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We employ multibillion time step embedded-atom molecular dynamics simulations to investigate the ho-
moepitaxial growth of Pt(111) from hyperthermal Pt atoms (Ep,=0.2—50 eV) using deposition fluxes approach-
ing experimental conditions. Calculated antiphase diffraction intensity oscillations, based on adatom coverages
as a function of time, reveal a transition from a three-dimensional multilayer growth mode with Ep,<20 eV to
a layer-by-layer growth with Ep; =20 eV. We isolate the effects of irradiation-induced processes and thermally
activated mass transport during deposition in order to identify the mechanisms responsible for promoting
layer-by-layer growth. Direct evidence is provided to show that the observed transition in growth modes is
primarily due to irradiation-induced processes which occur during the 10 ps following the arrival of each
hyperthermal atom. The kinetic pathways leading to the transition involve both enhanced intralayer and inter-
layer adatom transport, direct incorporation of energetic atoms into clusters, and cluster disruption leading to

increased terrace supersaturation.

DOLI: 10.1103/PhysRevB.76.115418

I. INTRODUCTION

Low-energy ion irradiation during film deposition is an
effective experimental technique for altering the growth
mode from three-dimensional (3D) multilayer growth toward
two-dimensional (2D) or layer-by-layer growth and is known
to increase the epitaxial thickness of films deposited at low
temperatures.'~® Several models have been proposed to ex-
plain the observed growth mode transition. For example, it
has been suggested that incident ions are responsible for sup-
pressing 3D multilayer formation by removal of atoms from
stable nuclei during nucleation on upper terraces.” It has also
been proposed that in the case of Si(001) homoepitaxy, ion
bombardment enhances adatom number densities via disrup-
tion of dimers, which, in turn, results in higher island nucle-
ation rates.> Another explanation is that during bombard-
ment, adatoms created via displacement of surface atoms
form adatom islands close to the impact site, thus leading to
increased island number densities. !

Clearly, the detailed pathway by which low-energy inci-
dent ions alter film growth kinetics and surface morphologi-
cal evolution is complex and not fully understood. This pro-
vides a strong incentive for further atomic-scale
investigations of the interactions among incident ions and
surface atoms. Such energetic impact-induced events are
nonequilibrium transient processes which are completed over
time scales of order of picoseconds. Thus, they are not easily
accessible to direct observation even by state-of-the-art in
situ experimental techniques which only probe initial and
final states. However, computer simulations, in particular,
molecular dynamics (MD) simulations,”'* allow the direct
observation of these events as a function of time.

Here, we present the results of a multibillion time step
MD study of the homoepitaxial growth of Pt(111) from hy-
perthermal atoms with energies Ep,=0.2—50 eV. Given the
ability of MD techniques to follow individual atoms on the
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picosecond time scale, we separate the effects of irradiation-
induced processes during deposition from thermally acti-
vated mass transport. We find that for all Ep, values,
irradiation-induced displacement events are completed
within several picoseconds following impacts, a time scale
over which thermal migration is not significant. With Ep,
=15 eV, we observe 3D multilayer growth. However, using
the same deposition conditions, but with Ep=20-50 eV, we
obtain 2D growth approaching layer-by-layer growth. More-
over, we provide direct evidence that the transition from 3D
to 2D growth is due to the atomistic processes induced dur-
ing the initial ~10 ps following impacts. The results pre-
sented here have increased significance in the low-
temperature deposition regime where thermally activated
processes are exponentially suppressed.

II. METHOD

In our simulations, we use the embedded-atom method
(EAM) parametrization of Johnson,' with time steps of 1 fs,
to calculate Pt-Pt interactions. This interaction potential
yields Pt(111) surface diffusion activation energies for Pt
adatoms and small clusters'® in good agreement with experi-
mental values'”'® and has been successfully employed in
previous studies.®!%16:19-23 [n addition, we have carried out a
number of tests in which we compare the forces among at-
oms generated in EAM-MD simulations with those obtained
in ab initio MD simulations using the Vienna ab initio simu-
lation package (VASP) code. The results show that for the
Johnson EAM parametrization, the magnitudes of inter-
atomic forces are within 15% of those obtained with VASP-
MD.

Our Pt(111) substrates consist of nine layers, 16X 18 at-
oms each, with the bottom layer fixed and the two layers
directly above it serving as a heat reservoir. The atoms in the
remaining layers are allowed to interact freely according to
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the EAM potential. Periodic in-plane boundary conditions

are employed along orthogonal [110] and [1 12] directions.

