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Short-range attraction, surface currents, and mound formation in metal (111) epitaxial growth
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We present the results of molecular dynamics simulations of deposition near step$ldd) @nd Ag111)
carried out in order to study the effects of short-range attraction in niEtd) epitaxial growth. Our results
indicate that while short-range attraction plays an important role in the deposition of atoms near $t€fd$ on
surfaces, there is a significant asymmetry between the interactidnaad B steps. These differences are
explained in terms of the underlying geometry as well as the corresponding activation barriers. In particular, we
find that due to short-range attraction the overall uphill funneling probalﬂﬁgyand selected mound slomg‘
for A steps are significantlyarger than predicted by downward funneling. In contrast, the overall uphill
funneling probabilityng and selected mound slopﬁ for B steps are significantly lower than férsteps and
appear to be close to the downward funneling prediction. In particular, atoms deposited near but somewhat
beyondB steps have a lower uphill funneling probability than fisteps. In addition, for atoms deposited
above the “upper terrace” dB steps we find that a new process, corresponding to the “knockout” of step-edge
atoms, takes place leading to a reduced overall surface current and enhancing the asymmetry/baha&:n
steps. General expressions for the surface current and selected mound slope which are valid for arbitrary crystal
geometry for the case of irreversible growth with a large Ehrlich-Schwoebel barrier are also presented. These
expressions are then used to analyze the implications of our results for unstable graddti)msurfaces.
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[. INTRODUCTION surface roughness, particularly at low incident kinetic en-
ergy. A comparison of our molecular dynamics results for
One particularly important process controlling the evolu-deposition at CiL10] steps obtained using an embedded-
tion of the surface morphology is the accommodation of in-atom (EAM) potentiat® with the corresponding results ob-
coming atoms deposited near steps. For example, in metédined using a Lennard-Jones Cu potefitiaidicated that in
epitaxial growth, the energy of condensation is believed tdhis case the amount of uphill funneling depends relatively
lead to “downward funneling”(DF),* i.e., atoms deposited Wweakly on the details of the potential.
beyond the edge of a step “funnel” to the bottom terrace, Here we investigate whether or not such effects also occur
while atoms deposited on the “uphill” side go to the upper in metal fcc(111) epitaxial growth. In particular, we present
terrace. In the case of unstable growth, due either to athe results of molecular dynamics simulations of deposition
Ehrlich-SchwoebelES) barrief to the descent of diffusing atA andB steps on C(111) and Ag111), which were carried
atoms at steps, or to step-adatom attractibar to step-edge  out in order to determine the effects of short-range attraction
diffusion? the resulting balance between uphill and downhill on uphill funneling and on the surface current. We note that
currents leads to slope selectibAnalytical calculation$in- ~ mound formation has been observed in a variety of experi-
dicate that the surface current and selected mound slope deents on Cu/C(111) and Ag/Ad111) growth*~*®In addi-
pend strongly on the “bias” for atoms landing near a step. tion, a variety of theoretical and experimental stutfied
Recently, we have shovithat for the case of met&l00) indicate that for metal111) surfaces, the ES barrier for dif-
growth, the short-range attraction of depositing atoms to stefision over descending step edges is relatively high com-
edges can lead to significant deviations from the standargiared to the barrier for diffusion on a flat terrace. Therefore,
downward funneling picture for typical incident kinetic en- we expect that if short-range attraction leads to significant
ergies in epitaxial growth. In particular, we found that for uphill funneling then this will have a significant effect on the
Cu/CU100 and Ag/Ag100), atoms deposited near close- surface morphology.
packed step edges are significantly more likely to land on the We note that there are two types of close-packed step
upper terrace than predicted by downward funneling. As @®dges on an f¢d11) surface:A steps corresponding 1d.00)
result, in the case of unstable growth due to an ES barriefnicrofacets and steps corresponding td11) microfacets
the resultant uphill current can significantly enhance the setsee Fig. 1 Therefore, in order to study the effects of short-
lected mound angle and surface roughridssparticular, by ~ range attraction we have carried out molecular dynamics
comparing kinetic Monte Carlo simulations of Cuf@Q0)  simulations of deposition at both and B step edges. FoA
growth at T=160 K with experiment&, we were able to steps, we find, as for the case of meta00) growth, that
show that uphill funneling due to short-range attraction carflue to short-range attraction the “uphill funneling” probabil-
quantitatively explain both the experimentally observedity Pﬁp and surface current are significantly larger than pre-
mound slopg (113 facetg as well as the enhanced surface dicted by the usual downward funneling picture. Similar re-
roughness at this temperature. We note that recent simulaults are obtained for the uphill funneling probabillftﬁp for
tions of Ag/Ag100 growth at low temperatufealso dem-  atoms deposited near but somewhat beyorisaep. How-
onstrate that short-range attraction can strongly enhance tlever, due to the asymmetry betwegrand B steps, we find
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FIG. 1. Schematic diagrarttop view) of A and B steps on a
(111) surface.

