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The formation mechanism of monolayer Al�111�1�1 film on the Si�111��3� �3-Al substrate was
studied by scanning tunneling microscopy and first-principles calculations. We found that the Si
adatoms on the �3� �3-Al substrate play important roles in the growth process. The growth of
Al-1�1 islands is mediated by the formation and decomposition of SiAl2 clusters. Based on
experiments and theoretical simulations we propose a model where free Si atoms exhibit a
catalystlike behavior by capturing and releasing Al atoms during the Al film growth.
© 2010 American Institute of Physics. �doi:10.1063/1.3455231�

I. INTRODUCTION

Epitaxial growth in ultrahigh vacuum �UHV� is a non-
equilibrium process where the competition between kinetics
and energetics results in rich surface growth phenomena,
which are attracting persistent interest as they provide oppor-
tunities of manufacturing various metastable, low-
dimensional, and nanostructures.1,2 For example, atomically
smooth and ultrathin metal films, which exhibit unique
physical and chemical properties due to the quantization of
free electrons in the vertical direction,3–7 may be obtained by
using low temperature deposition to freeze the diffusion of
metal atoms.8–10 In contrast, growth at room temperature
usually results in the formation of three-dimensional �3D�
islands. Moreover, in the case of metal films on semiconduc-
tor surfaces, due to the high interface energy, there usually
exists a critical thickness, typically 4–6 monolayer �ML�,
below which a continuous film cannot be formed even with
the low-temperature deposition.11–15 In a recent work, Jiang
et al.16 reported the growth of atomically smooth Al�111�
films on Si�111�, with continuously controllable thickness
down to the extreme level of 1 ML, which provides an ideal
two-dimensional �2D� system for exploring the thickness de-
pendent effects in jellium metals. Interestingly, the growth
could be performed at room temperature, indicating that the
growth kinetics in their method is quite different from con-
ventional low temperature growth of metal films. Further
study is therefore desired to understand the mechanism
therein, especially with the 1 ML Al�111� film.

In this paper we report on the observation of an unex-
pected Si adatom-mediated mechanism in the growth of 1
ML Al�111�1�1 film on Si�111�. The Si adatoms in the
initial Si�111��3� �3-Al surface act as seeds to form SiAl2
clusters. The clusters are then transformed into Al�111�1

�1 via the incorporation of further incoming Al atoms, and
spontaneously releasing the Si atoms which may participate
in the next cycle of the clustering process. The Si adatoms
serve as a surface active agent, in analogy to a catalyst. As a
result, a 2D growth of monolayer Al�111� is achieved.

II. EXPERIMENTS

Experiments were performed in a dual-chamber UHV
system equipped with a scanning tunneling microscope
�STM� and a low energy electron diffraction �LEED� optics,
the base pressure being 5�10−11 Torr. The substrate was
cut from a n-type Si�111� wafer �phosphor-doped, resistivity
of �2 � cm�. A clean Si�111� surface was prepared by stan-
dard flashing to 1550 K. The �3� �3-Al surface was pre-
pared by depositing �0.19 ML Al atoms �1 ML refers to the
atomic density of the Al�111� plane in this paper, 0.19 ML
here corresponds to 1/3 ML with respect to the atomic den-
sity of the Si�111� plane� to a clean Si�111�7�7 surface,
followed by annealing to 1000 K for 2 min. The resulting
�3� �3-Al surface was used as the substrate for subsequent
growth of Al films at room temperature. After preparation,
the sample was transferred in situ to the analysis chamber for
STM and LEED investigations. All STM images were re-
corded in constant current �60 pA� mode with a chemically
etched tungsten tip.

III. RESULTS AND DISCUSSIONS

The Si�111��3� �3-Al surface consists of Al adatoms
on the T4 sites of a bulk-truncated Si�111�1�1. Each Al
adatom is bonded to three second-layer Si atoms.17 Typical
filled state STM images of a clean �3� �3-Al surface are
shown in Figs. 1�a� and 1�f�. Another well-known feature of
the �3� �3-Al surface is that some of the Al adatom sites are
occupied by Si atoms. These sites are imaged as randomly
distributed bright protrusions in filled state STM images,
e.g., the brighter atoms in Fig. 1�a�.17,18 Interestingly, the
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density of these substitutional Si adatoms can be tuned by
adjusting the amount of Al atoms deposited in the prepara-
tion of �3� �3-Al surface. Because the total coverage of Al
adatoms and Si adatoms is 0.19 ML �1/3 of the atomic den-
sity of the Si�111� plane�, higher Al coverage will result in
lower Si adatom density. Figures 1�a� and 1�f� are two �3
� �3-Al surfaces with different initial Si adatom densities,
0.026 and 0.043 ML, respectively.

