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RUsing a combined density functional theory (DFT) and kinetic Monte Carlo (kMC) approach, we show that
the presence of small dose of hydrogen atoms on Si(100)-2 × 1 surface can increase Al chain density by as
much as four times compared to the clean Si(100)-2 × 1 value. Though the observed enhanced nucleation
can be explained by trapping of Al adatoms by H and their subsequent stabilization into islands, we find
that a similar increase in island density can be achieved even when H merely blocks (but does not trap) Al
adatoms. For H-bound islands, our DFT analysis suggests that Al adatoms are pinned preferentially on one
side of H. Additionally, we argue that despite the high ratio of diffusion to adsorption rates which should
favor H-bound islands over homogeneously nucleated islands, the former is not as numerous conventional
nucleation theory would predict.

© 2013 Published by Elsevier B.V.
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1. Introduction

Advances in nanolithographywhichmake it possible to tailor a sub-
strate of interest to produce surfaces with the right transport, mechan-
ical, and electrical properties: nanostructuring at a truly atomic scale,
have progressively increased to the point of commercial viability [1,2].
To this end, an array of techniques, ranging from the relatively simple,
such as self-assembly, to one requiring activemanipulation at the atom-
ic scale, has been successfully applied. In self-assembly, the physical
properties of thin films grown on the substrate such as the aggregates'
island size and island density are controlled by physical parameters
such as substrate temperature and adsorption rate [3,4]. However, pre-
cise placement on the substrate to fit a desired pattern, a necessary re-
quirement in nanocircuit design, may not always be achievable using
this technique. This is true in the case of an important class of
one-dimensional (1D) islands, or nanowires, formed during room-
temperature (RT) deposition of group III and IV metals [5–8], several
transition metals (Mn, Pb) [9–11], mixed In–Sn and Pb–Al dimers
[12,13], and most rare-earth silicides [14–16] on Si(100). On the other
hand, scanning probe lithography techniques allow surface atoms to
be manipulated at the atomic level using scanning tunneling micro-
scope (STM) tip by selectively placing or removing atoms (or even a
row of atoms) from their adsorption sites at will. For example,
nanopatterning [17–19] is achieved by removing and manipulating hy-
drogen atoms on low-index semiconductor surfaces and thus leaving
dangling bonds as attractive nucleation sites. Electronic structure
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analysis can then be performed. A similar approach on vicinal surfaces,
step decoration [20,21], takes advantage of the increased ability to pro-
duce terraces of very precise width, sometimes of the order of a few
atoms. Coupled with highly reactive surface steps, one could produce
1D or quasi-1D nanostructures which are constrained to align along
the step direction. In this work, we explore a potential approach toward
a more controlled self-assembly process through deliberate introduc-
tion of impurities in the form of pre-adsorbed H atoms, a common sur-
face residue on Si-based surfaces.

In Ref. [22] it was observed that dosing the Si(100)-2 × 1 surface
with a small amount of hydrogen (~0.15 ML) before deposition of
Al significantly alters the nucleation rate of Al islands. One of the
mechanisms the authors considered is the trapping of the highly-
mobile adatoms by the largely stationary atomic H and the subse-
quent stabilization of these atoms into heterogeneous 1D islands.
(Henceforth, heterogeneously nucleated islands, or simply heteroge-
neous islands, will be used interchangeably with H-bound islands.)
This behavior is reminiscent of the role C-defects, believed to be dis-
sociated water molecule adsorbed on adjacent Si dimers [23], during
adsorption and nucleation of other group III metals on Si(100)-2 × 1,
notably In [24]. A second, perhaps complementary mechanism they
proposed somewhat diminishes the role of H in that it is unable to
trap these fast diffusing Al adatoms, but can nevertheless block their
path. In this scenario, H atom's site-blocking role likely raises the
number of diffusing Al adatom available for pairing with other mobile
adatoms to produce a stable Al dimer, the building block for homoge-
neously nucleated 1D island. This possibility is easily verified by
looking at the experimental data and examining the size distribution
of the islands which should show an abundance of homogeneous 1D
islands in addition to H-bound 1D islands.
nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
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Fig. 1. (a) X and X′ indicate adsorption sites for H located on top of an up Si atom (red
ball) and a down Si atom (blue ball), respectively. S and A denote adsorption sites for
the first Al atom (black ball) adsorbed next to H (green ball). Notice that S is on the
same dimer row, while A is on the adjacent dimer row, as X and X′. (b) Shows top
and side views of an Al atom adsorbed on S, while (c) shows top and side views of
an Al atom adsorbed on A. In these figures, yellow balls indicate substrate Si atoms
while black dash lines outline the 2 × 1 supercell. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).
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The present work, employing first-principles based kinetic Monte
Carlo simulations, is intended to shed more light on the role of H on
the observed enhanced nucleation of Al islands by comparing model
predictions with available experimental data on the size distribution
as well as the island density. It should be remarked that any attempt
at direct observation of H-mediated nucleation via STM or other im-
aging techniques faces formidable technical challenges. Thus, kMC
modeling of a suitable growth model for Al chains on Si(100)-2 × 1
is needed for additional insights into the process. This paper is orga-
nized as follows. In Sec. 2, we investigate whether the presence of H
atoms can indeed trap adjacent Al adatoms by calculating the rele-
vant adsorption energies using DFT. An important question, whether
islands nucleate on either side of an H atom, will be discussed. In Sec.
3, we incorporate results of our DFT calculations, as well as relevant
key observations from relevant experimental studies, into the current
modeling, and discuss how the mere presence of H atoms plausibly
enhances Al island nucleation. In Sec. 4, we summarize the main
points of the article.