that in generaP{>PJ . In addition, for atoms deposited

above the “upper terrace” oB steps we find that a new
process, corresponding to the “knockout” of step-edge at-
oms, takes place leading to a reduced overall surface current
and a strong asymmetry betwednand B steps. These dif- WPy il
ferences betweeA and B steps are explained in terms of bl B L LY T
their geometry as well as the corresponding activation barri- L N
ers. The implications of these results on the selected mound
slopes and mound morphology are also discussed.
This paper is organized as follows. In Sec. Il, we describe
our molecular dynamics simulations in more detail. In Sec. AR O O O T
[ll, we present our results and discuss the implications for
the selected mound slopes and mound asymmetry in Cu/ FIG. 2. Snapshotéside and top viewsof the substrate configu-
Cu(111) and Ag/Ag111) growth. General expressions for the ration in MD simulations including botiA andB steps.
surface current and selected mound slope which are valid for . . .
: ! . step edgdsee Fig. 1then it always remains on the terrace
arbitrary crystal geometryor the case of irreversible growth n which it is deposited
with a large Ehrlich-Schwoebel barrier are also presente(f P '

These expressions are then used to analyze the implications As in previous work our simulations were carried out
of our results on unstable growth @hll) surfaces. Finally, using EAM potentials for Cu and AgRef. 10 since EAM

) i . - Potentials have been shown to be relatively accurate for met-
in Sec. VI we summarize our results. Detailed derivations o

our general expressions for the surface current and selecté?lcljS . We note that we have recently fodifithat for deposition
g P on Cu100, the EAM potential-energy surface and steering

mound angle are presented in the Appendix, along with iI-f . . : : :
lustrations for(100) and (110) surfaces. orces are in relatively good agreement with static density-
functional theory(DFT) calculations. Therefore, we expect
that our EAM simulations will provide comparable accuracy
Il. MOLECULAR DYNAMICS SIMULATIONS in this case. In order to minimize finite-size effects, a system
size of 10 1/2 layers was used, with each layer consisting of
~ In order to determine the effects of short-range interacy terrace of 11 atoms by 5 atoms, while periodic boundary
tions we have carried out molecular dynamibtD) simula-  ¢onditions were assumed along each terrace direction. As
tions of adatom deposition at bothandB steps on both the  shown in Fig. 2, the top layer consists of an island of size 5
Cu(111) and Ag111) surfaces. As in our previous Ci00 by 5 which has both am step and aB step. As in our
simulations’ in order to determine the effects of short—rangeprevious simulations of100) deposition’ the top 3 1/2 lay-
attraction on atoms deposited near a step edge, we have megs underwent constant-energy molecular dynamics, while
sured the probability?,, that an atom deposited within a the bottom four layers were fixed. In order to equilibrate the
window (of sizeb=/3a,/2 wherea, is the nearest-neighbor substrate and absorb the energy of condensation of incoming
distance, see Fig.) bn the “downhill” side of the step-edge atoms, the middle three layers of the system underwent con-
lands on the upper terrace. In order to take into account thetant temperaturé_angevin molecular dynamicé>
possible effects of knockout, we have also measured the |n our simulations, the system was first equilibrated at the
probability P(,, that an atom deposited within a window of desired temperature and the average position of the step edge
sizeb’ =b on the uphill side of the step edgemainson the  was determined. Atoms were then deposited with the desired
upper terrace. We note that the widths of the deposition wininitial kinetic energy from an initial distance just above the
dows were based on preliminary results which indicated thapotential cutoff and for each deposition the trajectory of the
if an atom is deposited at a distance larger thainom the  incoming atom was recorded. In order to study the depen-
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FIG. 4. Time evolution of trajectories and kinetic energies of
deposited atom from the same position outgldsolid lineg andB
(dashed linessteps on C(111) surface with incident kinetic energy
K;=0.02 eV and substrate temperature-300 K. Time interval
for all trajectories is 2.4 ps.