The growth process of Al on the �3� �3-Al surface is
illustrated in Figs. 1�b�–1�e� and 1�g�–1�j� for two series of
samples with different initial Si adatom densities as men-
tioned above. Small clusters and nuclei are formed ��b� and
�g�� initially, followed by the formation of monolayer Al is-
lands ��c� and �h��. With increasing Al coverage, the Al is-
lands grow two-dimensionally until they percolate to form a
continuous film. Eventually a complete and atomically
smooth monolayer Al film is obtained. Furthermore, compar-
ing the two series of samples, we found that the densities of
the nucleation sites and Al islands are obviously higher in the
sample with higher Si adatom density. Therefore, the Si ada-
toms should play a role of promoting the nucleation of Al
islands.

In addition, we notice another main feature in these STM
images: the emergence of many identical, round-shape pro-
trusions surrounding the Al islands. These protrusions, or
clusters, are particularly abundant in the middle Al coverage
range, as shown in Figs. 1�b�–1�d� and 1�g�–1�i�, while they
vanish as the film growth completes. Figure 2 shows a closer
view of the clusters in filled and empty state STM images.
The clusters prefer to locate around the edge of the Al-1
�1 islands, and some form local 2�2 domains with respect
to the Si�111� substrate �white arrows in Fig. 2�a��. The clus-
ters have a distinguishable electronic structure compared

with that of Al-1�1 islands. In the filled-state image it is
about the same height as the Al-1�1 islands, while in the
empty-state images it appears as a dark feature. In the dI/dV
spectra it shows a significant larger bandgap compared with
that of the nearly metallic Al-1�1 islands �Fig. 2�c��. These
Al clusters, including both those at the edge of Al islands and
those arranged into 2�2 pads, are energetically quite stable.
They do not automatically merge or transform into Al-1
�1 after prolonged scanning ��10 h� or even applying
voltage pulse �� 5 V� above the clusters. The cluster is an
intermediate structure, as it will eventually be converted to
Al-1�1 upon the completion of the Al-1�1 film.

A quantitative analysis of the total area of the Al-1�1
islands �Al1�1�, the number of Al clusters �Nc�, and the num-
ber of Si adatoms as a function of the total coverage of Al
�including the initial �3� �3-Al adatoms and subsequently
deposited Al atoms� is shown in Fig. 3 for the two series of
samples shown in Fig. 1. The number of Al clusters increases
with the increasing Al coverage initially, reaching a maxi-
mum at certain Al coverage, and finally diminishes to zero at
1 ML. From this analysis we are able to derive the exact
number of Al atoms contained in each Al cluster. Because Al
atoms exist in three forms, the Al-1�1 islands, the remain-
ing �3� �3-Al adatoms, and the Al clusters, we have

NAl = Nroot3 + Al1�1 � �1�1 + Nc � n .

Here NAl is the total amount of Al atoms on the surface,
which is known through our flux calibration; Nroot3 is the
number of remaining �3� �3-Al adatoms, which can be
counted in the atomically resolved STM images; �1�1 is the
density of Al atoms in Al-1�1 film, 13.9 nm−2; Al1�1 is the
measured area ratio of Al islands; and n is the number of Al
atoms in each cluster. In writing the above equation one

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

5 n m 5 n m 5 n m5 n m5 n m

5 n m5 n m5 n m5 n m 5 n m

FIG. 1. ��a� and �f�� Filled state STM images of two �3� �3-Al surfaces with different Si adatom densities, 0.026 and 0.043 ML, respectively. Note that the
darker, close-pack protrusions are �3� �3-Al adatoms. ��b�–�e� and �g�–�j�� The morphology evolution of Al grown on the two �3� �3-Al substrates with
increasing Al coverage. The total Al coverages are �a� 0.16, �b� 0.25, �c� 0.43, �d� 0.71, �e� 0.89, �f� 0.14, �g� 0.24, �h� 0.43, �i� 0.72, and �j� 0.91 ML. All
images were taken at sample bias of �2.0 V.
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should note that there is no �3� �3-Al structure underneath
the Al-1�1 islands, i.e., the Al-1�1 film is formed directly
on Si�111�-1�1. �The initial �3� �3-Al adatoms are spon-
taneously incorporated into the Al-1�1 film during
growth.�16 Here n is the only variable, as all other parameters
can be calculated from the STM image �Nroot3, Al1�1, Nc� or
are known parameters �NAl, �1�1�.