2. DFT calculations: Methodology and results

2.1. Methodology

To accurately model the evolution of any surface of interest during
molecular beam epitaxy (MBE) or physical vapor deposition (PVD)
one needs a good understanding of the microscopic processes in-
volved as well as an accurate determination of the relevant energetic
and kinetic parameters. Such a detailed knowledge of the surface pro-
cesses typically comes from experimental observations and first-
principles calculations. In this section, we provide a description of
our DFT-based methodology, where our main goal is to establish
whether hydrogen can act as pinning center for diffusing Al adatoms.

In our previous work on the self-assembly of group III metals on
Si(100)-2 × 1 [25], progress has beenmade in generating a potential en-
ergy surface (PES) map from which one can (1) identify transition and
metastable states aswell as saddle points (2) calculate the associated ac-
tivation barriers for a chosen pathway (3) analyze the stability of various
island structures in the immediate vicinity of defects by looking at their
relevant adsorption energies. We wish to replicate such calculations to
Si(100)-2 × 1 surface with H taking the place of defects.

Our calculations were carried out within the generalized gradient
approximation (PBE) [26] to density functional theory [27] using
projector-augmented-wave potentials [28], as implemented in Vienna
Ab-Initio Simulation Package [29]. Since the 1D island is elongated
along the [011] direction, we used the 8 × 4 supercell as the slab sub-
strate and manipulated the c(4 × 2) at the reconstruction layer. The
use of a larger supercell (8 × 4) is intended to prevent interaction be-
tween metal atoms of adjacent cells. The 1 × 2 Monkhorst-Pack grid
was employed to sample the surface Brillouin-zone (BZ). The calcula-
tion settings are described in previous works [25,32] and will not be
elaborated here.

2.2. DFT results

Among the notable priorworks onH adsorption on Si(100) is a study
examining Si dangling bond creation via H adsorption on dimerized
Si(100)which established that forming Si–Si–Hhemihydride can induce
static buckling on adjacent Si–Si dimers [30]. Additionally, it was found
that the created single dangling bond's electronic structure depends
on the doping properties of the surface, giving different Si\H bonding
geometries with distinct scattering and transport properties [31].

In the present study, our aim is primarily to understand nucleation
and growth of 1D Al islands on H/Si(100). Previously, it was reported
that group III metals (notably In) can be trapped in varying degrees
by C-defects [32,24,33]. Whether a similar process occurs when an
Al adatom lands next to atomic H is not clear, although surface defects
Please cite this article as: M.A. Albao, et al., Enhanced nucleation of Al isla
theory and kinetic Monte Carlo study, Surf. Sci. (2013), http://dx.doi.org/1
F

in the form of missing dimers or C-defects have been observed to ter-
minate Al islands [34,35]. As a preliminary step, we need to find pos-
sible adsorption sites: local minima on the PES, on the Si(100)-2 × 1
surface for H.

2.2.1. H adsorption on clean Si(100)
In Fig. 1a–c, the two Si atoms constituting a dimer, whichwe labeled

asup or down, are represented by red and blue balls, respectively. Such a
distinction between otherwise identical atoms is necessitated by fact
that the Si dimer is slightly tilted with respect to the horizontal rather
than flat. Since H can be adsorbed on top of either type of Si atom it is
instructive to compare their respective energies.

We find that H favors adsorption on the up Si atom rather than the
down by 0.052 eV on a clean Si(100) surface. Since we used the
c(4 × 2) reconstruction, the position (relative to a Si dimer) of the
marginally more stable adsorption site for H (up Si atom) along
the dimer row alternates from right to left, i.e., it follows a zigzag pattern.
nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
0.1016/j.susc.2013.07.003
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In Fig. 1a, X indicates binding site for H in which it is bonded to an up Si
atom while X′ marks a slightly less stable adsorption site for H where it
is bonded to a down Si atom.