FIG. 3. Dependence of uphill funneling probabilig,, on in-
cident kinetic energ¥; for deposition at bott andB steps on Cu
(112) surface(substrate temperatufie=100 K and 300 K Arrow
indicates average kinetic enerlfy of Cu atoms in epitaxial growth.

dence on the incident enerdf of the depositing atom, our . . I .
simulations were carried out witk; ranging from 0.02 eV to k'net'i energy K;=0.02 eV) at the same initial _dlstance
0.3 eV. To obtain good statistics, 2500 depositions randoml X /b=0.65) from the step edgg, dgposned at eltherAan
distributed within each window were carried out for each: tep or &8 step. As can be seen in Fig. 4, the steenng effect
value of the incident kinetic enerdg; . The time interval for is exactly the same for both and B steps. However in the

s case of theB step, the depositing atom lands on the lower
23((:213%05'“0” was 2.4 ps for 4D and 3.9 ps for terrace, while in the the case of tiestep the depositing

atom lands on the upper terrace. This indicates that the dif-
ference in the uphill funneling probability is primarily due to

lll. RESULTS differences in the step-adatom interaction after collision,
A. Uphill funneling probability P, for atoms deposited which are due to a difference in the structurefofand B
above lower terrace steps.

] . ) We note that these results may be explained by geometri-
Figure 3 shows our results for the uphill funneling prob- .4 arguments. As can be seen in Fig. 1, while there is no
ability Py, for deposition beyond\ steps andPy, for depo-  difference between the intralayer interactions for edge atoms
sition beyondB steps on C(L11) as a function of incident on A steps and those & steps, there is an asymmetry in
kinetic energyK; for two different substrate temperatures their interaction with the layer below during a collision with
(T=100 K and 300 K. In the absence of short-range attrac-a depositing atom. In particular, motion of an edge atom at
tion the geometrical downward funneling picture holds andan A step towards the “uphill side” of the step involves
therefore one expect®,,=0. However, as in the case of passing through a “mid” site in the layer below towards the
deposition on C(L00), due to the short-range attraction there nearest hcp site. In contrast, the corresponding motion of an
is significant uphill funnelindi.e., P,,#0) for bothAandB  edge atom at & step towards the uphill side of the step
steps. In particular, for an incident kinetic energy corre-involves passing over an “atop” site. Therefore, as can be
sponding to the average value expected in copper epitaxigeen in Fig. 4, it is easier for an edge atom afAsstep to be
growth (K;=2kgT,=0.23 eV, whereT,,=1356 K is the pushed downward towards the uphill side of the step than for
melting temperature of coppewe findP{},~0.45(0.40 and ~ an edge atom at B step. As a result, depositing atoms col-
p5p20_44 (0.38 for T=100 (300 K. We note that in gen- liding with an A step are more likely to reach the upper

eral P},>PE . In particular for small incident kinetic en- tefrace than those colliding with & step.
As shown in Fig. 5, similar results are found for AdJ).

ergy, Py, is significantly higher tharPEp. S .
A priori, one might expect that the differences in the up—fA‘S f‘?f the /c;ase of qu.ll),Bthere IS S|gn|f|ca_nt l_Jph'" fu_nne_l-
i.e., Pyp,=0.45 andP;,=0.35, for an incident kinetic

hill funneling probabilities atA and B steps could be due to 'M9: 1
two different effectsi(a) a difference in the strength of the energy corresponding to the average valu€=2kgT,
steering effect alA and B steps andb) differences in the =0.21 eV) in Ad11l) epitaxial growth, while we again find
interaction with the step after collision due to differences inthat Pﬁp is significantly higher tharfPE . These results con-
the structure ofA andB steps. In order to determine which is firm that for deposition on metdll11) surfaces the standard
the dominant effect, we have compared the trajectories andownward funneling picture must be significantly modified
kinetic energies for an atom deposited with very low incidentto take into account the effects of short-range attraction.
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FIG. 5. Dependence of uphill funneling probabilig;,, on in- =300 K).