Single hyperthermal Pt atoms, with trajectories perpen-
dicular to the initially flat surface, are introduced into the
simulation at randomly chosen points. In addition to the case
for which the incident kinetic energy Ep=0.2 eV (thermal
deposition), which serves as a reference, simulations were
carried out with Ep, ranging from 5 to 50 eV at 5 eV inter-
vals. We initially deposit 5 ML (monolayer) using each Ep,
value and an arrival rate of one atom every 100 ps, for a total
simulation time of 1.65 us. This flux corresponds to a depo-
sition rate of 5X 10° wm/min, which is 10 times higher
than typical rates during electron beam evaporation.”* In a
separate MD run, we deposit 5 ML with Ep =25 eV, but at a
flux of one atom every 1 ns, which is only 2 orders of mag-
nitude higher than experimental deposition rates. This MD
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FIG. 1. (Color) Left side: Nor-
malized antiphase diffraction scat-
tering intensity vs deposited layer
thickness during Pt(111) homoepi-
taxy using Pt atoms with incident
energies Ep, of (a) 0.2 eV (thermal
deposition), (b) 10 eV, (c) 15 eV,
and (d) 20 eV. The deposition rate
R is 10 ns™!. Right side: Plan-
view images showing the corre-
sponding Pt(111) surface topogra-
phies after deposition of 2.5 and
5.0 ML. Atoms in the first, sec-
ond, third, and fourth deposited
layers are brown, yellow, green,
and blue, respectively.

run, which required a total simulation time of 1.5 us (1.5
X 10° time steps), represents an attempt to simulate deposi-
tion in a fully deterministic manner using fluxes approaching
experimental values. We choose a substrate temperature of
1000 K, corresponding to a homologous temperature® of
~0.5, to allow for an effective dissipation of excess kinetic
energy due to artificially high deposition rates via the heat
reservoir. The MD runs are stored in movie files with a
1-2 ps time resolution.

III. RESULTS

Figure 1 shows calculated normalized antiphase diffrac-
tion intensities'® as a function of time during Pt(111) depo-
sition using Ep,=0.2, 10, 15, and 20 eV. The intensity oscil-
lations are similar to those that would be measured by, for
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example, reflection high-energy electron diffraction
(RHEED). During ideal layer-by-layer growth, new layers
start to be formed only after the preceding layer is
completed.?>2® Thus, RHEED oscillations during ideal layer-
by-layer growth maintain constant amplitude. The degree to
which an actual growth process approaches ideal layer-by-
layer is characterized by the inverse decay rate of the oscil-
lation amplitude.?’?° In practice, any growth process giving
rise to a significant number of oscillations is termed
“layer-by-layer.”?® Plan-view images of the atomic-scale sur-
face topographies of the deposited layers after deposition of
2.5 and 5 ML are also presented. The results illustrate several
clear features. In Fig. 1(a), the diffraction pattern corre-
sponding to Ep=0.2 eV growth (thermal deposition) dis-
plays weak aperiodic oscillations indicative of 3D multilayer
growth. This is consistent with the plan-view image showing
substantial fractions of unoccupied lattice sites in the first
and second layers (brown and yellow atoms, respectively),
while a large island (blue) has already nucleated on top of
the third layer (green). In ideal layer-by-layer growth, the
first two layers would be completely filled, while the third
layer would be half full with no atoms on top. We also ob-
serve diffraction intensity oscillations and surface topogra-
phies similar to those shown in Fig. 1(a) for Pt growth at
Ep=5 eV (not shown) and 10 eV [Fig. 1(b)].

Increasing Ep, to 15 eV [Fig. 1(c)] yields periodic diffrac-
tion oscillations with higher amplitudes, signaling the onset
of a transition in growth mode. With Ep=20-50 eV, strong
periodic diffraction intensity oscillations are observed, as
shown in Fig. 1(d) for Ep=20 eV, indicative of layer growth
under conditions more closely approximating the 2D layer-
by-layer mode. The corresponding 2.5 ML image from our
movie files also exhibits a surface topography which is close
to ideal layer-by-layer growth, i.e., an almost completely
filled second layer with only a few atoms on top of the third,
nearly half-filled, layer.

