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Tunneling Images of Gallium on a Silicon Surface: Reconstructions,
Superlattices, and Incommensuration

D. M. Chen, ® J. A. Golovchenko, P. Bedrossian, and K. Mortensen

Physics Department and Division of Applied Science, Harvard University, Cambridge Massachusetts 02138,
and Rowland Institute for Science, Cambridge Massachusetts 02142
(Received 19 September 1988)

Real-space images of an incommensurate superlattice on a monolayer-gallium-covered silicon (111)
surface have been obtained with the tunneling microscope. Large, internally ordered supercells which in
turn form a lattice with discrete boundaries are observed. A graphitelike silicon-gallium top layer is sug-
gested that is weakly bonded to the lattice below and stabilized by a periodic array of misfit dislocations.
This model unifies reflection high-energy electron diffraction, x-ray standing-wave, and tunneling obser-

vations.
PACS numbers: 68.35.Rh, 61.16.Di

It has become clear in recent years that new phenome-
na and forms of matter appear to reside at surfaces and
interface regions of solids. This is a challenging area of
current research that promises to provide a greater un-
derstanding of electronic devices as well as heteroepitaxi-
al growth processes. Here we report a structural study
of monolayer quantities of gallium atoms deposited on an
atomically clean (111) surface of a silicon crystal. Using
the tunneling microscope, we show what we believe are
the first atomic scale observations of an incommensurate
superlattice on this system. Such a structure was first
suggested on the basis of a wide variety of new dif-
fraction spots observed in reflection high-energy electron
diffraction studies by Otsuka and Ichikawa.! The ex-
istence of incommensurate structures and the driving
forces that create and stabilize them have recently at-
tracted much attention.?3

The experiments were performed in an ultrahigh vacu-
um chamber where both a low-energy electron dif-
fraction (LEED) apparatus and a tunneling microscope
reside. A number of scanning-tunneling-microscopy
studies of metal-covered silicon surfaces have been re-
ported recently.*® In our case the silicon (111) samples
(arsenic doped to 0.002 Q-cm) were sputter cleaned in a
1-keV neon beam and annealed at 2x10 ~!* Torr. The
standard 7x7 pattern was observed with the LEED ap-
paratus as well as the tunneling microscope. The
preparation results in large, reproducible, reconstructed,
surface regions with atomic steps typically spaced at
thousand-angstrom intervals.

Gallium atoms were than deposited on the surface by
evaporation from an effusion cell at 700°C while the
substrate was held at = 300°C. After the experiment
coverages were evaluated by in situ Auger spectroscopy
and by Rutherford backscattering. The average cover-
ages and associated surface phases are in all cases con-
sistent with those reported previously.'*1°

As the surface coverage was increased to ¥ monolayer
(ML) (1 ML=17.8x10"* gailium atoms/cm?) the dif-
fraction pattern transformed to a v/3x~/3R30° pattern

originally seen by Lander and Morrison.!' Increasing

the coverage of gallium atoms up to 1 ML and subse-
quent annealing at 300-500°C resulted in a diminution
of the intensity of the v3x+/3R30° diffraction spots
with a corresponding formation of sets of hexagonal ar-
rays of spots centered about the first-order diffraction
spots of the underlying silicon lattice. We associate
these spots with the 6.3x6.3 and other periodicities re-
ported in Ref. 1.

Figure 1 displays a typical tunneling image obtained
from a sample showing such a diffraction pattern with an
average gallium coverage of 1 ML. The small thermal
drift has not been corrected in this or subsequent figures.

FIG. 1. 470%400-A? tunneling image of 1-ML Ga-covered
Si(111), showing the overlayer superlattice of 24-A periodicity,
with (3.2%0.2)-A step heights. The tip bias and tunneling
current are —3.32 V and 800 pA, respectively.
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Ordered layers of hexagonally close-packed aggregates,
henceforth referred to as supercells, are evident. The su-
perlattice unit cells are aligned with the threefold sym-
metry axes of the bulk, and their size is approximately
24 A. We identify the superlattice periodicity with the
6.3%6.3 reflection high-energy electron diffraction obser-
vations in Ref. 1 as well as our own LEED observations
on this sample. The step height between layers is
3.2+0.2 A, which coincides with the bulk silicon (111)
spacing. The shape of the individual supercells is well
defined right up to the step edges, which appear remark-
ably straight and align with the symmetry directions. At
the boundary between the supercells the tip drops down
of order 0.75 A. Often the superlattice also displays re-
gions of weaker long-range periodicity together with