cident kinetic energ¥; for deposition aA andB steps on Ag111) )
(substrate temperatufe=200 K). Arrow indicates average kinetic ON the lower terrace. In contrast, f& steps there exists a

energyK; of Ag atoms in epitaxial growth. relatively narrow range of negative valuesxofcorrespond-
ing to deposition on the upper terraa which the incident
B. Uphill funneling probability P, for atoms deposited atom has a high probability of arriving on the lower terrace.
above upper terrace As shown by the actual MD trajectories, this corresponds to

an exchange procesgknockou} in which the incident atom
pushes out and replaces an atom on the step edge. In particu-
!]ar for x=—Db/2, which is halfway between the nearest hcp
and fcc sites, the probability of remaining on the upper ter-
race is low. A summary of our results for the dependence of
Pl’j on the incident kinetic energl; for both Cy111) and
Ag(11)) is shown in Fig. 7.

We now consider the probabiliﬂ}’[lp that an incident
atom deposited on thephill side of anA or B stepremains
on the upper terrace. According to the standard downwar
funneling picture,P |, should always be equal to 1. As can
be seen from Table I, foA steps this is indeed the case.
However, forB steps we findPGEzl/Z, for Cu111) and

Pup=0.7 for Ag111), thus indicating that in both cases at- “1page gifferences in the behaviordandB steps may be
oms deposited on the uphill side offastep have a signifi- gy ained by the fact that, in qualitative agreement with re-
cant probability of arriving on the lower terrace. cent DFT calculations for Ga11),%° for the EAM Ag(111)

In order to investigate this in more detail, we have mea,ng cy111) potentiald® used here, the barrier for exchange
sured thelocal uphill funneling probabilityP(x) dx that an  4ipg steps is significantly lower than Atsteps?’ The differ-
atom deposited at an initial distancg betweenx and X gnce in the energy barriers for exchangeAaand B steps
+dx from a step edge lands on the upper terrace foratypica,{1ay be explained by a simple geometric argument which

value of the incident kinetic enerdg;=0.20 eV in epitaxial  gpplies when the barrier for terrace diffusion is sufficiently
Cu(111) growth. A positive value ok corresponds to depo-

sition beyondthe step edge, while a negative value corre-

sponds to deposition on the uphill side. As can be seen in 09T /{ -1 B steps 7}
Fig. 6, for the case oA steps, atoms deposited on the uphill I / 71\
side almost always remain on the upper terrace, while for 08l t N Aglly ]
atoms deposited on the downhill side there is a critical dis- i ¥ \’f 1
tance ©=0.35b) beyond which atoms almost always land : RN
Pporl Fo. B
TABLE |. Dependence of uphill funneling probabilit}?{Jp on [ o ]
incident kinetic energ; for Cu(111) and Ag111) A andB steps. ¥ N
06L \E\ Cu(111) ]
Metal Ki(eV) Pa(up) Pg(up) [ S ]
Cu(111) 0.15 0.98 0.51 os L -+ B h
300K 0.20 0.98 0.54 0005 o1 o1 o0z o025
0.25 0.98 0.55
K1 (eV)
Ag(11)) 0.20 0.97 0.71
200 K 0.25 0.96 0.68 FIG. 7. Dependence of uphill funneling probabilit?/up atB

steps for Cu and Ag on incident kinetic energy.
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b x=0 b L-b L L+b For bothA andB steps the step height is=a/\/3 (where
I I I | ais the lattice constaintwhile the distance of the attachment
: S : : 5 ! site from the step edge is given W= \6 a/4. In our MD
, <%, i < : simulations we have usdn=b’ = & and so from Eq(2), we
[ ! [ i obtain
I I I |
| I | |
: REG. Il | REG. |||: REG. | : REG. Il | REG. Il mg:ia, (3)
[ ! 1 I P Pup | X 6(1~Pa)
up! Fup |
: : | ‘ wherea=A or B andPg, = (Pj +P/5)/2.
h <i»< : I | | AWhilg the usual downward funneling assumption predicts
| ! = =
BT BT el b oA 8 s o D s for
| a=0.7. g Eq.(3) this implies a se
L L+b lected slopemy=0.8 which is significantly higher than the

