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Normal-incidence steering effect in crystal growth: AgAg(100)
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During crystal growth by vapor deposition, normal incident atoms are deflected toward three-dimensional
surface structures. The effect becomes strong when the atoms are deposited with a low initial kinetic energy. At
low T this steering effect induces an instability in the growth process, causing a perfectly flat surface to hecome
rough after a few monolayers are deposited. Quantitative results for the initial stages of growth of/8§§Ag
atT~0 K are presented.
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Understanding the microscopic mechanisms governingween deposition events{(10° s) can be collapsed to a MD-
crystal growth has been one of the principal goals of surfacaccessible time of a few ps without corrupting the growth
science for decades. This is an ambitious goal from botielynamics. At higher temperatures, thermal diffusion events
theoretical and experimental points of view. Indeed, a directnust be taken into account to make proper predictions of the
experimental observation of all relevant diffusion mecha-surface morphology. For typical experimental deposition
nisms occurring while a crystal surface grows is still impos-fluxes(<1 ML/s), this type of simulation is beyond the reach
sible. As a consequence, reliable theoretical models aréf MD by several orders of magnitude. Using the recently
needed in order to interpret experimental data. The extremeljptroduced  temperature-accelerated  dynamio§AD)
long time scales involvetinutes and the overall complex- Method’ we are presentfyextending the analysis to higher
ity of the process cause serious problems when trying téemperatures at realistic fluxes.
simulate growth. We first describe the simulation procedure. The Ag-Ag

A recently reported discovery makes a theoretical underinteraction is modeled by an embedded-atom-metk#M)
standing of crystal growth even more difficult. Van Dijken potential’> The surface is initially composed of 588 atoms
et all showed that if a C{100) crystal is grown by grazing- (98 per layey. The bottom three layers are kept frozen and
angle deposition, atoms are deflected toward threethe upper threeeight after 5 ML are depositgere moving.
dimensional(3D) structures, leading to a rougher surface.Among them, the lowest layer is held @t~1 K using a
The effect is strongest for the most grazing angles. This extangevin thermostat and the entire system is quenched be-
perimental observation has an important consequence: tifere each deposition. A new atom is deposited every 2 ps: a
incident flux does not land homogeneously on the surfase random position is chosen within the primary period of the
generally assumed in simple theoretical mogeBurther  surface slab, and the coordinate perpendicular to the surface
analysis of the grazing-incidence steering effect can be fount$ adjusted until the atom just “feels” the attractive interac-
in Refs. 2 and 3. Although the first experimental proof of thetion with the surface atoms. Using a 2.5-fs integration time
steering effect was given in Ref. 1, earlier simulations bystep, the system is evolved using MD for the 2 ps until the
Luedtke and Landmdnshowed that, at non-normal inci- next deposition. We considered ten different initial kinetic
dence, noticeable trajectory deflections toward preexistingnergies in the rand®.01,0.3 eV, and for each of them we
protrusions could give rise to rough surfaces. grew 5 ML. In order to collect good statistics, 25 indepen-

The influence of steering on the morphology of a surfacedent simulations were run for each initial kinetic energy.
grown under normal-incidence conditions was taken into ac- For an ideal fcc(100 crystal where each atom is in a
count in a very recent work by Raiblet al®> The authors fourfold site, i.e., is supported by four atoms in the layer
proposed a nonlinear stochastic equation to describe amdpeneath, the surface roughnét$ can be computed 3s
phous thin-film growth, including a term which qualitatively .
mimics the steering effect. Such a term induces an instability _
in the growth process. szzo (= ©)%(6;— b;11), @

