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First-principles calculations of steering forces in epitaxial growth
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Although atoms deposited during epitaxial growth strongly prefer to bind to step bottoms of existing islands,
the geometrical proximity of step tops can lead to atoms landing there instead, significantly altering film
morphology and contributing to growth instabilities. To shed light on such steering effects, we have mapped
out the three-dimensional static potential-energy surf@&S for Cu atoms approaching a stepped(T10)
surface using density-functional theoffpFT). Depending on the kinetic energy of incident atoms, surface
relaxations may be too sluggish, and we have therefore computed the PES both with and without allowing
substrate relaxations. While a comparison with the corresponding embedded-atom-iiteAihdy results
indicates relatively good agreement, the DFT calculations suggest that the steering effect is slightly weaker
than predicted by EAM calculations. These results also support a previous comparison with experiment, which
indicated that the overall funneling probability for deposition 4.40] step edge on the CLO0) surface is
close to but slightly lower than that predicted via EAM simulations.
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[. INTRODUCTION have showr,in the presence of an ES barrier, this leads to a
significant increase in the selected mound angle and surface

One particularly important process controlling the evolu-foughness in the case of unstable epitaxial growth. In par-
tion of the surface morphology in epitaxial growth is the ticular, we have used our Cu/QD0 deposition results to

accommodation of incoming atoms deposited near steps. FGccurately predict the experimental mound angterre-
example, in metal epitaxial growth, the energy of condensa§p0nd|ng to{;13} fgscets) and surface roughness observed in
tion of depositing atoms is believed to lead to “downward rec%?é er)eqlaaiir\llrglingo.od agreemérbetween our uphill fun
funneling,” i.e., atoms deposited beyond the edge of a step . . . X
g P y g %elmg results for Cu/CL00) obtained using an EAM poten-

“funnel” to the bottom terrace while atoms deposited on the . ; . X
suphill” side go to the upper terrace. Such processes lead t6|al, aqd those obtamed.usm_g an effective Lennard—Jor_1es Cu
otential suggests that in this case the degree of uphill fun-

a downhill current which tends to stabilize the surface. In the?OeN'« .
case of unstable growtfldue either to an Ehrlich-Schwoebel r.'e"”g is only yvgakly dependgnt on the deta|!s of the poten-
(ES barrief to the descent of diffusing atoms at steps, or tot'al' How_ever, It is cle_ar_ly deswaple o .ChE.BCk if these re_sults
step-adatom attracti3f or to step-edge diffusicih the re- ~ 29ré€ with the predictions of first-principles calculations.
sulting balance between uphill and downhill currents leads td 'S IS the primary goal of this paper, and accordingly, here
slope selectiofi. Analytical calculation$ indicate that the ‘W& Present a comparison between density-functional theory

surface current and selected mound slope depend strongly PFT) calculationg 'and EAM calculations for the interaction
the “bias” for atoms landing near a step. etween a depo_smng atom and a step edge. :
Recently, we have carried out molecular-dynamid®) We note thf_it In our-previous work w_e_found that for typi-
simulations using Voter-Chen embedded—atom—metho&al energies in ep_ltaX|aI growth, significant effects of the
(EAM) potentialé for Cu/Cu(100) and Ag/Ad100 deposi- short-range attraction occur both after as wgll as before the
tion near a step edge in order to study the effects of shortom has golhded with the stgp. and lost its kmet_lc.t.energy of
range attraction in epitaxial growfhin our Cu/Ci100) condensation. Unfortunately, it is extremely prohibitive com-

simulations® Cu atoms were deposited over a range of dispuf[ationally to carry_out the_ab initio MD simulations re-
tancesx (where O<x<a, and a,=2.55 A is the nearest- quired to study the interaction after the atom has collided

neighbor distandebeyond the edge of EL10] step on the with the step. Th.er.efore, here we focus on a comparison
Cu(100 substrate, and their trajectories followed in order tobetween the predlptlons O.f the DFT.and EA.M potentle}ls for
determine whether or not they landed on the upper and low e attractive(steering portlop of the interaction. Iln parch-
terrace. For both Cu/GQLOO) and Ag/Ad100), our simula- ar, we present a comparison between den3|ty-functlpnal
tion result§ led to a picture of the process of deposition neartheory and EAM calculations for the force and potential-
step edges which is quite different from the standard down&Ner9Y surfacgPES for an atom near a step edge for the
ward funneling picture. In particular, they indicated that in €as€ of Cu/C(L00.