2.2.2. Al adsorption on H-dosed Si(100)-2 × 1
To compare the relative stabilities of various heterogeneously nu-

cleated 1D Al islands, we calculate the adsorption energy of the last Al
atom to be incorporated in the island, defined as follows:

ΔE0n;ads ¼ E0n−E0n−1−μAl ð1Þ

ΔEH=CDn;ads ¼ EH=CDn −EH=CDn−1 −μAl ð2Þ

In Eq. (1), ΔEn,ads0 denotes the adsorption energy of the nth Al
adatom in an island of length n on the clean Si(100)-c(4 × 2) while
En
0 is the total energy of an island of length n plus the underlying Si

substrate. Similarly, in Eq. (2), ΔEn,adsH/CD denotes the adsorption energy
of the nth Al adatom in a H/C-defect-bound island of length n on
the Si(100)-c(4 × 2) surface, while En

H/CD gives the corresponding
total energy of an n-atom island attached to H/C-defect (plus sub-
strate). In the above equations, μAl, the chemical potential of Al, is
chosen to be that of an isolated Al atom in vacuum. According to
these definitions, lower (or more negative) values of the adsorption
energy for Al adatoms implies greater stability.

In Table 1 we present calculated values of the adsorption energies
of Al atoms terminating H-bound islands of various sizes, ranging
from 1 to 4. From the table, it is apparent that the adsorption energy
of Al depends on whether H is bonded to an up or down Si atom, i.e., H
is at X or X′. To simplify our subsequent discussions below, we as-
sume (unless noted otherwise) that H is bonded to a down Si atom.

Previous studies [32,36] have identified theM site, an off-center site
in which an Al atom is bound to two Si atoms, as themost stable among
the different candidate binding sites for adsorption of Al on bare surface
Si(100), which includes pedestal, bridge and cave sites. In the presence
of H, we expect the existence of candidate binding sites that are very
close to the aforementioned original binding sites. Indeed, our calcula-
tions have identified stable sites near the M-site that are either on the
same dimer row where H is adsorbed (in the case of the site S) or in
the adjacent dimer row (in the case of labeled A) as shown in Fig. 1a. Be-
tween the two, adsorption on S sites (Fig. 1b) is more stable than on A
(Fig. 1c), with the former having an adsorption energy of −3.517 eV
versus the latter's −3.051 eV. (Note however, that in the absence of H
these sites become equivalent).

As we shall see later, the observation that adsorption on S is more
stable than that in A has important implications on the preferential
direction for nucleation and growth of H-bound islands. Additionally,
from Table 1, one concludes that, compared with a C-defect, H is a
slightly better trap for an Al adatom since the adsorption energy of
an H-bound Al adatom is slightly lower than that adsorbed next to a
C-defect.

For n = 2, it is evident from Table 1 that a dimer termination
(Fig. 2a) is generally more stable than atom termination (Fig. 1b). For
example, Table 1 reveals that when H is bonded to the down Si atom,
Table 1
The adsorption energies (in eV) of Al adatoms chain terminating different 1D island structu
here are adopted from our previous calculations reported in Ref. [25]. (*) denotes alternati

Model n = 1 n = 1* n = 2 n

No bonding

Fig. (1b) (1c) (2a) (2

Free −2.923 −4.303
C-defect −3.298 −2.933 −4.523
H@down bound −3.517 −3.051 −3.994 −
H@up bound −3.371 −2.558 −4.090 −

Please cite this article as: M.A. Albao, et al., Enhanced nucleation of Al isla
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the adsorption energy of the former is −3.994 eV while that in Fig. 1b
is −3.517 eV, a difference of around 0.48 eV. This is consistent with
the finding in Ref. [34] which revealed that most of the islands appear
to be dimer terminated based on detailed analysis of STM images.
Next, we analyzed another structure for n = 2 (shown in Fig 2b)
where the second Al adatom is positioned across the trench on the
opposite side of H as the first Al adatom and has an adsorption energy
of −2.947 eV. We found that this structure is less stable than that
shown in Fig. 2a by about 1.05 eV.

One could argue that because this difference is large, further
growth proceeds on the side of H where the first adatom is already
pinned. Effectively, this means growth on the other side of H is
suppressed, at least at low coverages. Furthermore, we observe that
the adsorption energy of the second adatom on this side is roughly
the same as that of the free Al adatom (−2.923 eV). This suggests
that if the second atom were to bind to H at all, the binding energy,
E′Al−H , will have to be negligibly small. However, if a third adatom ar-
rives to form a dimer with the second adatom before the latter has a
chance to diffuse elsewhere, the resulting 1D island could grow on
both sides of H.

