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Scanning tunneling microscopy was used to study the growth of the first monolayer (ML) of Al on
the Si(100) surface at room temperature (up to 100°C). The Al forms rows of adsorbed dimers that

run perpendicular to the underlying Si dimer rows.

As the coverage is increased, the metal

configuration evolves from isolated rows, to areas of local 2x 3 and 2X2 structure, to a surface entirely
terminated by a 2x2 array of Al dimers at 0.5 ML. Deposition of more than 0.5 ML results in the
growth of three-dimensional Al clusters on the 2x2 surface. Electronic-structure effects are illustrat-
ed, and two alternative bonding sites for the Al adatom dimers are suggested.

We have studied the growth of the first monolayer
(ML) of Al on Si(100) with scanning tunneling micros-
copy (STM). We report here on the behavior between
room temperature and 100 °C, a regime in which the evo-
lution of the surface is relatively simple, and analogous to
that seen for Ga and In on Si(100). Our previous STM
work on Ga and In concentrated on the behavior up to 0.5
ML.!'™* Here we show how Al growth changes as the
coverage exceeds 0.5 ML. We also discuss effects of the
electronic structure on the STM images, and what impli-
cations they have on interpretation of the measurements.

Of the three group-III metal/Si(100) systems that we
have studied, A1/Si(100) is the least well characterized in
prior work. The only recent experimental work is a study
by low-energy electron diffraction (LEED) which detect-
ed several ordered phases at metal coverages up to 1 ML.>
In addition, total-energy calculations have been done for
several bonding arrangements of Al and Ga on Si(100)
which are both consistent with previous experimental data
for Ga on Si(100).® The models that have been proposed
for Al on Si(100) are mostly derived by analogy with Ga
and In, metals for which more extensive measurements
have been made.” ~°

Figure 1 is a set of three diagrams showing the ordered
phases that arise when group-III metals are deposited on
the Si(100) surface.>”® These diagrams are a summary
of LEED and RHEED (reflection high-energy electron-
diffraction) data taken for a range of substrate tempera-
tures and for metal coverages up to 1 ML. The labels
marked by ovals indicate regions of the phase diagrams
that have been investigated in this and previous STM
studies. Although these systems behave differently at
higher temperatures, their behavior up to 150°C is basi-
cally the same. A gradual breaking up of the clean sur-
face 2x 1 order occurs with metal deposition, followed by
the establishment of a 2% 2 phase at 0.5 ML. Ga is slight-
ly different in that there is an intermediate 2 X 3 phase at
= 0.3 ML, but the degree to which the 2x3 is ordered
enough to appear in LEED depends strongly on the sub-
strate temperature. Our own measurements have shown
that for all three metals, only the 2X2 phase at 0.5 ML is
seen in LEED for deposition of up to one monolayer at
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room temperature (below 50 °C).

All sample preparation and measurements were carried
out in an ultrahigh vacuum (UHV) system with facilities
for sample heating, metal deposition, and characterization
by LEED and STM.!® Si(100) samples were cut from
commercial wafer stock, chemically cleaned immediately
before introduction to vacuum, and then flashed briefly in
UHV at 1150°C. Aluminum was evaporated from a
heated tungsten filament onto substrates at or below
100°C. Because of the proximity of the quartz crystal
microbalance to the evaporator, heating affected the cali-
bration of the thickness monitor and made it difficult to
determine the absolute rate of metal deposition. However,
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FIG. 1. Phase diagrams for the different reconstructions of
Si(100) induced by group-III metals, as seen by electron
diffraction. Phases marked by ovals indicate those seen in this
and previous STM studies. The temperature scale is different
for each of the panels, and the region of metal coverage between
0.5 and 1.0 ML has been compressed.
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relative coverages could be determined from both the
power to the evaporator filament and the deposition time.
Absolute coverages were calibrated by determining the
coverage at which the 2x2 LEED pattern appeared,
which was known to be 0.5 ML. At coverages below this
point, a more accurate determination was made by count-
ing the density of metal-related features on the surface
seen in the STM images, assuming the same correspon-
dence between feature density and metal coverage as seen
in the analogous Ga/Si(100) and In/Si(100) systems.
Coverages are given in monolayers, with 1 ML defined as
the Si atom density on the Si(100) surface (1 ML =6.8
x10'* cm ~2). All STM imaging was done at room tem-
perature.