. . S DF predictionmy=0.47 and slightly higher than the slope of
_FIG. 8. Schematic showmg steftep and side V|e\)v_o_n surface 4 (113 facet. In contrast, our results for CBi steps PaBU
w!th terra_ce lengthL, step heighth, attachment positiors, and ~0.45) imply a maximum selected slope Brsides given by
window sizeb (b’) on the lower(uppey terrace. mgz0.43, which is slightly lower than the DF prediction.

low. As can be seen in Fig. 1, for aA step-edge atom Sin_1i|ar_|y f(_)r Ag(111), our MD results ind_icat_ePg‘Uz_OJ_Z
(shaded edge atom in Fig) o arrive at the nearest fcc site, Which implies a selected slopeg= 0.84 which is again sig-

it must first travel over or near a relatively high-energy atop”'f'é:a”“y higher than éhe DF prediction, while f& steps
site, thus leading to a relatively high activation barrier for (Pa,=0.53) we findmy=0.50 which is again close to the
exchange. In contrast,Bstep-edge atorfshaded edge atom DF prediction. o _ _

in Fig. 1) may first move at relatively low-energy cost to the ~ Thus, our results indicate that for irreversible Ag(Agl)
nearest hcp site, and then make a relatively low-energy baRnd Cu/Cii111) growth, the slopes on th& sides of mounds
rier move to an fcc site. We note that in contrast, DFTShould be significantly larger than on tigesides. Accord-
calculation&® indicate that for R11) the barrier for ex- ingly, the resulting mounds should be strongly asymmetric.
change aB steps idarger than the barrier for exchange at ~ While we are not aware of an experiment |n_wh|ch the satu-
steps. This is due to the fact that for(Ptl) the barrier for ~rated mound slofe) have been measured in @d1) un-
hep-fee diffusion is quite highf0.35 eV).? Accordingly, the stable growth, scanning-tunneling microscopy pictures of the

pathway for exchange diffusion at a step edge LBl is large-scale mounds formed during room-temperature growth
different from the one described here. of Ag/Ag(lll) (Ref 29 indicate the existence of Significant

anisotropy in agreement with our predictions. These results
suggest that, while there are a number of other possible com-
peting effects, the asymmetry in the interaction between de-
We now consider the consequences of our results on thgositing atoms and and B step edges may play an impor-
selected mound slopes in unstable @41 and Cyl11l) ep- tant role in explaining the observed mound morphology.
itaxial growth. As shown in the Appendix, for the case of
irreversible grpwth(i.e., no detachment from stepand a IV. DISCUSSION
large ES barrier, one may use a continuum approach to ob-
tain a general expression for the selected mound slope and By carrying out molecular-dynamics simulations using
surface current per particl®F (whereJ is the surface cur- EAM potentials, coupled with an analysis of the surface cur-
rent andF is the deposition fluxwhich is valid for arbitrary  rent, we have investigated the effects of short-range attrac-
crystal geometry as a function of the step-heighthe ter-  tion on mound formation in met&l11) epitaxial growth. For
race sizelL, the attachment positiond, the window sized both Ag111) and Cy111) our results indicate a significant
andb’, and the corresponding uphill funneling probabilities asymmetry between the interaction of depositing atoms at

C. Implications for unstable growth

Pyp and P(,p (see Fig. 8. In particular, we find steps and steps. In particular, we find that fér steps, due
to the short-range attraction of depositing atoms to the step

L2—2L[6—DbPy,+b'(1-P;)] edge, the selected mound slapg and overall uphill funnel-

JIF= oL : (1) ing probabilityP4, are significantlylarger than predicted by

downward funneling. In contrast, due to the high probability
For the selected mound slop®, corresponding to the value Of knockout or exchange & steps, the overall uphill fun-
of the terrace widtt_, for which the surface current is zefo, neling probabilityPEU and selected mound slop% are sig-

this implies the general result nificantly lower, and appear to be close to the downward
funneling prediction. As already noted, these results imply a
h significant asymmetry in the mound shape for the case of