To examine the likelihood of this scenario, we compare the time
elapsed between successive arrivals of two adatoms on the same H
atom, roughly Δt = nH/F with the resident time the second adatom on
H, tH = v−1 e E′Al−HþEdð Þ=kT [37]. In the above, nH is the impurity concen-
tration, F is the adsorption rate, v is the hopping pre-factor, while Ed is
the diffusion barrier of isolated Al adatom. Since the Si(100)-2 × 1 sur-
face is anisotropic, we simply approximated Ed by E|| = 0.31 eV, the acti-
vation barrier for migration along the “fast” direction, i.e., along the Si
dimer row. Thus, with nH = 0.15 (per site), F = 0.001 ML/s, E′Al−H ¼ 0,
Δt ~ 150 s while tH ~ 10−9 s. Obviously, since Δt NN tH, the above-
mentioned scenario could be discounted, and growth is likely limited
on the side where the first Al adatom is already bound to H. This feature
is reminiscent of the growth of group III metals near C-defects on
Si(100)-2 × 1 surface, a finding initially reported in Ref. [24].

Next, for n = 3 we placed a third Al adatom on a stable adsorption
site (Msite) near aH-bounddimer. After the relaxation using conjugated
gradient method, we found that such an adatom subsequently drifts
away from M site and shifts toward the right and binds to the metal
dimer as shown in Fig. 2c. Our calculations indicate that this structure
where the third Al adatom is bonded to the dimer close to H@down
(H@up) is more stable than one in which the same adatom is placed at
the M site as shown in Fig. 2d [38] by about 0.22 eV (0.32 eV). We
note that in order to obtain Fig. 2d we allow the third adatom to relax
along the y and z directions while fixing its x-position, where x and y
refer to directions orthogonal and parallel to the Si dimer row, respec-
tively, while z refers to the vertical direction. Here, H@down(H@up) re-
fers to H that is bonded to a down (up) Si atom and has an adsorption
energy given by−3.369 eV (−3.232 eV).

The lowest energy structure for n = 4 is shown in Fig. 2e, where
four Al atoms form two Al dimers. Another possible configuration
(labeled n = 4*) can be generated by using the optimized structure
for n = 3 (Fig. 2c) as a starting point, adding a fourth Al adatom and
then allowing the system to relax. The resulting structure is shown in
Fig. 2f, and has a higher energy compared to Fig. 2e (by 1.27 eV). This
res, C-defect-bound, H-bound, and free (e.g. unbound). C-defect-bound values shown
ve, stable structures that are typically higher in energy than the optimized structures.

= 2* n = 3 n = 3 n = 4 n = 4*

b) (2c) (2d) (2e) (2f)

−3.476 −4.283
−3.471 −3.232 −4.291

2.947 −3.589 −3.369 −4.165 −2.592
2.939 −3.547 −3.232 −4.209 −2.920

nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
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Fig. 2. (a) Optimized atomic structure for an H-bound Al dimer in the case n = 2. (b) An alternative structure for n = 2 where the two Al atoms are placed on either side of H at
sites S and A and has a total energy that is 1.05 eV higher than the structure in (a). (c) Optimized atomic structure for n = 3. (d) An alternative structure for n = 3 in which the
third Al adatom is placed at the M-site. (e) Optimized atomic structure for n = 4, and (f) An alternative structure (n = 4*) that is higher in energy than that shown in (d) by around
1.27 eV. In all these cases, top and side view of the structures are shown.
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form into Fig. 2e. In order to obtain this energy barrier, the x position of
the third Al adatom is gridded along the path joining Fig. 2f to e by 0.1 Å.
The relaxations were done for each grid point provided that the x posi-
tions of both the third and fourth Al adatom are fixed. We found that
this energy barrier is 0.13 eV from analysis of the PES map.

Note that the adsorption energy of the fourth Al adatom in
Fig. 2e is only slightly greater than that of an atom in a free Al
dimer, indicating that the influence of H extends up to the fourth
atom (of the second dimer). Since the difference in the adsorption
energy is around 3% or less, we conclude that the adsorption ener-
gies of the fourth Al adatom listed in Table 1 (4.209 eV and 4.165 eV
for H@down-bound andH@up-bound islands, respectively)must be very
close the adsorption energy of last adatom in even-sized islands with
n N 4. Owing to this closeness in values of the adsorption energy, and
the fact that any additional calculations for island sizes n N 4 are much
more computationally expensive, extending our analysis beyond n = 4
is neither practical nor necessary. We should also point out that a similar
study involving C-defect bound islands indicates that the impact of
C-defects on the adsorption energy of the fourth atom in the second
dimer is not significant [33].