We calculated n for various samples with different initial
Si adatom densities and Al coverages, as shown in the insets
of Figs. 3�a� and 3�b�. For 12 data points we obtained a
constant value of about 1.6, i.e., most likely two Al atoms in
a cluster. We should note that based on STM images, experi-
mentally measured area of islands is always systematically
larger than the real value. This is because the STM tip has a
certain radius, resulting in the position of the step edge of
islands always outside its real position. Note that the area of
Al islands relies on where we set the edge of the Al islands.
In this work we make three choices of the step edges: inner,
middle, and outer edges. The difference between the inner
and outer edges gives the error bar for the area determina-
tion. One can see that if we chose the inner edge, which is
more close to the real situation, the resulted n is very close to
2. Therefore we believe n=2 is quantitatively consistent with
our experiment. In addition, the increase of the number of
clusters is accomplished by the decrease of the number of Si
adatoms. Therefore, it is very likely that each magic cluster
consists of one Si atom that can be regarded as the “core” of
a cluster.

The above observations suggest that the Si adatoms as-

sist the nucleation and growth of Al-1�1 islands, not simply
as surface defect sites that may enhance nucleation,19,20 but
rather through the formation of an intermediate SiAl2 cluster
state that bridges the free Al atoms and the Al-1�1 phase.
Upon the formation, the Si adatom will be released again and
may participate in the next clustering-releasing cycle. This in
some sense is similar to a catalyst-promoted chemical reac-
tion process where the Si adatom is the catalyst.

IV. THEORETICAL SIMULATIONS

To confirm this assumption, we performed extensive
first-principles calculations based on the density functional
theory and the VASP code.21 We used the projector-
augmented wave method with generalized gradient approxi-
mation �GGA� potentials.22 The Si�111� surface is modeled
by a supercell of 2�2 or 3�3 in x-y plane. Along z-axis,
the simulation slab includes five bilayers of Si, and a vacuum
of �14 Å, of which the bottom Si layer is fixed and passi-
vated by hydrogen atoms. The cutoff energy used for the
plane-wave basis set is 250 eV, and the k-points sampling in
the Brillouin zone is done with a 4�4�1 mesh. The calcu-
lated equilibrium lattice constants for Si and Al are 5.47 and
4.05 Å �experiments: 5.43 and 4.05 Å�. In order to compare
the energetics of different structures, the formation energies
are calculated using
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FIG. 2. ��a� and �b�� Atomically resolved STM images of the SiAl2 clusters
in the filled-state ��2.0 V� and empty-state �2.0 V�, respectively. The bright-
est, rounded protrusions are SiAl2 clusters, and some less-bright protrusions,
as indicated by green arrows in the center part of the image, are remaining
Si adatoms. The close-pack protrusions in the background are �3� �3-Al
adatoms. Local 2�2 patches of SiAl2 clusters can be observed, as marked
by the white arrows. �c� The height profile as marked in �a� showing the
Al-1�1 islands �2.4 Å� and SiAl2 clusters of about the same height. �d�
dI/dV spectra taken on the Al-1�1 island and on the SiAl2 cluster, respec-
tively. The latter one shows a larger bandgap.
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FIG. 3. ��a� and �b�� The statistical results of Al1�1 �total area ratio of
Al-1�1 islands in blue curve�, Nc �number of Al clusters in black curve�,
NAl-�3 �number of �3� �3-Al adatoms in red curve�, and NSi �number of Si
adatoms in green curve� as a function of the total Al coverage for the two
series of samples with initial Si adatom density of 0.026 and 0.043 ML,
respectively. Note that the X axis is the total Al coverage, including Al
atoms in all forms. The insets are the calculated n representing the number
of Al atoms in each cluster.
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Ef = Etot − �Es + nSi · �Si + nAl · �Al� ,

where Etot is the total energy of the structure; Es is the total
energy of the reference structure, i.e., an ideal �3� �3-Al
surface; nSi �nAl� is the number of added Si �Al� atoms from
a bulk reservoir to the reference structure in order to form the
structure; and �Si ��Al� is the chemical potential of the res-
ervoir. In this study, the chemical potentials are chosen as the
respective bulk values, so they do not present as variables in
the calculated formation energies.

In the first step we investigate the adsorption of one Al
atom on the �3� �3-Al surface. To represent a real surface,
1/3 of the Al adatoms were replaced by Si adatoms on a 3
�3 surface which include three �3� �3 units. Both Al and
Si adatoms prefer to occupy the T4 sites on the Si�111� sur-
face. The Al adatom is 0.6 eV more favorable than the Si
adatom in formation energy. Therefore, with floating Al at-
oms around the Si adatom, the Si adatom bonds can be easily
broken by the insertion of the Al atom, which lowers the
surface energy. Note that this does not contradict with the
fact that a �3� �3-Al surface always contains Si adatoms,
which is an entropy effect that was not accounted for in our
calculation.