my=h/Ly= —. (2)  unstable irreversible growth on metd1l) surfaces.
2[0=bPyp+b’ (1-Pp)] Using geometrical arguments, we have been able to ex-
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plain these differences in the interaction of depositing atom$rom the NSF through Grant No. DMR-0219328. We would
with A and B steps. In particular, geometrical differences also like to thank Art Voter for providing us with the embed-
appear to lead to two separate effedt: atoms depositing ding functions for the Cu and Ag EAM potentials and for
beyond aB-step edge are more likely to funnel to the lower helpful discussions. We would also like to thank the Ohio
terrace than those depositing beyondfastep edge ancb) Supercomputer Center for a grant of computer time.
atoms depositing above the upper terrace dB atep are

more likely to knock out a step-edge atom than those depos- APPENDIX: CALCULATION OF SURFACE CURRENT

iting above the upper terrace of @nstep. In contrast to the

usual exchange diffusion at a step edge, the energy required 1. General calculation

for the latter process is provided by the relatively high ki- |y order to calculate the surface current as a function of

netic energy of condensatidapproximately 2 ey obtained  sjope for the case of a large ES barrier we use a quasi-one-

by atoms depositing near a step edge. dimensional approximation. In particular, we consider a
As noted above, one particularly surprising result ob-regular periodic stepped surface with infinitely long straight

tained in our simulations is the relatively hlgh rate of knOCk-monatomic he|ght StepS, terrace |eng_ﬂ~step he|ghh’ and

out for atoms deposited neBrsteps. While our geometrical attachment positiod, wheres is the distance of an attach-

arguments indicate that the rate of knockout is significantlyment site from the step edge. In order to take into account the

higher for B steps than foiA steps, the exact rate for this jnteraction of depositing atoms with a step edge, we divide

process is likely to depend sensitively on the exchange bakhe terrace into three different regions as shown in Fig. 8.

rier at B steps. In this connection, we note that Feibelffian Particles deposited in region b&x<L—b') are assumed

has recently carried out density-functional-theory calculayg remain on the same terrace immediately following depo-

tions of the exchange barriers for diffusion at(Cll) Aand  gjtion. Particles deposited in region ILEb'<x<L or

B steps and obtaine&pr=0.34 ev andEger=0.21eV  _p’'<x<0) are assumed to remain on the upper terrace

with a barrier of 0.06 eV for hopping on a flat terrace. In with probability P;,. Finally, particles deposited in region

contrast, the corre§pond|ng barrlersA obtained using thg, (0 <x<b orL<x<L+b) are assumed to have an overall

Cu(11) EAM potential used here arBg,y=0.32 eV and  propability P,,, of arriving at the upper terrace.

Egan=0.07 eV with a barrier of 0.03 eV for hopping on a = The surface current per particléF (whereJ is the sur-

flat terrace’’ Thus, while the qualitative behavi@®<E”*is  face current andF is the deposition fluxmay be calculated

the same for the EAM and DFT calculations, the DFT barrierpy integrating the distance particles must travel from their

for exchange at & step is significantly larger than the cor- initial landing position to the attachment site at positién

responding EAM barrier. multiplied by the probability of arriving at that sif8.Ac-
These results suggest that the probability of knockout at @ordingly, the total surface current per particle may be writ-

B step may actually be somewhat lower than indicated byen as the sum of three ternig/F, J,/F, andJ;/F, corre-

our EAM simulations, and accordingly the correct uphill fun- sponding to each of the three regions. For a large step barrier,

neling probabilityP;> may be somewhat higher. However, particles arriving in region I§<x<L —b’) always attach to

we note that our EAM simulations for Agl1), for which the  the upper step at positioh Therefore, particles arriving at a

EAM exchange barrier at B step EE,y=0.21 eV) (Ref.  distancex from the step-edge travel a distance § and we

27) is essentially the same as the DFT(CLL) prediction, may write

still indicate a significant probability of knockout, i.eP,(Jﬁ

=0.7. Thus, we expect that while knockout processeBat | 1 (L-b" o (L=b—b")(L+b—b"—-20)
steps still play a significant role, the observed mound asym-"+"" "~ L |, X(X—8)= 2L ’
metry for C(111) may be somewhat weaker than predicted (A1)

by our EAM calculations.