3. Atomistic lattice-gas model description and kMC
simulation results

3.1. Growth model details

The Si(100)-2 × 1 surface consists of rows of dimers oriented along
the [011] direction, with adjacent dimers within a row separated by
Please cite this article as: M.A. Albao, et al., Enhanced nucleation of Al isla
theory and kinetic Monte Carlo study, Surf. Sci. (2013), http://dx.doi.org/1
3.84 Å. Despite its inherent anisotropy, one can effectively model this
surface by a square lattice of n × n sites onto which the adsorbate of
choice are deposited and adsorbed [39]. It should be stressed that
since the surface is only sparsely populated with H atoms – the anisot-
ropy of the underlying Si(100)-2 × 1 structure is intact. Consequently,
diffusion on this surface is likely anisotropic, though there is no general
agreement [40–43,35] as to which principal direction (in relation to the
Si dimer row) is diffusion considered faster. In contrast, a related study
of Al diffusion on H-terminated Si(100) surface [43] in which H atoms
saturates the dangling bonds of the underlying Si(100)-2 × 1 surface
thereby destroying the diffusional anisotropy in the process, leads to
2D Al islands rather than 1D atomic wires.

In addition, rate r of thermally activated processes on the surface
such as diffusion are assumed to be governed by Arrhenius law,
r = v e− E/kT, where v is hopping pre-factor, typically chosen to be
within 1012–1013 s−1 range, E is the activation barrier for the process,
and T is the temperature.

In the current model, hydrogen atoms do not hop nor do they de-
sorb, owing to the relative high barriers [44] for diffusion (as much as
2.72 eV and 1.65 eV for diffusion perpendicular and parallel to the Si
dimer row, respectively) and an even higher barrier for desorption
compared to the corresponding barriers associated with Al. At the
start of the simulation, a low dose (0.15 ML) of H atoms are randomly
deposited onto the lattice of n × n sites. According to our discussion
above, once adsorbed these atoms are considered immobile and
therefore permanently occupy that site. What follows are the deposi-
tion, diffusion and nucleation of Al adatoms into homogeneous or
H-bound islands and the competing processes of aggregation and
adatom detachment. A glimpse of the typical surface morphology is
nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
0.1016/j.susc.2013.07.003
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best illustrated in the schematic diagram shown in Fig. 3a, which also
captures all the essential elements of the atomistic lattice-gas model
employed in this work. The parallel-dimer structure [40,41,5], univer-
sally seen as the structure governing the growth of group III metals on
Si(100)-2 × 1, is also included in Fig. 3b. A complete description of
our model is provided below:

(a) Deposition of Al atom. A site is randomly picked and an atom is
deposited on it provided such a site is empty and not “forbidden”
(i.e., sites laterally adjacent to an island or adatom). The exis-
tence of forbidden sites was first noted in a prior work [42],
where we concluded from analyses of detailed STM images that
these so-called forbidden sites are not favorable for adatom ad-
sorption. Exceptions, however, have been noted in [45].

(b) Diffusion, nucleation, and aggregation. In our modeling, Al
adatoms undergo anisotropic diffusion, parallel, or orthogonal
to the Si dimer row, until they reaches impurity (H) sites, meet
other adatoms, or get incorporated into existing islands. The bar-
rier for isolated adatomdiffusion, along, and perpendicular to the
Si dimer row is given by E|| = 0.31 eV and E⊥ = 0.47 eV, respec-
tively [25]. Also, there is an effective binding energy between H
and an adatom, Et, an adjustable parameter in our model. This
key quantity determines whether H can pin diffusing Al adatoms
long enough for a second atom to come in and thus stabilize the
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Fig. 3. (a) Illustration of the atomistic lattice-gas model. Each square in the grid repre-
sents potential binding sites for H and Al adatoms. Black squares indicate H sites next
to which rapidly diffusing Al adatoms (blue cubes) can be trapped or blocked. Green
cubes represent Al adatoms in atomic chains. Gray squares found at the end of these
chains indicate aggregation sites for Al, while squares with red signage indicate forbid-
den sites for atomic chain formation. (b) The parallel dimer model, where adatom
chains (black balls) are formed perpendicular to the Si dimer rows (white balls). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).
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resulting structure into an H-bound island, or to simply block
their path without stabilization. Thus, this important parameter
controls the extent inwhichheterogeneous (H-mediated) nucle-
ation can occur. In addition to (reversible) heterogeneous nucle-
ation, islands may also nucleate (reversibly) whenever two
diffusing adatoms in the same metal row become adjacent to
form a dimer nuclei (homogeneous nucleation).
In the model, successful (heterogeneous) nucleation occurs
whenever a diffusing Al adatom finds itself next to an H atom
in the same metal row. Notice that it is possible to approach an
H atom that is already bound to an Al adatom from the “free”
side, but that no aggregation follows since according to our dis-
cussion in Sec. II the adsorption energy of the second atom is
high. In this case, H atom has no other function other than to
block diffusing Al atoms. Later, we will explore the consequence
offsite-blocking to the evolution of the Al island density, as
well as the balance between heterogeneous and homogeneous
islands.