metal epitaxial growth the short-range attraction of deposit- Il DETAILS OF CALCULATION

ing atoms to step edges can indeed lead to significant uphill '

funneling—i.e., atoms deposited beyond the step edge may In order to test our EAM results for the short-range attrac-
land on the upper terrace rather than the lower terrace. As wiion near a step edge, we have carried out first-principles
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FIG. 1. Diagram showing sidé&) and top(b) views of portion g -1
of top two layers of supercell along with>35Xx 6 grid of points @ r
used in DFT calculations. 3] -
5 2

calculations for the static potential energy and forces acting
on a Cu atom as it approaches the step. These calculations
are based on DFT as implemented in ¥aep code’® For the -
exchange-correlation functional, the Perdew-Wang PW91 -1}
implementation of the generalized gradient approximation I
(Ref. 1)) is employed. The one-electron wave functions are
expanded in a plane-wave basis with an energy cutoff of 29.1 ]
Ry. Ultrasoft Vanderbilt pseudopotentiflsare used to de- T I B AR BT
scribe the electron core-valence interactions. The Kohn- 2 3 4 5,
Sham equations are solved self-consistently, and the atomic Height z above step (A)

structure is optimized until residual forces on all uncon- _

strained atoms are less than 0.03 eV/A. To improve conver- F!C. 2. Potential-energy curvé(z) for () x,, (b) x5, and(c)
gence, the Methfessel-Paxton Fermi-level smeé?i'rsgused X5 for three different valqes .qf alor)g the step edge for the case of
with a Gaussian width of 0.2 eV The Brillouin zone is & relaxed substrate. Solid lines, filled symbols correspond to DFT

sampled with a uniform % 2 k-point Monkhorst-Pack mesh. rsiilglts while dashed lines, open symbols correspond to EAM re-
Except for specific tests discussed below, all calculations car-
ried out were non-spin-polarized. The supercell used in the
DFT calculations corresponds to 5 1/2 layers of fc¢1Dg) ~ Were also carried out using the same atomic configurations
at zero temperature. Each full layer consisted of a 3-atom b{in the unrelaxed cageand grid positions as in the DFT
6-atom slab, while the top half layécorresponding to the calculations. In our relaxed EAM calculations, the top 3 1/2
step consisted of a 3-atom by 3-atom slab. Periodic boundlayers of the initial DFT configuration were allowed to relax
ary conditions were assumed in the horizontal directionsin the presence of the “depositing” atom, while the bottom
The starting point of all calculations is a fully relaxed slab two layers were held fixed. In all cases, the reference energy
corresponding to a stepped @00 surface, with the bottom ©OF zero of energy was taken to correspond to lagee., the
two layers always kept fixed at bulk crystal positions. Andepositing atom infinitely far away from the substrate.
additional atom was positioned in the vacuum above this slab As shown in Fig. 1, the potential energy and forces on an
at various locationgas described in detail belowand the incoming atom were calculated at a set of 102 positions
potential energy landscape and forces acting on this fixe€X.y,2) corresponding to a 83X 6 cubic grid of points
atom were mapped out. above the step edge, plus x3X 2 cubic grid of points next

Due to interactions between the impinging atom and thdo the step X=1—3 are not considered far=1—2 because
substrate, there is always some local substrate relaxation th@f interference with step atomsHere,x, y, andz correspond
alters the potential energy and forces. Because of the dyi0 positions across, along, and above the step edge, respec-
namical nature of the deposition, it is nat priori clear tively, while the grid spacing was given ky=0.75 A. Tak-
whether there is sufficient time for full substrate relaxation toing the originO of our coordinate system as shown in Fig. 1,
occur during the deposition process. Accordingly, we havedone hasx;=—0.07a;=—0.18 A, y;=0, z,=0.108 A. We
carried out two sets of static DFT calculations to bracket theéhote that whilex, corresponds to a position slightly on the
extremes of an infinitely sluggish substratainrelaxed”  uphill side of the upper terrace, corresponds to an initial
system and an instantly responsive substrételaxed” sys-  distance from the step edge (032 at which significant
tem). In the former case, no further relaxation of the slab isuphill funneling was observed in our EAM molecular-
allowed, and the energy and forces at various points in theynamics simulation$** At positionx;=0.51a, the atom is
vacuum above the stepped surface are recorded. In the sgeo far away from the step and always lands on the lower
ond case, a complete relaxation of the top 3 1/2 layers of thterrace. Similarly, positiory; corresponds to a “top” posi-
stepped surface was allowed for every individual position oftion whiley, andy; correspond to slight deviations from the
the depositing atom. Far away from the surface, both thémid” position between two atoms on the step edge. The
energies and forces for the two cases are the same. lowestz point in our grid above the step corresponds4o