In addition to our results for met&l11) epitaxial growth, where the factor 1/ arises from the fact that the probability
we have also obtained general expressions for the surfadBat a particle lands in a particular intervd is given by
current and selected mound slopes for the case of irreversib@/L. Similarly, the second term may be written as
growth in the presence of a large ES barrier which take into

account the short-range interaction of depositing atoms with 1t ,
steps. Using these results we have obtained explicit expres- J2/F= EJL,b,dX(X_ )P’ (x)
sions for the surface current and selected mound angles for
irreversible growth on thé100) and(110) surfaces of an fcc B EJL dx(L—x+8)(1—P'(x))
crystal as a function of the average uphill funneling probabil- LJL-p
ity. In the future, we expect that these results will be useful in , ,
further understanding the mound morphology and selected _ b'(LPy,—6-Db") (A2)
mound angles observed in metal epitaxial growth. L '
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while (1-P’(x))dx is the probability that it will arrive on provide an accu.rate estimate of the selected slope for the
the lower terracéand thus travel a total distante-x+5to  case of irreversible growth as long &s/kgT>2. For

the lower attachment site The quantity P/, comparison with previous work, we now consider two spe-
=(1/") i _,,P’(x)dx corresponds to the overall probabil- cific cases in more detail.

ity that an atom uniformly deposited in region Il remains on

the upper terrace immediately after deposition. We note that 2. fed100) surface
the usual assumption of downward funneling implie§, In this case the step height is given by a/2, wherea is
=1. the lattice constant, while the attachment position is given by
Finally, the third term may be written as d=al\2. Using these values along with window sizes
1 fLsh =hb’'=4/2 in Eq. (A5) we obtain the following general re-
J3/F=EJ dx(x— &)P(X)+ (x—L— 8)(1—P(x)) sult:
L
V2 V2
b(2LP,,—25+Db) M= P T- T (A6)
= o , (A3) 6—2(Pypt P, 6-4Pa

where P(x)dx represents the probability that a particle de—Wh.erePa”:(PUp+ Pyp)/2. We note that n this case, calcul-
lations of the surface current have previously been carried

posited at a distance betweeandx + dx from the step edge | 473152, sing discrete sums over attachment sites alon
in region Il will be attracted to the upper terrace due to . g d , . 9
with the assumption thaP/,=1. In molecular dynamics

short-range attractiofand thus travel a total distange- 6 to . ) "
the upper attachment sjtewhile (1—P(x)) dx is the prob- simulations of d,eposmon on @90) an_d Aq10()), (Ref. 7
we also foundP,=1. Substituting this value in EqA5)

ability that it will arrive on the lower terracéand thus travel .
a total distancec— L — & to the lower attachment sjteThe W€ obtain

quantity P,,= (1/b) ft*bP(x)dx corresponds to the overall 2
probability that an atom uniformly deposited in the window My=-———— (A7)
0<x<b lands on the upper terrace. We note that the usual 4=2Pyp
assumption of downward funneling impli€%,,=0. in agreement with our previous wofK.
Combining all three contributions, we obtain the follow-
ing general expression for the surface current in the case of 3. feo(110) surface
irreversible growth with a large step barrier as a function of '
terrace sizé., attachment positiod, window sizes andb’, Due to anisotropy, for the case of growth on an(1dd)
and the corresponding uphill funneling probabiliteg, and ~ surface, there are two types of step edges—one along the
Plip: [110] direction and the other along thel00] direction,

while h=1/2a/4 (wherea is the lattice constantFor both
cases, we assunte=b’' =6, where s is the distance of the
attachment site from the step edge. We then obtain for the

selected slope
The selected slopen, corresponds to the value of the

L?—2L[6—bPy,+b'(1-Py)]

JIF= 5L

(A4)

terrace widthL, for which the surface current is zefdAc- h/é
. . my=————, (A8)
cordingly one obtains 4(1-P,,)
. h whereP,, = (Pyp+ P()/2.
moe=h/Ly= . A5 - S
0 0 2[5—bP,+b'(1-P})] (A5) For the[110] step,5=a, which implies

We note that while Eq(A5) applies strictly only to the 10 _ V2 (A9)
case of a large Ehrlich-Schwoebel barrigtg, in previous 0 16(1—Py,,) "
work* we have calculated the selected slope as a function of S
Ees/ksT for the case of unstable growth on an feg) — Similarly for the[100] step, 6= a/+2 which implies
surface. In this case, we found that the value of the selected 1
mound slope was essentially independent of the barrier for miio= (A10)
Ees/ksT>2. Accordingly, we expect that E4A5) should 8(1—Py,)
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