(c) Reversible detachment of Al adatoms. Asmentioned above, there is
a binding energy between a hydrogen and Al adatom, Et, treated
as an adjustable parameter, ranging from 0 to 0.3 eV. The rela-
tively low values are consistent with reversible capture of
adatoms at H sites. In addition, Al adatoms detach reversibly
from island ends (both H-bound and free) at rates given by
h = v e EbindþEdð Þ=kT in which the binding energies, Ebind, are
1.1 eV (0.2 eV) for even-sized (odd-sized) islands. In these
parameter choices we are guided by previous studies on
Al/Si(100), both theoretical [40] and experimental [46]. We
should stress, however, that these values are not intended to be
exact, as the absolute accuracy of the aforementioned sources
are not known. We also acknowledge that model simplifications
contribute to the overall uncertainty in the binding energies. For
example, the value Ebind = 1.1 eV reported in Ref. [40], the
energy needed to break up a homogeneously nucleated dimer,
was the same value used in our simulations for all types of
even sized islands (homogeneous and heterogeneous).
Despite these obvious simplifications [47], we contend that using
the dimer formation energy as the binding energy for even-sized
islands is a good approximation for islandswhose sizes are larger
than 4, since it is expected that the influence of H on the binding
energyweakenswith increasing island size. Furthermore, consis-
tent with our findings regarding the relative instability of
odd-size islands as compared with the more stable even-size
islands (both homogeneous or heterogeneous), aswell as the ex-
perimental observation in Ref. [46] in which they concluded that
most Al islands on Si(100) are dimer terminated,we used a bind-
ing energy 0.2 eV for the former. Again, this value is arbitrary to a
large extent, but is sufficiently low to ensure that most islands
are dimer terminated as observed in the simulations.

3.2. kMC simulation results

Tomimic experimental conditions in [22], we set the substrate tem-
perature to 373 K and the adsorption rate to 0.5 ML/min while
performing several independent runs using a 300 × 300 lattice grid.
(Our tests indicate that the choice of the lattice size (300 × 300) should
be big enough to avoid any finite-size effects). Prior to Al deposition, the
Si(100) surface was pre-dosed with 0.15 ML hydrogen at random sites.
In the case of clean growth, we add very small concentration of
C-defects, around 0.003 ML, instead of H. In the simulations, data gath-
ering starts once Al coverage of 0.1 ML is reached. Various plots were
then obtained and Al thin film morphologies generated for different
values of Et.

In Fig. 4a,we plotted the island density per site as a function of Et and
also broke it down by island type (homogeneous or heterogeneous). In
general, these plots reveal that the overall island density gradually
nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
0.1016/j.susc.2013.07.003
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Fig. 4. (a) Uppermost plot shows dependence of total island density (per site), nav,total

on Et (square). Additional insights provided by similar plots showing dependence of
homogeneous island density (per site), nav,homogeneous (triangle) and heterogeneous is-
land density (per site), nav,heterogeneous (circle) on Et; (b) shows variation of Al adatom
density(per site) with Et.

Fig. 5. (a) Uppermost plot shows fraction of dimers among the islands, Ndimers,total on
the surface (diamond) as a function of Et. Lower plots reveal fraction of heterogeneous,
Ndimers,hetero (pentagon) and homogeneous dimers, Ndimers,homo (star) among the islands
on the surface as a function of Et. (b) Island size distribution for Et = 0.1 eV.
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boostedwith the increase in Et. Here, analysis of simulation data reveals
that the ratio of the island density to the clean growth value [48]
for Et N 0.0 [0.05 eV–0.3 eV] has a maximum value of 4.35 when
Et = 0.2 eV. This finding is in line with experimental data in Ref. [22]
where they observed five times more Al islands on the H-dosed surface
compared to those grown on clean Si(100))-2 × 1 surface. In contrast,
this same quantity is only 3.46 when Et = 0, a figure that is neverthe-
less in fair agreement with experimental result.

