behavidtat long times.

33{}/F=(1— 13m|/4)(1—4|m|)/2|m|+9/8—3|m|. (4)
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FIG. 8. Calculated feature separationr (£ and mound angle
ratio w/r . versus film thickness at=20 °C for the case of a very
large step barrie(Eg=0.6 eV) and slow deposition rate.

erate barrielE;=0.07 eV (see Fig. 3 due to the increased
uphill current. In addition, the mound angle ratio appears to
saturate much more rapidly. Furthermore, the value of the
late-time coarsening exponeft=0.35+0.02 with transient
kinetics andn=0.32+0.01 without transient kineti¢ss sig-

FIG. 7. (a) Surface width as a function of coverage at room nificantly larger than obtained in our simulations in Sec.
temperatureslow deposition ratefor the case of no step barrier ||| A with E;=0.07 eV or obtained experimentally for Fe/
both with and without transient kinetics. The dashed-line fit hasFg(100) deposition? However, it is very close to the experi-
slope3=0.08. The inset shows the surface current as a function ofnental value(n=0.33 obtained for Rh/RHL11) at 725 K®
slopem for both transient kinetics at a step edgeK) and no  Figyre ga) shows a gray-scale plot of the surface for this
transient kmencs(NTK). (b) 128_><1_28 gray-scale plot of the sur- case at 100 ML that shows the presence of many levels,
face at 100 ML. Lighter shades indicate _hlgher levEiote that the while Fig. 9b) shows the surface roughness as a function of
surface has been rotated so that the sides are parallel 108 . era0e. Due to the rapid angle selection, the value of the
and (010 directions in Fig. 1} roughening exponer{3B=0.30 without transient kinetics and

Figure 7b) shows a gray-scale contour plot of the surface'B:OBZ with transient kinetigsis close to the coarsening
exponent.

that indicates that after 100 layers have been deposited thé
surface is still quite flat and without mound formation. This
is corroborated by the value of the mound angle ratio, which 3. Surface skewness as a function of step barrier

is found to be very small and decreases with increasing cov- Figure 10 shows our results for the surface skewness as a

erage(from w/r.=0.02 at 5 ML tow/r=0.005 at 100 ML gynction of step barrier at room temperature. For the case of

However, power-law fits of t_he _feature separation as a funcg large step barriefE;=0.6 eV), the scaled skewness satu-
tion of coverageg(not shown indicate a value of the coars- rates rapidly to a constant value that is quite large

ening exponentn=0.3) that .is_somewhat Igss than ?XpeCted(K3/w3:O.15i0.03). The rapid saturation of the scaled
for the case of Edwards-Wilkinson behavior=1/z=3). skewness is consistent with the rapid angle selection ob-

served in Fig. 8. However, for the case of a moderate barrier
(Eg=0.07 eV} the skewness is actually negative at early
Figure 8 shows the mound angle ratio and feature separdimes and is still increasing at 400 ML, although it appears to
tion as a function of coverage for the case of slow depositiofe approaching a finite positive value possibly close to that
at T=20 °C with a very largdperfectly reflecting step bar- for a very large barrier at late times. As in Fig. 3 for the
rier (Eg=0.6 eV) and both with and without transient kinet- mound angle ratio, the approach of the skewness to satura-
ics at a step edge. In this case the mound angle ratition is more rapid for the case of fast deposition than for the
(w/r.=0.1) is somewhat larger than for the case of a mod-case of slow deposition. For the case of no step bafnier

(b)

2. Large step barrier (=0.6 eV)
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FIG. 11. Scaled surface skewness as a function of step barrier at
T=80 °C.

show) a constant but small negative skewness
(kg/w3=—0.05+0.05 is also observed. The negative skew-
ness for the case of no step barrier appears to be due to the
downward current, while the increasing positive skewness
with increasing step barrier is due to the lack of inversion
symmetry in the mounds, which tend to have relatively flat
tops and narrower valleys.