To understand the structure of the “magic clusters,” we
have explored various structure models consisting of differ-
ent number of Al atoms around a Si adatom. As discussed
above, a deposited Al atom will automatically locate and
replace a Si adatom, but the replaced Si adatom does not go
away. Instead, it forms a SiAl cluster with a further incoming
Al atom, the formation energy being 0.6 eV by our calcula-
tion. We should note that although the formation energy is
positive, the surface energy is lowered with the formation of
SiAl cluster. For the further incoming Al atoms, the most
favorable site is the existing SiAl cluster to form the SiAl2
cluster, with the formation energy of 0.4 eV. At this point, to
incorporate more Al atoms into the SiAl2 cluster is the least
preferred process with formation energy of 2.15 eV. As a
result, most SiAl clusters will be transformed to SiAl2. This
is in good agreement with our experimental estimation that
each cluster contains two Al atoms and one Si atom. Some
SiAl clusters may coexist with the SiAl2 clusters, but the
amount should be negligible except at the very initial stage
of growth where the amount of Al atoms is insufficient to
convert all the clusters to SiAl2.

We should note that the formation energy depends on the
reference structure. If we choose the Si�111�7�7 surface as
the reference structure, the formation energies of the SiAl
and SiAl2 are all negative, thus they are stable. The structure
model of a SiAl2 cluster, around the T4 site, is illustrated in
Figs. 4�a� and 4�b�. For such an isolated cluster, the simu-
lated STM image shows that the center of the cluster is not
located exactly at the �3� �3 lattice site, but a little bit
shifted along the �3� �3 direction �Figs. 4�c� and 4�d��. This
agrees well with our STM image of an isolated cluster, as
shown in Figs. 4�e� and 4�f�. Moreover, our calculation
shows that it is even more favorable if the clusters form a
2�2 arrangement covering the Si�111� surface. Such a pro-
cess will gain energy of �0.5 eV for each cluster. This
agrees again perfectly with our experimental finding of local

2�2 patterns formed by the clusters. The calculation also
shows that the cluster is semiconducting, agreeing with our
dI/dV result that shows a bandgap.

For one SiAl2 cluster, to absorb extra Al atoms is not
favorable. But for a congregation of clusters, extra Al atoms
will cause the Al atoms to percolate among the isolated clus-
ters due to the strong interaction between Al atoms. Thus, all
Al atoms prefer to form Al-1�1 island and expel out the Si
atoms. As we see from the above discussions, the formation
energies of all the structures are positive, which means cost
energy. For an Al island, the formation energy for each Al is
�0.1 eV, which is negative and means gain energy. That is
why the Al-1�1 island is the last structure while the depo-
sition goes on.

V. CONCLUSIONS

Combining the above experimental and theoretical re-
sults, the growth mechanism of Al-1�1 film on the �3
� �3-Al surface can be understood. The Si adatom is the key
player that continuously captures and releases Al atoms to
mediate the growth of the Al-1�1 film. We should note that

T O P  V I E W

S I D E  V I E W

(a)

(b)

(e) (f)

(c) (d)

FIG. 4. �a� Top view and �b� side view of the most stable structure model of
the SiAl2 cluster. A unit cell of the cluster 2�2 pattern is marked by the red
dotted line. Red balls are Si adatoms, green balls are Al atoms, and blue
balls are substrate Si atoms. ��c� and �d�� Simulated STM images of an
isolated cluster in filled state and empty states, respectively. ��e� and �f��
Filled and empty state STM images of an isolated cluster, taken at sample
bias of 2.0 and �2.0 V, respectively. To clearly show the relative position of
the cluster, the �3� �3 lattice is outlined by grid lines in �c�–�f�.
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the growth of monolayer Al-1�1 film is accompanied by
spontaneous destroying of the underlying �3� �3-Al struc-
ture and incorporation of the �3� �3-Al adatoms into the
growing film. The initial Al–Si bond is quite strong, while
after the formation of the monolayer Al-1�1 film the Al–Si
bond at the interface becomes very weak.16 Therefore, al-
though the final Al-1�1 structure is energetically favorable,
a high energy barrier must be overcome in order to break the
interface Si–Al bonds. The existence of Si adatoms provides
a two-step process to achieve the final Al-1�1 structure,
which is quite similar to a catalytic reaction. If there were no
Si adatoms on the �3� �3-Al surface, the high interface en-
ergy would result in low nucleation density of Al islands, and
the usual 3D growth mode may follow. Therefore, the cata-
lytic role play by Si adatoms is the key to achieve a 2D
growth of 1 ML Al film.

In a usual epitaxial film growth process, the interface
structure is not affected by the growing film. The growth is
determined by the kinetics of incoming atoms on the surface,
e.g., diffusion, nucleation, and islanding. We present in this
paper a system where part of the substrate is being destroyed
and incorporated into a growing film. A 2D growth mecha-
nism was revealed, where the Si adatoms act as catalyst to
mediate the phase transition. Such a mechanism has not been
observed before, and it would provide a possibility of tailor-
ing the growth and structure of ultrathin films by using in-
ternal dopants or defects.
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