The evolution of the surface with Al coverage up to 0.5
ML is shown in Fig. 2. The sequence of coverages is 0.1,
0.2, 0.25, and 0.4 ML for Figs. 2(a)-2(d), respectively.
Figure 2(a) is a filled electronic state image, taken while
tunneling out of the sample. At this low coverage, most of
the features in the STM image are due to the clean sur-
face. Rows of Si dimers are seen running diagonally from
the upper left-hand to the lower right-hand corners.
Deposition of Al results in long lines, roughly one unit cell
wide, running perpendicular to the Si dimer rows. A few
of these rows are seen cutting across the central part of
the image. The remaining images in Fig. 2 are of the
empty states. As will be discussed later, the Al-related
features are much more prominent in the empty rather
than in the filled state images. Also, a two-unit cell (2a,
where a =ao/~/2=3.84 A) periodicity along each row is
more apparent in the empty states. However, the princi-
ple features are the same in either bias: the Al forms long
rows running perpendicular to the Si dimer rows on the
surface. As the coverage is increased, the spacing between
these rows decreases and preferred spacings become ap-
parent. At 0.3 ML [Fig. 2(c)], many of the rows are ei-
ther 2a or 3a apart. As the coverage approaches 0.5 ML
[Fig. 2(d)], most of the rows are spaced 2a apart. The
inter-row spacing of 2a, in conjunction with the 2a period-

FIG. 2. Four images showing the coverage evolution of the
surface below 0.5 ML of Al. The sequence of coverages is 0.1,
0.2, 0.25, and 0.4 ML for Figs. 2(a)-2(d), respectively. Figure
2(a) is a filled state image. The remaining three figures are
empty state images.

FIG. 3. A diagram showing the formation of 2x3 and 2x2
phases according to the standard metal dimer model. Al dimers
are shown in black.

icity along each row, results in 2X2 two-dimensional or-
dering at 0.5 ML.

STM images of both Ga and In on Si(100) show the
same room-temperature evolution of the surface for metal
coverages up to 0.5 ML.%* For both of these metals, a
comparison between the density of the metal rows and the
nominal metal coverage showed that each row corre-
sponds to one metal atom per Si 1 X1 unit cell. Given that
each metal row consists of maxima spaced 2a apart, each
of these maxima should then be associated with two metal
atoms. This assignment of two metal atoms to each max-
imum, and the position of each maxima with respect to
the adjacent Si dimers, both support the model shown in
Fig. 3. In this diagram, the metal atoms are adsorbed on
the surface as dimers. The dimers are arranged in rows,
as seen in the STM images. When these rows are 3a (2a)
apart, local areas of 2x3 (2x2) order are formed. This
model has been invoked previously to explain the 2% 3 and
2x2 phases for Al, Ga, and In on Si(100).>7% The 2x2
arrangement at 0.5 ML is the densest possible packing of
rows in this structure. When the Al dimers are packed in
the 2x2 phase, all dangling bonds in the underlying Si
surface are terminated and all Al atoms are bonded to
three neighbors.

Since it is not possible to place any more Al atoms on
the surface in the same bonding arrangement once the
2x2 phase is formed, one suspects that the behavior of the
Al will change above 0.5 ML. Figure 4 shows the surface
after the deposition of approximately 0.6 ML of Al. The

FIG. 4. An image of 0.6 ML of Al on the surface. The
square array covering most of the surface is the 2x2 phase.
Deposition of more than 0.5-ML Al results in the growth of Al
clusters on the surface, which appear as bright irregular shapes
in this topograph. '
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square array of dots covering most of the surface corre-
sponds to the 2x2 phase. On top of this layer, the Al
forms three-dimensional (3D) clusters. These clusters are
visible as irregular white shapes in the image. At this cov-
erage, the clusters are still relatively small with an aver-
age height of 3-5 A above the 2% 2 surface. Further met-
al deposition results in the growth of these clusters, even-
tually making STM imaging difficult because of both in-
creased surface roughness, and instability of the metal in
the clusters under the influence of the STM tip.

This type of growth behavior could be described as a
Stranski-Krastanov (SK) mode. However, it is slightly
unusual in that the transition to 3D growth occurs before
the completion of the first monolayer of metal deposition.
Partially, this is a matter of definition, since the 2X2 sur-
face at 0.5 ML is complete in the sense that it has essen-
tially no occupied surface dangling bonds. Two previous
non-STM studies of In and Ga on Si(100) report a transi-
tion to 3D cluster growth only at or above 1 ML, even
though these metals have a similar 2X2 phase at 0.5
ML.”? We have produced a surface free of 3D metal
clusters between 0.5 and 1 ML coverage in the case of
Ga/Si(100), but only by annealing the surface.? Anneal-
ing above 0.5 ML of Al on the surface disrupted the 2x2
order without eliminating the 3D clusters.

With the identification of the maxima in the STM im-
ages as Al dimers, it should be noted that there is never
any indication of Al adsorbing as single atoms or in other
bonding arrangements for even the lowest coverages. Be-
tween room temperature and 100°C, the Al is always
mobile enough to form the dimer rows, although there is a
tendency to form shorter, more numerous rows at lower
substrate temperatures for a given metal coverage.