It is also interesting to note the behavior of the density of islands
formed via different nucleation pathway (heterogeneous or homoge-
neous) as can be deduced from the plots. While homogeneous islands
are slightly favored for very small values of Et, starting at 0.07 eV het-
erogeneous islands start to outnumber homogeneous islands. Indeed,
when trapping efficiency of adatoms by H is low (such as the case at
low Et), most of the excess adatoms simply form dimers thereby in-
creasing the number of homogeneous islands (relative to heteroge-
neous islands). This much can be inferred from Fig. 4b, showing the
plot of adatom density(per site) with Et, and Fig. 5a, which indepen-
dently allows us to quantify the impact of Et on island statistics by
showing the fraction of dimers among the islands, broken down by
type (H-bound or free).

These preceding results highlight one important point: enhanced
nucleation can be achieved by the mere presence of impurities,
even if the adatoms are only weakly bound to the impurities. In the
case of negligibly small binding between adatom and impurity, such
an increase in island density may be achieved through formation of
homogeneously nucleated islands.

In Fig. 5a, it is notable that the percentage of dimers among the 1D
islands decreases with Et, ranging from 88% for Et = 0.2 eV to 62% for
Et = 0.0 eV. The trend is better understood in light of the observation
Please cite this article as: M.A. Albao, et al., Enhanced nucleation of Al isla
theory and kinetic Monte Carlo study, Surf. Sci. (2013), http://dx.doi.org/1
that when Et approaches zero, the average size of the predominantly
homogeneous islands becomes larger, while island density becomes
smaller. Plausibly, homogeneous islands that nucleate when Et is
low are typically older – having been formed at low coverages they
simply have more time to aggregate and thus shifting the island size
distribution slightly toward larger sizes. Notice that for Et = 0.1 eV,
the corresponding figure is 75%. This matches well with the experi-
mental value given in Ref. [22] in which the authors reported that di-
mers account for up to 75% of all the islands in some areas of the
terrace. (We take this to mean that 75% is the upper limit rather
than an average value). To complete the picture we have provided
in Fig. 5b a size distribution of 1D Al islands for 0.1 ML deposition,
and with Et = 0.1 eV. Notice that since even-sized islands typically
outnumber the less stable odd-sized islands, the size distribution is
neither monotonically decreasing nor monomodal in form, though it
resembles the former more than the latter. Monotonically decreasing
size distribution is a common feature found in related deposition sys-
tems such as Ga/Si(100) [42] and In/Si(100) [49].

Overall, our analysis points to 0.1 eV as perhaps the optimum
choice for Et, based on comparison between model predictions and
the corresponding experimental data on the ratio of the island densi-
ty on H-dosed to that on clean Si(100)-2 × 1 surface, as well as the
fraction of islands which are dimers. We emphasize that even though
we believe this is the optimum choice, the true value of Et may lie
somewhere in the range [0.05 eV, 0.2 eV].
nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
0.1016/j.susc.2013.07.003
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Surprisingly, although heterogeneous nucleation is more prevalent
(relative to homogeneous nucleation) except for very small values of
Et = 0.05 eV (or less), it is not completely dominant. In fact, they re-
main within the same order of magnitude for sufficiently low values
of Et considered here. This result is even more remarkable when we re-
alize that the hydrogen concentration (0.15 ML) is much higher than
that of the typical impurity. Ordinarily, mean-field nucleation theory
provides some guidance on the dominant nucleation mode: whether
impurity-mediated (heterogeneous) nucleation or homogeneous nu-
cleation, by looking at the ratio of diffusion to adsorption rates. A large
value of this ratio favors heterogeneous nucleation [50] because it en-
sures that fast migrating adatoms reach impurity sites very quickly,
thus completing the nucleation process. This is especially true when
the critical size is zero (as in the case impurity-mediated nucleation)
where nucleation is deemed irreversible.

However, this same analysis could be problematic when applied to
the system of study. Using the adsorption rate, F = 0.5 ML/min and ap-
proximating the diffusion rate by considering only the dominant contri-
bution from the easy diffusion direction: parallel to the Si dimer row
where E|| = 0.31 eV, we obtain a value of ~1011 for this ratio. Even
though this is very high, one should not expect heterogeneous nucle-
ation to dominate under all conditions owing to somepeculiar attributes
of the group III metal/Si(100) system. First, if nucleation on a C-defect is
any guide, nucleation on impurity sites need not be irreversible. Second,
as has been pointed out in [42] in the case of Ga on Si(100), aggregation
is highly restricted to the reactive sites on either end of the islands (that
is not already bound to a defect or impurity). This results in an elevated
adatom density ~10−3 (per site) and persistent homogeneous nucle-
ation even at adatom coverages above 0.1 ML (a regime where one
might expect the island density to saturate before coalescence sets in).