In this paper we consider a realistic surface,(1),
onto which we deposit an additional 5 ML of Ag using mo- Where® is the total coverage ang| is the coverage of layer
lecular dynamicgMD) at near-zero temperature. We show j. However, overhanging sitése., with fewer than four sup-
that the normal-incidence steering effect has dramatic consgorting atomg may be occupied during crystal growtbee
quences on the morphology of the growing crystal, even afbelow, and in Refs. 10 and 1 1so that Eq(1) does not hold.
ter only a few(2 or 3 ML, provided that the deposited atoms Consequently, we use the following more general approach
have a low initial kinetic energyK;). The effect is analyzed to computeW?. The height(h) of the surface at anyx(y)
and quantified for different values &f; . point is defined as the (norma) distance above the surface

Here we focus solely on growth at near-zero temperatureat which a probe sphere of diametgy would just touch the
Besides being an interesting limit to explore, it is one we camucleus of some surface atom. Using a square grickof)(
simulate exactly. Assuming classical dynamics, all activategboints, we determine the variancetin W2. A 50x 50 grid
processes are suppressed. Thus the experimental time hgves good convergence in this case. In this approach, the
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FIG. 1. RoughnessW?) vs K; at T~0 K after 5 ML (upper
curve, 3 ML (intermediatg, and 1 ML (lower). Error bars represent
a single standard deviation of the mean, computed by averaging
over 25 independent simulations. Insets: typical geometry after

ML for K;=0.01 eV (left) andK;=0.5 eV (right).

clean surface has a nonzero varianté), so the desired
surface roughness must be computed Ve&=W2—W?,
Whend,=d; (nearest-neighbor distangcdor a surface with

ste
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FIG. 2. Model surface, used for emphasizing the role of the
ering effect. The surface contains a small pyramid and a hole.

Atoms in the same layer are represented with the same gray level

(as
the

in Fig. 3. LettersT andB represent free fourfold sites on top of
pyramid and at the bottom of the hole, respectively.

effect was attributed to txansient mobilityof the impinging
atom following the first impact with the surface: for higher

the surface is smoother, since the atom can use its extra

energy after the impact to funnel dofrfrom where it hits.

Here we claim that transient mobility plays a secondary role

for

very smallK;, its role becoming more important only for

the highest values df; in our range. Further, we affirm that
the roughness behavior shown in Fig. 1 is mainly due to a
steering effect: as soon as the impinging atom starts feeling

only fourfold sites occupied and no interlayer relaxation, thisthe interaction with the outermost surface atoms, it will de-

method should give the same roughness agBgWe veri-

viate toward them. AK; is lowered, this lateral force acts

fied this numerically. Ifd, is increased, it corresponds to a for a longer time, giving a greater lateral displacement. As is
lower-resolution surface probe, which may be desirable inwell known, every atom strongly accelerates toward the sur-

some studies. Fail,<d;, there are certainx(y) positions

face during the deposition process. In our simulations, each

where the probe can pass through the entire crystal withoutg atom gains~1.3 eV before impacting the surface. Be-
touching a single nucleus, giving an infinite roughness. Fotause of the very low values d;, it would be hard to

the present study, we increasggslightly tod,=1.1d,; this

justify the behavior shown on the left side of Fig. 1 with a

improves the convergence properties by staying clear of thigeneric transient mobility of the atom after the impact, since
the atoms land on the surface with a very similar kinetic

singularity.

In Fig. 1 the surface roughne¥¥’, after 1, 3, and 5 ML,

energy. In the steering effect, on the other hand, it is the

is plotted against the initial kinetic energy. Typical experi- initial kinetic energy that counts, and not the kinetic energy
mental values K;~0.1 eV) are within the range we ana- after the impact. As a consequence, for very léw even a
lyze. For a coverage of 1 ML, no clear effect of steering onchange of a few meV can induce a noticeable change in the
the roughness is revealed. However, after 3 or more MLsurface morphology. Note that the steering effect causes sur-
decreasingl; clearly increases the roughness, and the resulttace roughness in two qualitatively different ways. If the
ing surfaces are qualitatively different, as shown in the insetsurface contains a high three-dimensional structure, imping-