In order to elucidate the primary mechanisms responsible
for the observed transition from 3D multilayer to 2D growth,
we utilize the capability of MD to monitor individual atomic
migration paths during deposition. We first divide the 100 ps
between incident Pt impacts into ten intervals of 10 ps each
during which the migration distances of deposited and sub-
strate atoms are quantified for the entire duration of the MD
run in the following manner. Pt atoms with a net lateral mo-
tion =1.6 A, i.e., the distance [ between adjacent fcc and hep
surface sites on Pt(111), contribute to intralayer migration,
while atoms with a net vertical motion =2.2 A, which is
equivalent to the interlayer spacing d in the [111] direction,
are counted as contributing to interlayer migration. Average
intra- and interlayer migration distances resulting from each
Pt impact are determined for all 10 ps time intervals. This
procedure is repeated for each value of Ep,.

Average intralayer and interlayer Pt migration distances,
in units of / and d, respectively, for ten consecutive 10 ps
time intervals during film growth using thermal (0.2 eV) and
5, 25, and 50 eV hyperthermal atoms are presented in the
form of histograms in Fig. 2. The results clearly demonstrate
that both intra- and interlayer mass transport are dominated
by events occurring during the initial 10 ps and are strongly
dependent on Ep. In contrast, average migration distances
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PHYSICAL REVIEW B 76, 115418 (2007)

= - T T
o 12 BE -02evV [|E =25eV -
o Pt Pt
= BE =5¢v [JE =50eV
810 Pt Pt i
L
©
c 8 il
K=l
©
= 6
€
« 4 |
()
)
T 2 1
S
0 |1
1 2 3 4 5 6 7 8 9 10
Time interval [10 ps]
(b) S‘ 1 T T T T T T T
- BME -02¢evV [ JE =25¢V
8 Pt Pt
c 08F IEPt=5ev [JE =50eV
.-Z E0.02 —
© 3
c 0.6f 8 8
.2 2
= o
8)047 %o.or d |
g g
3
50.2— 5 R
E) - 0 1 2 83 4 5 6 7 8 9 10
-E Time interval [10 ps]
— 0 - el ol =Y =l e e - e

1 2 3 4 5 6 7 8 9 10
Time interval [10 ps]

FIG. 2. [(a) and (b)] Histograms showing averaged intra- and
interlayer mass transport distances per atom during consecutive
10 ps intervals following the deposition of a Pt atom with Ep,
=0.2, 5, 25, and 50 eV on Pt(111). Mass transport values are ex-
pressed in units of /, the separation between adjacent fcc and hep
surface sites, and d, the interlayer spacing in the [111] direction.

over the next nine 10 ps intervals are essentially independent
of Ep,, indicative of thermally activated diffusion, and are
significantly reduced. Note that there is very little thermally
activated interlayer migration during the 100 ps time period
between Pt deposition events on Pt(111) at 1000 K. Since the
dominant irradiation-induced processes during film growth
from hyperthermal species occur during the 10 ps following
each bombardment event, we focus on that period in the
following discussion.

As a measure of the importance of irradiation-induced
mass transport as a function of Ep, we list in Table I the
ratios p between migration distances over the initial 10 ps
intervals and the corresponding distances during the subse-
quent 90 ps (the next nine 10 ps periods) following each
deposition event. iy, and p;r in columns 2 and 4, respec-
tively, are the ratios for intra- and interlayer migration. The
results clearly demonstrate that irradiation-induced migration
is significant even at the lowest deposition energy, Ep,
=5 eV, for which both p;,, and p;,., are 0.27. p increases
with increasing Ep, such that at Ep;=50 eV, p;,,=0.75 and
Pinter=19.3. The trend is even more dramatic if one considers
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TABLE I. Calculated ratios of intra- and interlayer mass trans-
port distances during the first 10 ps following each deposition event
with Ep,=35, 25, and 50 eV to the total (p) and average (r) migration
distances over the subsequent 90 ps.

Impact Intralayer mass transport  Interlayer mass transport
energy

EP[ (CV) Pintra Tintra Pinter Tinter

5 0.27 247 0.27 245

25 0.47 4.19 7.49 67.57
50 0.75 6.75 19.34 174.05

the ratios r of irradiation-induced migration to average ther-
mal mass transport distances. 7y, and 7y, (columns 3 and 5
in Table I) range from 2.47 and 2.45 with Ep=5 eV to 6.75
and 174.05 with Ep ;=50 eV.

