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Understanding the properties of surfaces of solids
and the interactions of atoms and molecules with
surfaces has been of extreme importance both
from technological and academic points of view.
The recent advent of uitrahigh vacuum technology
has made microscopic studies of well-
characterized surface systems possible. The way
atoms move to reduce the energy of the surface,
the number of layers of atoms involved in this
reduction, the electronic and vibrational states that
result from this movement, and the final symmetry
of the surface layer are all of utmost importance in
arriving at a fundamental and microscopic under-
standing of the nature of clean surfaces, chem-
isorption processes, and the initial stages of
interface formation.

The theoretical problems associated with these
systems are quite complex. However, we are cur-
rently at the forefront of being able to solve for the
properties of real surface systems (rather than
simple mathematical models). In particular, we are
continuing our goal of calculating the total
ground-state energy of a surface system from “first
principles,” so that we can provide accurate the-
oretical predictions of surface geometries. Our
efforts in this program have concentrated in the
areas of surface growth, surface reconstruction
geometries, structural phase transitions, and chem-
isorption.

3.2 Microscopic Model of
Heteroepitaxy

Epitaxial growth of dissimilar semiconductor mate-
rials holds significant potential for technological
applications and has been the subject of major
international efforts in recent years. Nevertheless,
relatively little theoretical work has been performed
to understand the fundamental interactions gov-
erning the initial stages of growth and the struc-

ture of the first few monolayers in these systems.
Of particular interest is the prototypical system
involving growth of GaAs on Si(100) substrates.
Experimental studies have shown that on slightly
miscut (vicinal) Si surfaces GaAs initially grows in
an islandlike or three-dimensional mode in the
vicinity of stationary steps. This is in contrast to
both the usual planar or two-dimensional epitaxial
mode which proceeds by step motion, as well as
the conventional three-dimensional modes driven
by strain or absence of wetting. [n this work, we
have developed a microscopic theoretical model
which, for the first time, can explain the funda-
mental mechanism for this new type of three-
dimensional heteroepitaxial growth. The model,
supported by total-energy calculations, provides a
stage-by-stage description of growth on surface
steps, including the driving chemical and rehybrid-
ization reactions. It clearly shows the crucial role
of double-layer steps (DLS) on the Si surface in
initiating the growth of three-dimensional GaAs
islands and inhibiting layered epitaxial growth.

The essential physical and chemical concepts
which underlie the construction of our model are
based on the following observations. First, both
Ga and As can form passivated structures with
threefold or fourfold coordination. When Ga and
As atoms are fourfold coordinated, it is important
that they form nearest-neighbor pairs to satisfy
charge neutrality requirements. Threefold coordi-
nated Si on the other hand typically has an ener-
getically unfavorable dangling bond. Second, last
year we demonstrated that on flat regions of the
Si(100) surface a mixed GaAs overlayer phase
(formed by switching like-atom bonds to unlike-
atom bonds) is energetically favored and inhibits
further growth of bulk GaAs along the [100]
direction. Thus, there is a strong tendency for
mixing at the initial stages which needs to be
overcome in any viable model of growth. Finally,
idealized growth of GaAs along the [100] direc-
tion would lead to physically unacceptable large
electric fields due to a net interface charge.

With these ideas in mind, we proceed now to
introduce the model of growth. The discussion
will follow a realistic sequence of the growth
stages as As and Ga atoms are deposited on the Si
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atoms are continuously incorporated at highly
reactive propagating steps.

We believe that these results are only the "tip of
the iceberg,” and we are currently pursuing further
studies in this area.

3.3 Finite Temperature Phase
Diagram of Vicinal Si(100)

The work described in this section was performed
in collaboration with Professor A.N. Berker.

As discussed in the previous section, a vicinal
crystal surface is one that is slightly misoriented
with respect to a low-index direction and typically
consists of terraces of the low-index direction and
steps that accommodate the misorientation.
Vicinal surfaces can exhibit different structural
phases, since steps of different types may be
favored depending on temperature T or angle of
misorientation 8. Besides their intrinsic interest,
stepped surfaces play a central role in important
problems in physics and chemistry, including
epitaxy, crystal growth, surface chemistry, and
catalysis. In this work, we study the equilibrium
structure of the vicinal Si(100) surface and calcu-
late its phase diagram as a function of 8 and T.
This surface has received particular attention
largely because it is used as a substrate in the
epitaxial growth of GaAs and other [lI-V com-
pounds and is a prototypical system to study step-
flow mechanisms of crystal growth.

The central result of this work challenges a
common assumption about the structure of vicinal
Si(100). Previous experimental and theoretical
work has led to the belief that this surface has only
one equilibrium structure, where only biatomic or
double-layer (DL) steps are present. We find,
however, that for small values of 8, the equilibrium
surface is characterized by monatomic or single-
layer (SL) steps. These two phases of the surface
are separated by a line of first-order transitions.
This result has important consequences for the
growth of GaAs on Si(100), since DL steps are
thought to promote the growth of high-quality
GaAs while SL steps may lead to antiphase
domains. The equilibrium phase diagram of the
surface that is calculated here is consistent with
new experimental data that are otherwise unex-
plained and brings together into a coherent picture
all the existing data known to us on the domain
structure of vicinal Si(100).

The Si(100) surface reconstructs by forming
surface dimers that are arranged in parallel rows.
The dimers can be oriented along two possible
directions, depending on the plane where the
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crystal is cut. Thus the surface has two degen-
erate reconstructed phases; they are related by a
90° rotation, and their surface periodicity is either
2 x 1or1 x 2. Consider now a Si(100) surface
that is slightly misoriented towards the [011]
azimuth by an angle 8; the resulting steps are then
oriented either parallel or perpendicular to the
surface dimers. The surface misorientation can be
accommodated by SL or DL steps, leading to sur-
faces that are not only different in the height of the
steps and the width of the terraces, but also in
their basic lattice structure (see figure 2). The SL
stepped surface has a two-sublattice structure with
terraces of both 2 x 1 and 1 x 2 periodicity,
while on the DL stepped surface all the terraces
have the same orientation and is a so-called primi-
tive surface.
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Figure 2. Schematic representation of the (a) single-
layer and (b) double-layer step structures of a vicinal
Si(100) surface. The surface misorientation 6 is related
to the terrace width L by tan(0) =zg /L, where
zsL = 1.36A is the height of a single-layer step.

Compared with these previous studies, there are
two new elements that are incorporated into this
work. The first is a strain relaxation that occurs
when the terraces alternate orientation and their
surface stress tensor is anisotropic. The second is
the effect of thermal fluctuations or roughening of
the surface steps.

First, let us consider the energy difference E
between the SL and the DL stepped Si(100) sur-
faces at T = 0. Finite-temperature effects will be
added later. There are two contributions to E:
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