Figure 11 shows similar results for the surface skewness
at T=80 °C. Somewhat surprisingly, for the case of a mod-
erate step barriefE;=0.07 eV}, the scaled skewness starts
out quite negativéxy/w3=—0.5), although it again appears
to be approaching a positive value. The slow approach of the

FIG. 9. (a) Gray-scale plot of surface at 100 ML for the case of Skewness to saturation =80 °C is consistent with the

a large step-barrigfEg=0.6 e\) with slow deposition and no tran-

relatively slow angle selection observed at this temperature

sient kinetics.(b) Surface width as a function of coverage for this for a moderate step barri¢see Sec. Il G 2 beloy On the

case with(filled circles and without(open circleg transient kinet-
ics at step edges.
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FIG. 10. Scaled surface skewne{s@/w3) as a function of step
barrier atT=20 °C.

other hand, for a very large step barriez=0.6 eV) we find
rapid saturation of the skewness with a large positive value
(k/w?=0.13+0.03 close to that found at room temperature.

G. Dependence of coarsening dynamics on temperature

In order to understand the temperature dependence of
mound formation and kinetics we have also carried out simu-
lations at very low temperatur@ =0 K) as well as at tem-
peratures slightly above and below room temperature.

1. Deposition at low temperature (F0)

Figure 1Za) shows the surface width as a function of
thickness for this case both with and without transient kinet-
ics. The weak oscillations in the first few layers indicate
partial layer-by-layer growth in agreement with the experi-
mental observation of RHEED oscillations in low-
temperature deposition on metal00) surfaces. 8

As shown by the gray-scale plot in Fig. (b2, at 100 ML
the surface is still relatively smooth, although the islands
have a fairly irregular structure with small microfacets.
Interestingly the surface width is only slightly higher than
for the case of deposition at room temperature without
a step barriefsee Fig. 7a)], although the surface morphol-
ogy is completely different. Due to the lack of diffusion
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FIG. 12. (a) Surface width as a function of coverageTat0 K.
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FIG. 13. Calculated feature separatiorr {Land mound angle
ratio w/r . versus film thickness af=—40 °C and 80 °C for the
case of a moderate step barri&z=0.07 e\) and slow deposition
rate.

T=-40 °C the results are very similar to those obtained at
zero temperature. In particular, due to the decreased diffu-
sion length there is a significant reduction in the mound
angle with increasing coverage as well as in the effective
growth exponen¢B=0.13), reflecting a possible crossover to
Edwards-Wilkinson-like behavicf Similarly, the effective
coarsening exponent is significantly increaged-0.3).

On the other hand, increasing the temperature from
T=20°C to 80 °C leads to a large increase in the effective
roughening exponent in the first 100 layé¢fs=0.45, while

at low temperature there is no uphill current so the step
barrier becomes ineffective. However, there is still a
downhill current due to the cascade process to fourfold hol-
low sites. This leads to the approximate logarithmic,
Edwards-Wilkinson-lik& growth of the surface width at
large coverage, shown in Fig. (8. We note that this behav-
ior has also previously been obsert&ith models of random
deposition at fourfold hollow sites with “downward funnel-
ing.” Measurement of the mound angle ratidr . also indi-
cates that there is no mound formation while fits to the be-
havior of r. (which now corresponds to the correlation
length rather than to the typical mound gider the case
without transient kinetics indicate that=0.5, as expected
for the case of Edwards-Wilkinson behavior.

2. Deposition above and below room temperature

In order to compare with our room-temperature results,

we have also carried out simulations at temperatures some- FIG. 14. Surface width as a function of coveragd at—40 °C
and 80 °C for the case of a moderate step bafEgr—=0.07 e\j and

what below and above room temperatvéth a moderate
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step barrielEg=0.07 eV}, as shown in Figs. 13 and 14. At slow deposition rate.
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model to simulate Fe/k200) deposition at room tempera-
ture, we have obtained good agreement with recent experi-
ments for the selected mound angle, coarsening expanent
and kinetic roughening exponegt We have also presented
a theoretical analysis of the surface current that leads to an
accurate prediction of the experimental mound angle at room
temperature.