FIG. 2. (a) Tunneling image of a sample with §-ML Ga
coverage, exhibiting 7x7 unit cells (A), regions of /3
x /3R 30° reconstruction (B), nucleation sites (C), and islands
of supercells (D). The scale is 180%200 A2, while the tip bias
and tunneling current were —1.5 V and 1 nA. (b) Higher-
resolution scan, 100x80 A2 showing constituent atoms of the
supercells. The tip biasis —1.75 V.
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more irregular supercell shapes and sizes.

In order to explore the initial growth stages of the new
superlattice, we prepared a sample with an average % -
ML gallium coverage that yielded both 7x7 and
V3%+/3R30° LEED spots simultaneously. The coex-
istence of LEED patterns is due to local nonuniformity
of coverage, as shown in Fig. 2(a), a representative tun-
neling image of this surface. In addition to a sea of
somewhat disordered 7x 7 unit cells (A), we observe first
regions (B) of v/3x+/3R30° gallium adatoms occupying
the T, site, confirming our previous report.® Second, we
find what appear to be gallium nucleation sites (C) in
the adatom layers of the 7X7 reconstruction, which are
similar to those recently reported.®’ Third, we observe
islands of the new superlattice structure (D), above
which the tunneling tip retracts 1.2 A relative to its posi-
tion above the other adatoms on the surface. As evident
from Fig. 2(b), a higher-resolution scan of this region

FIG. 3. Tunneling images obtained after flash heating a
Ga-covered Si(111) surface of the type in Fig. 1. (a) 450
%x300-A? scan, taken at a tip bias of —2.5 V and a tunneling
current of 1 nA, showing +3x+/3R30° planes occurring at
steps between superlattice terraces. (b) The left portion of this
120x90-A2 scan shows a V3x+/3R30° atomic plane 1.5 A
above the superlattice layer exposed on the right-hand side.
The tip biasis —3.2 V.
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showing individual atoms, the supercells are in turn com-
posed of an oriented, hexagonal array of lattice spacing
4.1 A. High-resolution images of supercells in extended
superlattices also show this internal structure.

Finally, Fig. 3 shows the result of a flash heating
(600°C, 10 s ) of a surface initially covered completely
by the superlattice. This treatment resulted in a reap-
pearance of +/3x~/3R30° diffraction spots in addition to
the superlattice spots. In addition to the features ob-
served in Fig. 1, a new region, 1.1 A above the superlat-
tice, on the right-hand side, now appears in tunneling im-
ages such as Fig. 3(a). A higher-resolution scan shown
in Fig. 3(b) reveals that the dimensions and orientation
of the unit cells in this region are identical to those of
V3x~/3R30° gallium on silicon, confirming the LEED
observations. Furthermore, regions of this reconstruc-
tion were found only adjacent to edges of superlattice
terraces, as is evident from Fig. 3(a).

Overall, the tunneling images of the new superlattice
material show a startling diversity of structure. The de-
tailed nature of the observed supercells and boundaries
that compose the incommensurate superlattice must
derive from the competition between adsorbate-ad-
sorbate and adsorbate-substrate interactions. The x-ray
standing-wave results of Ref. 9 were interpreted as aris-
ing from a 1x1 double-layer structure with gallium
atoms at transverse outer substitutional sites, but only
0.29 A above the silicon layer which is not observed.
Our tunneling images, however, show a larger transverse
lattice constant of 4.1 A rather than the 3.8 A of the sil-
icon bulk.