Detailed results for average intra- and interlayer mass
transport during the initial 10 ps following each deposition
event for all Ep, values =5 eV are presented in Fig. 3 as
histograms. The intralayer mass transport distance [Fig. 3(a)]
increases nearly linearly with Ep.. Since it is possible in MD
to follow individual atomic motion, we have identified the
thermal component of mass transport (i.e., that due to atoms
not directly involved in collision events) during the irradia-
tion period and plotted this as the dashed line in Fig. 3(a).
Even after accounting for this component, we still find that
increasing Ep, from, for example, 10 to 20 eV increases the
average intralayer migration distance by a factor of almost 2.
This is primarily due to increases in adatom scattering dis-
tances and the onset of cluster disruption. Figure 3(b) shows
that irradiation-induced interlayer transport becomes signifi-
cant with Ep, =15 eV, where we again observe a near linear
dependence between the average migration distance and Ep,
with d values ranging from 0.05 with Ep=15eV to 0.95
with Ep=50 eV.

The increased intra- and interlayer adatom migration dis-
tances are the only notable changes in our MD simulations
with increasing Ep, and are responsible for the observed tran-
sition in film growth mode from 3D multilayer to 2D growth
which occurs at Ep;=20 eV. From following individual im-
pact events,”!% we observe that adatom scattering, surface
channeling, and cluster (dimer) formation occur at all ener-
gies, while cluster disruption becomes significant only at
Ep=20 eV and the formation of residual surface vacancies
requires Ep,=30 eV. We also find that the probability of 3D
island formation for small clusters decreases with increasing
Ep, due to increased occurrences of atom exchange between
layers and the direct incorporation of energetic atoms into
clusters.

Thus, the transition that we observe in film growth modes
from 3D multilayer to 2D growth at Ep,=~20 eV results from
a combination of several irradiation-induced events: in-
creased adatom interlayer migration and decreased 3D clus-
ter formation with increasing Ep, the onset of significant
interlayer adatom migration with Ep,=15 eV, and the onset
of cluster disruption with Ep,=20 eV. Reduction in island
size during film growth leads to a reduced probability for
arriving hyperthermal atoms to be deposited on top of islands
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FIG. 3. [(a) and (b)] Average irradiation-induced intra- and in-
terlayer mass transport distances per atom as a function of the in-
cident Pt energy Ep, during deposition on Pt(111). The intra- and
interlayer components are expressed in terms of the distance be-
tween adjacent fcc and hep surface sites (/) and the interlayer spac-
ing (d) in the [111] direction. The horizontal dashed line in (a)
represents the average intralayer thermal migration distance.

and an increased frequency for already deposited adatoms
atop islands to reach island edges and subsequently descend
onto the terrace; both effects promote 2D growth.

To proceed a step further, we test the results of our calcu-
lations against an inherent limitation of MD simulations for
investigating film growth, namely, the use of high fluxes
leading to unrealistic deposition rates. In order to probe this
effect, we simulated film growth using Ep,=25 eV at a depo-
sition rate of 1 ns™! (a factor of 10 lower than for the previ-
ous runs) in a single 1.5-us-long MD run spanning 1.5
% 10° time steps. This deposition rate R is within 2 orders of
magnitude of typical experimental values.”* Diffraction in-
tensity oscillations and plan-view images in Fig. 4, after
deposition of 1 and 3 ML, show that near layer-by-layer
growth is obtained for deposition rates R of both 1 and
10 ns™!. A comparison of the results shows that higher oscil-
lation amplitudes and smoother surfaces are obtained at the
lower R value. This is indeed expected, since a decrease in
deposition rate allows longer times for adatoms to sample
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neighboring surface sites before being trapped by subse-
quently deposited atoms. However, as we discuss below,
irradiation-enhanced mass transport effects remain the deter-
minant factor for promoting 2D layer-by-layer growth.

In Fig. 5, we present histograms showing the results for
average intralayer and interlayer Pt migration distances for
10 and 100 10 ps time intervals corresponding to the two
deposition rates, 10 and 1 ns~!, with Ep.=25 eV. The results
clearly demonstrate that even at the lower deposition rate,
mass transport is still dominated by events occurring during
the first 10 ps.