As already noted, previous simulations using simple cubic
lattice SOS modefs?®do not lead to angle selection since
processes that lead to a downward current such as a cascade

e ] to fourfold hollow sites are not naturally included in such
] models. Recently, however, attempts have been made to in-
b4 clude additional mechanisms or parameters within the simple
| cubic lattice model framework in order to include such
processed’*° For example, in Ref. 39 an additional param-
eter corresponding to a reincorporation radigsich that
/ ] freshly deposited atoms are immediately moved to the
highest-coordination site within a certain radius of the depo-
sition site was introduced. In Ref. 40 “knockout” effects
were simulated by allowing a fractiop of the deposited
particles to immediately hop to a nearest-neighbor column of
lower height, if one exists. In both cases, the addition of such
processes leads to a selected mound angle. However, such an
.FIG. 15. Calcullated .feature separatiorr {Land mound angle approach requires the addition afl hocparameters whose
ratio w/r . versus film thickness a==80 °C for the case of a very yajye cannot be directly related to physical processes. In con-
large step barriefEg=0.6 V) and slow deposition rate. trast, in our approach the appropriate downward current and
mound angle is obtained with no free parameters.
the coarsening exponem=0.16 is relatively unchanged.  we now summarize our results in somewhat more detail.
The large increase in the effective roughening exponent apur estimates for the effective coarsening expornerfor
pears to be due to the increase in the mound anglewdtio  Fe/F¢100 at room temperaturé).18+0.02 for fast deposi-
with coverage up 100 ML and the late saturation of thetion and 0.22-:0.02 for slow depositionare slightly higher,
mound angle at higher temperature. Due to the decreasefiit still consistent with the measured value0.16+0.04°
effectiveness of the step barrier, the mound angle mtia ~ As already noted, fits to the later time data give somewhat
is also some what lower than at room temperature. Thesmgher estimateén=0.22+0.01 and 0.2%0.01 for slow and
results are qualitatively and quantitatively very similar tofast deposition respectivelyThis indicates that the asymp-
those obtained in recent experiments on low-temperaturgstic value of the coarsening exponent is somewhat higher,
growth of Cu/Ci100),° in which the roughness exponent and appears to be close to the vafuebtained numerically
was found to increase frofi=0.26 atT=160 K to a value  from the solution of a simple continuum equation with angle
of 8=0.56 atT=200 K, while the typical mound angle was selection** We note that since there is essentially no bond
found to decrease froif113) facets at the lower temperature preaking at room temperature for the parameters used in our
to (119 facets at the higher temperature. simulations, these results appear to contradict the assertion in
In order to clarify the behavior observed at room temperaRef. 6 thatn=% in the absence of detachment from islands.
ture for a very large step barriégec. Ill F 2, we have also  Rather, our results suggest that the value of the coarsening
carried out simulations al =80 °C with Eg=0.6 eV, as  exponent obtained experimentally in Ref. 6 may be a cross-
shown in Flg 15. In this case, the effective coarsening eXpver effect and the asymptotic value may be Significanﬂy
ponent is again significantly larger thanand is close t&  |arger. Such a crossover is consistent with the experimental
(n=0.33. Similarly, the mound angle ratio also saturatesdata in Ref. 6.
very quickly, indicating that there is very fast angle selec- We now summarize our results for the dependence of sur-
tion. We note that this is consistent with the fast saturation oface morphology and kinetics on the temperature and step
the skewness for this case shown in Fig. 11. Accordingly, thearrier. For the limiting case of no step barrier, we found
effective roughening exponef)g=0.32, not showhis close  relatively persistent layer-by-layer growth at early tinfee
to the coarsening exponent. mound formation and quasi-logarithmic ~Edwards-
Wilkinson-type behavior at late times due to the negative
current at step edges. Similarly for the case of very-low-
temperature growth for which the step barrier becomes irrel-
We have developed a model of epitaxial growth on bccevant, we again found relatively slow logarithmic growth of
and fcc(100 surfaces that properly takes into account crys-the surface width, although the surface morphology is quite
tal geometry and eliminates the unphysical artifacts preserntifferent due to the very small diffusion length.
in solid-on-solid models. This approach naturally leads to a On the other hand, in simulations with a very large step
negative downward current for large angles and to angle séarrier a significantly higher valu@=3) for the coarsening
lection as observed in a variety of experiments. Applying ourexponenin was obtained. It should be emphasized that this