We now examine the bias dependence of the images
below 0.5 ML more closely. Figure 5 shows a dual-bias
image of a surface showing a mixture of 2x3 and 2x2 or-
der. The two images were taken in parallel in order to re-
tain their spatial registration. In the empty state image
[Fig. 5(a)], the Al-related features appear as bright rows
of 2a spaced maxima, as in Figs. 2(b)-2(d) and Fig. 4.
The filled state image [Fig. 5(b)] is qualitatively the same
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FIG. 5. A pair of images of the surface at 0.4 ML, taken in
parallel at —2-V and +2-V tip bias, showing the (a) empty and
the (b) filled states of the surface. A pair of arrows indicates a
single row of 2% 3 unit cells in both images.

in its arrangement of maxima, aside from considerably
less corrugation than in the empty states. There is a more
significant difference between the two images in regions
where the dimer rows are spaced 3a apart. One of the
rows of 2% 3 unit cells is indicated by a pair of arrows in
both images. The filled state image shows an additional
row of maxima in the center of the 2% 3 unit cells. In ad-
dition, there is a 180° phase shift of the maxima along
each row between the filled and empty states.

The registration of the maxima in both the empty (solid
circles) and the filled (dashed circles) states is shown in
Fig. 6. Adjacent rows of 2X3 and 2Xx2 unit cells are
shown in this diagram. The model in Fig. 3 places the
metal dimers in the positions corresponding to the empty
state maxima which lie in the trenches between the under-
lying Si dimer rows. The placement of the dimers in the
positions of the empty, rather than the filled, state maxi-
ma is justified in view of the resultant bonding config-
uration of the metal dimers. In the configuration shown in
Fig. 3, each trivalent metal atom is bonded to three neigh-
bors, leaving essentially no occupancy of the dangling-
bond state that points up away from the surface. This re-
sults in a strong maximum in the empty state denisty
above each metal dimer. It is more difficult to explain all

FIG. 6. A diagram showing the registration of the features seen in Fig. 5 with respect to the underlying Si dimers. The maxima in
the empty (filled) states are indicated by a heavy solid (dashed) circular outline.
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FIG. 7. Two possible bonding arrangements of the Al dimers
on the surface. The Al dimers are positioned either perpendicu-
lar (upper panel) or parallel (lower panel) to the underlying Si
dimers.

of the features of the filled state charge distribution seen
in the images without a detailed calculation. However,
the following points can be made. Filled state images
show that isolated Al dimer rows are essentially at the
same apparent ‘“height” as the surrounding Si dimers
[Fig. 2(a)]. Given this fact, it is possible that the “addi-
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tional” maximum located in the center of each 2% 3 unit
cell could be the Si dimer lying midway between the Al di-
mer rows. The maxima lying “between’ the Al dimers
(within each row) could be a combination of the state
density above Si dimers under the Al dimers, as well as
that above the Al—Si bonds themselves. Calculations on
the Al/Si(100) 2x2 structure show that there is a
significant redistribution of charge density around each Al
dimer.®

One final point needs to be addressed: is the dimer
configuration shown in Fig. 3 the only possibility? There
are actually two configurations in which Al dimers could
be placed in the positions of the empty state maxima in
the STM images. These two possibilities are illustrated in
Fig. 7. The upper panel shows a row of Al dimers in the
normal configuration. The lower panel shows the same
row of Al dimers, but with each dimer rotated 90° so that
it is parallel to the adjacent Si dimers. This parallel
configuration might seem unlikely because of the strong
bond angle distortions and the proximity of the metal
atoms to atoms in the second subsurface layer of Si.
However, an analogy can be drawn to the T4 adsorption
site for trivalent metals on the Si(111) surface, where a
similar configuration has the lowest energy.!' Further-
more, the parallel dimer configuration provides a natural
explanation for the strict 2a periodicity observed along
each row. It can always be argued that for the normal di-
mer orientation, it should be possible to insert additional
dimers into a row to produce a one-unit-cell spacing
analogous to that seen for Si or As on Si(100). This la
periodicity is explicitly forbidden in the parallel dimer
configuration. Further work is in progress to clarify the
bonding site of the Al dimers on this surface.
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FIG. 2. Four images showing the coverage evolution of the
surface below 0.5 ML of Al. The sequence of coverages is 0.1,
0.2, 0.25, and 0.4 ML for Figs. 2(a)-2(d), respectively. Figure
2(a) is a filled state image. The remaining three figures are
empty state images.



FIG. 4. An image of 0.6 ML of Al on the surface. The
square array covering most of the surface is the 2x2 phase.
Deposition of more than 0.5-ML Al results in the growth of Al
clusters on the surface, which appear as bright irregular shapes
in this topograph.



FIG. 5. A pair of images of the surface at 0.4 ML, taken in
parallel at =2-V and +2-V tip bias, showing the (a) empty and
the (b) filled states of the surface. A pair of arrows indicates a
single row of 2x3 unit cells in both images.