of Fig. 1 for a typical crystal geometry after 5 ML fd;
=0.01 eV(left) andK;=0.50 eV(right). For the lowerK;,

ing atoms will be deflected toward it, causing a further
growth of the structurédirect steering effegt Further, if the

seven layers are partially occupied, and holes and 3D strugurface contains a hole, impinging atoms with a lyare

tures are clearly visible. In contrast, f&t;=0.5 eV, the

likely to be attracted to the sides of the hole, less often reach-

surface is relatively smooth; 6 layers are occupied, with théng the bottom(inverse steering effectBoth events obvi-
lowest three completely filled, and the fourth has a 98%ously enhance the surface roughness.

coverage.

We now show with a simple example how strong the

Why are the two surfaces so different? It should be emsteering effect can be at loi; . We consider the artificially
phasized that the observation of a roughness decreasing wibluilt surface displayed in Fig. 2, which contains both a trun-
K; was already reported in the literatifeNevertheless, the cated pyramid and a pyramidal hole. Both on top of the
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—{ FIG. 3. Examples of two different overhang-
ing sites. Left panelthe surface is conveniently
rotated: the white circle with a black dot in the
center represents an atom occupying a typical
° 111-like site located on the side of a 3D structure.

Right panel(top view): the two white circles with

a black dot in the center represent atoms occupy-
K ing a threefold, i.e., a site with only three sup-
porting atoms in the layer below.