In order to compare with DFT results, EAM calculations =1.6 A=0.63, above the step.
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FIG. 3. Steering forc&, as a function of height above the step FIG. 4. Same as Fig. 2 but for unrelaxed substrate.

edge for(a) x4, (b) x,, and(c) x5 for three different values of
along the step edge for the case of a relaxed substrate. Solid lines,. . o
fiIledgsymbolspcor?espond to DFT results while dashed lines, oper&“on the depth of the potential well is slightly lower than for
symbols correspond to EAM results. the _relaxed case. As for the relaxed substrate, the EAM po-
tential well is somewhat shallower than the DFT potential
well. (For x; near the step edge they are comparable, how-
Ill. RESULTS ever for x, and x5 beyond the step edge there is a clear
difference) As for the relaxed substrate, this implies that the
steering effect due to short-range attraction is likely to be
Figure 2 shows a comparison between our DFT resultgomewhat weaker than predicted by our EAM calculations.

(closed symbols, solid lingsand the corresponding EAM  As shown in Fig. 5, the DFT and EAM predictions for the
results(open symbols, dashed ling®r the total system po-

tential energy as a function of heigh&ibove the top layer for

the three distances ,x,, andxs closest to the step edge and £
three different positiong along the step edge for each value -1f
of x. As can be seen, while the two potential curves are quite _of
similar for all nine different values ot andy, the depth of F
the EAM potential well is typically approximately 10% -3
lower than the DFT potential well. This implies that for a :
fully relaxed substrate the EAM potential somewhat under-

A. Relaxed substrate

OF

estimates the gain in kinetic energy as atoms approach a step 1.5}
edge. This in turn suggests that for the fully relaxed substrate ; 1F
the steering effect due to short-range attraction is likely to be L F
somewhat weaker than predicted by our EAM calculations. 00.5F

The corresponding results for the componéntof the o 0 E
steering force perpendicular to the step are shown in Fig. 3. @ 2

In all cases, the EAM prediction for the steering force is
slightly stronger for smalk (i.e., close to the stgghan the
DFT calculation. Combined with the results of Fig. 2, this
implies that, although there is relatively good agreement be-
tween the DFT and EAM energies, the EAM potential most L
likely somewhat overestimates the strength of the steering -0.4}
effect for the case of a relaxed substrate. [
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B. Unrelaxed substrate

We now consider the corresponding results for an unre-
laxed substrate. As shown in Fig. 4, due to the lack of relax- FIG. 5. Same as Fig. 3 but for unrelaxed substrate.
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steering force are also very similar, except for very small tractive steering force~, is generally somewhat weaker.
In particular, forx, andx; (beyond the step edgand small  These results support the conclusions of our previous EAM
z, the DFT prediction for the attractive steering force perpenMD simulation§ in which we found that uphill funneling
dicular to the step is almost identical to the EAM due to short-range attraction may play a significant role in
prediction!® while for very smallz the repulsive steering metal (100) epitaxial growth. These results also support our
force is somewhatveakerthan predicted by the EAM poten- conclusions that an uphill funneling probability close to that
tial. This indicates that the overall difference between theobtained in our EAM MD simulations may be used to ex-
DFT and EAM predictions for the steering effect in the caseplain recent experiments on Cu/@00) growth® We note
of an unrelaxed substrate is even smaller than for the relaxethat in this case the value of the uphill funneling probability
case. (Pyp=0.55) obtained from our EAM MD simulations, led to
a value of the surface roughness obtained from kinetic Monte
IV. CONCLUSION Carlo simulations which was actually slightly higher than the
] o ] experimental value. This is in agreement with our observa-
We have carried out a quantitative comparison betweeRon that the DFT results are close to but somewhat weaker
ab initio calculations for the static potential-energy surfaceinan the EAM results.
and steering forces for an atom approaching a1CQ| step
edge, and the corresponding EAM calculations, in order to
a_ssess_the validity olf.our EAM-based moIecuIar-Qynamics ACKNOWLEDGMENTS
simulations of deposition at steps. Our results indicate that
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