We therefore propose that two characteristic features are key to
the non-total dominance of heterogeneous nucleation. On the one
hand, the fact that concentration of impurity is roughly two orders
of magnitude higher at 0.15 H (per site) than the adatom density
should favor heterogeneous nucleation. On the other hand, the de-
gree of reversibility of H-mediated nucleation is largely governed by
Et. As we have seen in the simulations, this quantity is at most
0.2 eV (and most likely ~0.1 eV); larger E′ts result in greater compo-
sition of dimers among the islands and a feature not supported by ex-
periment [22]. In fact, available experimental data seem to favor low
Et, which in turn should help suppress heterogeneous nucleation.

In Fig. 6a, we show simulated Al thin film morphology for Et =
0.1 eV. As discussed above, this value of Et results in best agreement
between simulation and experiment reported in Ref. [22] (optimum
choice). Closer inspection of Fig. 6a reveal features that are consistent
with experimental observations, such as the islands tending to have
sizes b5 of which around 75% are dimers. (As mentioned previously
U
N
C

Fig. 6. (a) Al film formed at 373 K on Si(100)-2 × 1 predosed with 0.15 ML of H showing p
circles). These islands are shown to coexist with homogeneous islands (black solid circles)
and experimental data, i.e, Et = 0.1 eV. (b) In contrast, islands on clean Si(100)-2 × 1 ar
(unfilled circle) is also shown. (c) Al film formed under identical growth conditions as in F
of each simulated image above is 7.68 × 7.68 nm2. (For interpretation of the references to
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in the experiment detailed in Ref. [22], it was found that in some re-
gion of the H-dosed substrate, up to 75% of the islands are dimers).
In the figure, we see that the majority of islands are heterogeneously
nucleated (red-filled circles). This is in sharp contrast with Fig. 6b in
which deposition of Al on clean Si(100) under identical growth con-
ditions reveals islands (with density of around 9.4 × 10−3 per site)
that are fewer (by a factor of 4) and longer. Additionally, we also sim-
ulated a model for which Et = 0 in order to determine the impact of
suppressing impurity-mediated nucleation on the island density and
the characteristics of the islands formed. The corresponding surface
morphology is shown in Fig. 6c. While it also shows far more islands
than that in the clean growth case shown in Fig. 6b by a factor of over
3 to 1, compared to Fig. 6a, it shows marginally larger islands which
are homogeneously nucleated islands (black-filled circles). Conse-
quently, dimers are also relatively fewer and comprise 62% of the
islands on the surface.

4. Conclusions

In summary, we have developed an atomistic lattice-gas model to
simulate RT deposition of Al atoms in H-dosed Si(100) surface at
submonolayer coverage using kinetic Monte Carlo techniques. Our
DFT calculations reveal that the position of H relative to the Si
dimer atoms ultimately dictates the preferential direction for hetero-
geneous island growth. Consequently these islands grow only on one
side of H while growth on the other side is suppressed, a feature rem-
iniscent of the growth of group III metals around C-defects on Si(100).
Additionally, using DFT we determined the stabilities of end atoms in
various H-bound Al island structures by calculating their adsorption
energies. These calculations confirm that, in the presence of H atom,
the Al adatom's gain in stability is minimal, though this structure be-
comes more stable with the addition of another adatom to form a
(H-bound) metal dimer.

Using these results as a rough guide to the kMC simulations, along
with prior experimental and theoretical observations from various
studies, we found an almost fourfold increase in the island density
on H-dosed Si(100) surface. We showed that part of this increase
can be observed even when the largely immobile H-adatoms function
in a mostly site-blocking role (i.e, Et is close to 0). However, our anal-
ysis indicates that even a modest value of Et, around 0.1 eV, improves
agreement between model prediction and experiment on key quanti-
ties such as island density and percentage of islands that are dimers.
Furthermore, our simulations predict that the density of homoge-
neous and heterogeneous islands should be comparable. In contrast,
mean-field nucleation theory predicts that heterogeneous islands
should dominate owing to the large ratio of diffusion to adsorption
rate. The results of this study have wider implications on other
redominantly H-bound islands (red solid circles) nucleating around H atoms(unfilled
. Here, Et is set to the value that results in best agreement between model predictions
e much longer and almost exclusively homogeneously nucleated. A solitary C-defect
ig. 6a, but with Et = 0. Majority of islands shown here are homogeneous islands. Size
color in this figure legend, the reader is referred to the web version of this article.).

nds on H-dosed Si(100)-2 × 1 surface: A combined density functional
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metal-on-Si systems similarly dosed with “impurities”, a broad cate-
gory to which residual H atoms and other types of surface defects be-
long. It suggests that while the mere presence of these impurities can
increase the mean island density, such an increase may not always be
directly attributed to impurity-mediated (heterogeneous) nucleation.
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