pyramid (site T in the figure and at the bottom of the hole qualitatively different, with the long-cutoff atoms starting
(site B), there is one fourfold site that may be occupied by artheir deflection earlier, the increased deflection is not enough
impinging atom. We chose {@andom initial positions, and to allow the newly deposited adatoms to land on a higher
we deposited one additional atom on the surface, monitoringayer, and the roughness is thus unchanged. Of course, this is
its final position. The simulation was performed f&b; not a general argument: if a sufficiently high 3D structure is
=0.01, 0.1, and 0.25 eV. There were 407, 261, and 16%rmed on the surfacéas is likely to happen for a final
final configurations with the atom on top of the pyramid, coverage of several ML a long-range interaction must in-
respectively, whereas the atom landed on the site at the botluce a rougher surface, the effect being particularly strong
tom of the hole 0, 19, and 67 times, respectively. Thesdor low K;.
results clearly confirm that at low;, atoms tend to be Another interesting feature of the surfaces grown in our
steered toward protrusions and away from the bottoms o$imulations is the occupancy of overhanging sites and the
holes. Fork;=0.25 eV we note that the impinging atom is formation of bulk vacanciegsee Ref. 1 Two typical non-
helped to reach the hole by transient mobility: it bouncesourfold sites are shown in Fig. 3. We verified that decreas-
against the sides of the hole before reaching its bottom. Agg K;, the overhanging-site population grows, ranging, at a
anticipated, for the highest values Kf considered in this total coverage of 5 ML, from-7.5% of the deposited atoms
paper, the transient mobility cooperates in inducing a smootfor K;=0.01 eV to<1% atK;=0.5 eV. In our opinion,
surface. In this example, the surface already contained a 3both steering and transient mobility are responsible for this
structure and a hole. Of course, in the growth simulationsbehavior. Indeed, overhanging sites are abundant on the
we started with a flat surface. Nonetheless, after 5 ML thesides of 3D structure$111-like sites are found on the sides
surfaces grown with loweK; are very rough. Indeed, the of a pyramid such as the one displayed in Fig. & that
steering effect causes a clear instability in the growth procesatoms deflected toward the structure may occupy one such
(see Ref. 5 even starting from a perfect defect-free surface site. As shown by Sanders and DePriStashen the imping-
sooner or later a small protrusion will be created on the suring atom hits a fourfold site, no transient mobility is de-
face. If K; is low enough, the impinging-atom flux will tected. But overhanging sites are less stable than fourfold
start to be deflected, causing a quick enlargement of theites and they are often less symmetsee the right panel of
protrusion. Fig. 3 than a fourfold site. As a consequence, an atom can
We note that the embedded-atom potentials used in thisscape more easily from an overhanging site, after it lands in
simulatio have a 5.54-A cutoff distance, whereas in theits attraction basin. From our simulations, we verified that
real system an atom first feels the surface at a much largéhe probability of sticking to a nonfourfold site after being
distance-* We observe a strong roughening even with thedeposited over it decreases wih (similarly, it was found
short-ranged potential, so the effect may become dramatic ito decrease with the temperature in Ref). ForK;=0.1 eV,
real systems, particularly fdk;~0 and thicker films. As a the fraction of deposited atoms that do not stick on an over-
rough test, we extended the cutoff for incoming atoms tohanging site because of this transient mobility effect be-
20 A by replacing the EAM Morse pair potential with a comes non-negligible. Fak;~0.5 eV, only fourfold sites
6-12 Lennard-Jones potential matched to the basin shape afe found to be occupied, and the deposition process seems
the Morse potential. We deposited 5 ML on a flat(Ag0  to closely follow the funneling picture of Ref. 13. Vacancy
surface withK;=0.025 eV(an energy where steering affects formation is strictly related to overhanging-site population.
the roughness stronglyThe average roughness of the sur-Indeed, the easiest mechanism for vacancy formation re-
face after 1 and 2 ML were the same, within a single-quires an empty fourfold site to be covered by four over-
standard-deviation error bar, as obtained with the short cuthanging sites in the layer abo¥eFor K;=0.2 eV, the oc-
off. After 3 and 4 ML, a rise in the roughness was detected ircupied sites are mainly fourfold, so that no vacancies at all
the long-cutoff simulations, but still the results did not devi- were found during the 5-ML deposition. Only foK;
ate by more than two standard deviations. After 5 ML, on the~0.1 eV, on average, did one vacancy per simulation start
other hand, the surfaces generated with the long cutoff statb appear in our grown films. Fét;=0.01 eV,~2 vacancies
to become clearly rougher, increasiif by ~30%. For a per film were detected.
slightly largerK;(0.1 eV), the longer cutoff does not change Increasing the temperature at fix&g and increasing;
the roughness even after 5 ML. Although the trajectories arat a fixed temperature are often considered equivalent ways
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to give the atoms some extra mobility, so that a smootheobtained aff ~0 K. At higher temperatures, this roughening
surface can be growlf. Some of the results reported here will be diminished due to the activation of smoothening dif-
confirm this picture: the probability to stick to an overhang-fusion mechanisms. Preliminary restltsbtained by simu-
ing site, for example, decreases both raising the temperatutating the growth process at realistic deposition rates with the
andK;. The steering effect, on the other hand, is only dueTAD method indicate that the steering effect is observable in
to the smallK;, and has no equivalent temperature-inducedhe roughness of the first few monolayers up to at Idast
effect. =30 K, which should be accessible to experiment. For
In this paper we showed that even starting from a flatthicker f|Im:_; at higher temperatures, _stat|st|_c_al f_Iuctuatlons in
surface and with a normally incident flux, steering can caus§Urface height may still trigger this instability if the atom-
a strong roughening of the surface. The impinging-atom ﬂuxsurface interaction range exceeds the effective diffusional
becomes inhomogeneous, because surface landing is mo§g100thenmg length.
frequent near protruding structures. In turn, these structures The authors acknowledge fruitful discussions with Bene
grow more quickly, creating an instability. When the incom- Poelsema, David Srolovitz, James Sprague, and Tim Ger-
ing kinetic energy is very low, even features two atoms highmann. This work was supported by the U.S. Department of
can trigger this effect, increasing the roughness noticeablnergy, Office of Basic Energy Sciences, under DOE Con-
within the first five monolayers. All the reported results weretract No. W-7405-ENG-36.
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