A natural explanation for both observations incorpo-
rates a compression of the outer double layer by = 0.5 A
and a significant lateral expansion in order to relieve the
resulting compressive stress. This is presumably connect-
ed with a greater weakening of the bonding between this
top layer and the bulk then previously anticipated.® In
fact, preliminary calculations'? predict extremely large
compressive stress for the 1x1 double-layer model pro-
posed in Ref. 9, suggesting that a large transverse relax-
ation of the surface is very likely. We thus think of the
supercells as consisting of two nearly coplanar inter-
penetrating hexagonal silicon and gallium lattices that
create a graphitelike surface with a lattice constant as
observed in the images. Finally, we note that an inert
graphitelike structure at the surface may well explain the
inability of gallium to wet a silicon surface past 1 ML.'3

According to this picture the steps observed in Fig. 1
would naturally have the silicon (111) periodicity for a
step height, as measured. A natural explanation for the
high step density apparent in Fig. 1 but absent from the
virgin substrate also emerges from this model, for silicon
atoms that are freed up in the formation of the lower ter-
race can contribute to the formation of an upper terrace.
Upon flash heating, desorption of gallium atoms initiated
near the steps precipitates the reversal of the preceding

process.'* Coverage of the resulting fresh silicon double
layer by remaining gallium atoms would then yield the
V3x+/3R30° pattern observed in Fig. 3.

The incommensurate relationship and the interaction
between the proposed graphitelike structure and the sil-
icon lattice below will provide a driving force to create
new periodicities in the system. The observed boundaries
of the incommensurate superlattice cells every 24 A then
arise from surface dislocations (rather than a simple
moiré effect which, based on a 4.1-A surface lattice con-
stant, would give rise to a 40-A superlattice periodicity
instead). The interaction responsible for the creation of
surface dislocations may be such a violent function of la-
teral overlayer displacement as to preclude a simple mi-
croscopic explanation for the observed superlattice
periodicities and boundary structure. At least we have
none at this time.

In addition to the 6.3%6.3 superlattice, we also note
our observation of the diffraction patterns previously as-
signed' as 11x11 and 6.3/3%6.3v/3R30° for various
surface preparations below 1 ML. The 11X 11 spots may
be caused by the 4.1-A internal periodicity of the super-
cells (with multiple scattering taken into account in the
LEED interpretation). While we have not seen obvious
manifestations of the other symmetry in our tunneling
images, we note that the irregular supercells mentioned
earlier are candidates for new extended periodicities as
are subsurface silicon atom reconstructions that we do
not observe with the microscope. This indicates that this
system can take up rather complicated phases for which
our model may supply only a partial explanation. We
have attempted to obtain further information on the
structure of this surface from local tunneling I-V spectra,
but at bias values below 1.5 V, tunneling stability de-
creases drastically and reproducible results in that in-
teresting energy region are not yet available. At any
rate, we suggest that further study of this system by oth-
er microscopic methods, for example extended x-ray-
absorption fine-structure spectroscopy, core-level spec-
troscopy, photoemission, etc., may further illuminate this
interesting new interfacial region.

In conclusion, we have observed spatial images of new
incommensurate superlattice structures on a gallium-
covered silicon (111) lattice. These appear to be caused
by the interaction of a graphitelike layer of a new phase
of Si-Ga with the substrate below. Periodic arrays of
presumed misfit dislocations decorate the boundary be-
tween superlattice cells whose detailed characterization
and understanding challenge present understanding of
surface phenomena. Our observations also suggest that
the tunneling microscope is a powerful tool for learning
how to produce, pin, or eliminate such dislocations in ep-
itaxial material by proper interface phase preparation
methods.
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FIG. 1. 470x400-A? tunneling image of 1-ML Ga-covered
Si(111), showing the overlayer superlattice of 24-A periodicity,
with (3.2%£0.2)-A step heights. The tip bias and tunneling
current are —3.32 V and 800 pA, respectively.



FIG. 2. (a) Tunneling image of a sample with }-ML Ga
coverage, exhibiting 7x7 unit cells (A), regions of /3
x~/3R 30° reconstruction (B), nucleation sites (C), and islands
of supercells (D). The scale is 180x200 A?, while the tip bias
and tunneling current were —1.5 V and 1 nA. (b) Higher-
resolution scan, 100%80 A2 showing constituent atoms of the
supercells. The tip biasis —1.75 V.



(a)

FIG. 3. Tunneling images obtained after flash heating a
Ga-covered Si(111) surface of the type in Fig. 1. (a) 450
% 300-A? scan, taken at a tip bias of —2.5 V and a tunneling
current of 1 nA, showing v3x+v/3R30° planes occurring at
steps between superlattice terraces. (b) The left portion of this
120%90-A? scan shows a +3x+/3R30° atomic plane 1.5 A
above the superlattice layer exposed on the right-hand side.
The tip bias is —3.2 V.