Feature separation (nm)
A J

4 M| 5 L A |
10 100
Thickness (ML)

IV. DISCUSSION
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value is significantly higher than the valga=3) obtained for Cu/Cu100) (Ref. 5 in which the roughness exponent
from numerical integration of a simple continuum equationwas found to increase frofd=0.26 atT=160 K to a value
with angle selectioft and is also higher than that previously of 8=0.56 atT=200 K, while the typical mound angle was
obtained using SOS modéf3The relatively fast saturation found to decrease froifi13 facets at the lower temperature

of the surface skewness for this case indicates that this mayp (115 facets at the higher temperature. We note that the
be the asymptotic value of the coarsening exponent. In consalues obtained for the roughening and coarsening exponent
trast, the relatively slow saturation of the surface skewnesat T=80 °C are also consistent with recent asymptotic pre-
for a moderate step barri¢Eg=0.07 eV; see Fig. 10sug-  dictions(8=3, n=2) obtained by Golubovft from an analy-
gests that for this case the exponent may not have reached && of an isotropic continuum equation with a higher-order
asymptotic value. One possibility is that the asymptoticV®h term replacing the usual equilibriuRfh term and with
coarsening exponent isfor any reasonably large step bar- a slope instability but without angle selection. Similar behav-
rier, with a relatively slow crossover for a moderately largeior for the coarsening exponenthas also been observed in
step barrier. Another possibility is that there is a transitionrecent simulations of a SOS model with a moderately strong
from asymptoticn=2% behavior ton=% behavior with in- step barrier but without angle selectibhThe difference be-
creasing step barrier due to a competition between differertiveen these results and those obtained with strong angle se-
mechanisms for mound coarsening such as occurs in spitection indicates that angle selection may also play an impor-
odal decompositiofit Further work will be needed to distin- tant role in determining the coarsening exponent.

guish between these two possibilities. In any case, the rela- Finally, we note that at high enough temperatures, one
tively slow saturation of the surface skewnéssmpared to expects the roughness exponent and surface width for Fe/
the saturation of the mound angle ratidr.) suggests that Fe(100 to decrease with temperature and layer-by-layer
the surface skewness may be a more sensitive test of whethgrowth to set in due to the decreased effectiveness of the step
or not one has reached the scaling regime than the mourhrrier. This is clearly shown by the experimental results
angle ratio. showing layer-by-layer growth al=250 °C in Ref. 28.

We note that the value obtained for the coarsening expoAlong with our low-temperature results, this implies reen-
nent in the case of a large step barrier is also close to theant behavior for the surface width as a function of tempera-
value (n=0.33 recently obtained in experiments on Rh/ ture. However, at an intermediate temperat{ire-130 °C—
Rh(111) at 725 K. This appears to indicate that in the case ofL80 °Q recent experiments on Fe/M¢@1) depositiod
Rh/RH111) the step barrier is quite large, although it is alsohave led to pyramid formation in whicf012] facets were
possible that the differeritriangula) lattice structure of the observed. The existence of large regular mounds in this case
(111 surface may play a role. Future work will be needed tois indicative of a relatively strong step barrier, while the
determine if this is the case. We note that for the case of aalue of the coarsening exponefmt=3%) is consistent with
very large step barrier the saturation of the mound angle wasur results for a moderately strong step barrier as well. It is
significantly faster than for a moderate step barrier so that thaot clear whether or not strain effects are important in this
value of the roughening expone{@®=0.30 without transient system, but in any case, further simulations will be needed to
kinetics at step edggsvas close to that obtained for the fully explain these results.
coarsening exponent.

We have also presented results using our model for Fe/
Fe(100 at a temperature slightly higher than room tempera-
ture. Surprisingly, we find that &i=80 °C, while our esti- This work was supported by National Science Foundation
mate of the coarsening expondmt=0.16 in the first 100 Grants Nos. DMR-9214308 and DMR-9520842 and by the
ML is close to that obtained at room temperature, the effecOffice of Naval Research. We would like to thank Joseph
tive roughness exponef)=0.45) is significantly larger due Stroscio for providing us with experimental data for Fe/
to the slow saturation of the mound angle. The slow saturaFg(100) in the first few layers of growth, Ted Einstein and
tion of the mound angle as well as the increased width apBrad Orr for useful discussions, and David Akers for help
pears to be due to the decreased effectiveness of the steyth the visualization. Part of this work was carried out using
barrier at higher temperature. These results may provide the computational facilities of the Cherry L. Emerson Center
gualitative explanation for the experimental results obtainedor Scientific Computation at Emory University.
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