The important point in Fig. 5 is that the magnitude of
irradiation-induced mass transport is essentially unaffected
by the deposition rate, while the average thermal intralayer
transport distance decreases by approximately two times for
the lower flux case. This is a direct consequence of using a
more realistic deposition rate. As the time period between
incident atom impacts increases by a factor of 10, itinerant
thermal adatoms have a higher encounter probability leading
to enhanced nucleation which, in turn, decreases the local
supersaturation and, hence, the average in-layer migration
distance. Similarly, thermal interlayer mass transport, which
was already small compared to the number of irradiation-
induced interlayer exchanges in the first 10 ps, also de-

TABLE II. Calculated ratios of intra- and interlayer mass trans-
port distances during the first 10 ps following each deposition event
with Ep=25 eV to the total (p) and average (r) migration distances
over the subsequent 90 and 990 ps for deposition rates R of 10 and
1 ns™!, respectively.

Deposition  Intralayer mass transport ~ Interlayer mass transport
rate

R (ns_l) Pintra Tintra Pinter Tinter

10 0.47 4.19 7.49 67.57

1 0.10 10.39 4.86 481.15
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FIG. 4. (Color) Left side: Nor-
malized antiphase diffraction in-
tensity during energetic Pt deposi-
tion on Pt(111) with Ep=25eV
and atom arrival rates R of (a)
10 ns™! and (b) 1 ns™!. Right side:
Plan-view images from video files
showing the  corresponding
Pt(111) surface morphology after
deposition of 1.0 and 3.0 ML.
Substrate surface and first, second,
third, and fourth deposited layers
are gray, brown, yellow, green,
and blue, respectively.
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creases by approximately seven times, from 0.0032 to
0.000 46, when using a lower deposition rate [compare the
insets in Figs. 5(b) and 5(d)].

To further emphasize the role that the first 10 ps time
interval plays in the deposition process, we list in Table II the
ratios p of the intra- and interlayer migration distances over
the initial 10 ps intervals to the remaining 90 ps for R
=10 ns~! and 990 ps for R=1 ns~!, following each deposi-
tion event. As expected, due to the longer time allowed for
thermal accommodation, the ratios, which involve absolute
distances, decrease in value from 0.47 to 0.10 (pj,) and
from 7.49 to 4.86 (piy;). However, the important trend is the
increase in the ratios r of migration distances in the initial
10 ps to the corresponding average migration distances dur-
ing the subsequent 90 ps (R=10ns"') and 990 ps (R
=1ns7!). The use of a lower deposition flux R results in
dramatic increases in both 7;,,, from 4.2 to 10.4, and 7,
from 67.6 to 481.2. These results represent increases in iy,
and ., by factors of ~2 and 7, which in physical experi-
ments, with deposition rates 2 or more orders of magnitude
lower than in our simulations, will be even more dramatic
and have particularly significant effects at low deposition
temperatures. The results strongly highlight our initial con-
clusion that irradiation-induced events during the first 10 ps
following each deposition event leading to the opening of
ion-induced kinetic pathways are key to promoting low-
temperature layer-by-layer growth from hyperthermal beams.

IV. CONCLUSIONS

In conclusion, we employ multibillion time step MD
simulations to monitor intra- and interlayer mass transport
during homoepitaxial growth of Pt(111) from low-energy hy-
perthermal (Ep,=5-50 eV) Pt atoms and compare the results
to growth from thermal beams (Ep,=0.2 eV). Irradiation-
induced and thermally activated effects on mass transport
rates during deposition are isolated and followed as a func-
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FIG. 5. Average intra- and interlayer mass transport distances plotted as a function of time intervals (10 ps each) between two consecu-
tive impacts during deposition of Ep,=25 eV Pt atoms on Pt(111) with atom arrival rates R of [(a) and (b)] 10 ns™! and [(c) and (d)] 1 ns™..
The intra- and interlayer components are expressed in terms of the distance between adjacent fcc and hep surface sites (/) and the interlayer

spacing (d) in the [111] direction.

tion of time. We observe a transition from 3D multilayer
growth toward 2D layer-by-layer growth at Ep,~20 eV due
to irradiation-induced processes occurring during the first
10 ps following the arrival of each hyperthermal atom. Ion-
induced exchange of atoms between layers, direct incorpora-
tion of energetic atoms into clusters, and cluster disruption
are identified as the primary mechanisms responsible for the
transition to layer-by-layer growth. As the deposition rate is
decreased closer to typical experimental values, these same
kinetic pathways are observed to have an even stronger ef-
fect in promoting layer-by-layer growth.

At low temperatures, where thermal migration events are
exponentially depressed, the irradiation-induced effects we
report here will become increasingly more important. Our

results are expected to be valid for most fce(111) metal films
as inferred by the strong similarities observed in their surface
properties.3%-32
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