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Atomistic simulation of silicon beam deposition
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The mechanisms controlling low-energy (10—100 eV) beam deposition of silicon onto a relaxed
(111) silicon substrate have been studied using a molecular-dynamics technique. The atomic interac-
tion was modeled using a many-body empirical potential so that the effects of the covalent Si—Si
bonding could be accurately included. 10-eV silicon atoms with near-perpendicular incidence were
studied to determine the energy-loss mechanism resulting in capture and subsequent difffusion of ex-
cess vibrational energy away from the impact point. Shallower angles of incidence (5 —30') were
studied for beam energies of 20—100 eV. For incidence angles less than an energy- and orientation-
dependent critical value, a new phenomenon of "surface channeling" is observed, in which the trajec-

0
tory of the incoming particle is steered parallel to, and roughly 2 A above, the surface of the sub-
strate by inelastic interaction with the surface atoms. The rate of energy loss in surface channeling
trajectories is very slow, so that ranges of thousands of angstroms along the surface are possible. The
phenomena observed in low-energy beam deposition offer considerable promise for precision control
of the growth of nonequilibrium semiconductor structures.

I. INTRODUCTION II. SIMULATION METHOD
AND INTERACTION POTENTIAL

Devices with a more critical dependence on physical
structure than had previously been required are currently
of great interest. Examples of such structures include su-
perlattices, strained-layer systems, devices with ultrathin
layers, such as single quantum wells, and so on. The per-
formance of such devices can be very sensitive to the pres-
ence of defect structures. Since defects often correlate
with substrate temperature, one approach to reducing de-
fect density is to optimize the growth temperature. How-
ever, this optimization involves balancing competing pro-
cesses: If the temperature is too low, defects associated
with unannealed configurations will remain, whereas if
the temperature is too high, thermally induced defects will

appear. For some systems an adequate window of tern-
peratures exists between these two limits, but this is not
always the case.

A nonequilibrium approach to reducing defects in the
growth process is to keep the bulk of the structure rela-
tively cool during deposition while supplying the addition-
al excitation needed to grow high-quality material through
some specific interaction with the surface. One proposed
technique is low-energy ion-beam deposition, in which ex-
perimental studies have recently begun. ' As the beam en-
ergy must be larger than the energy of adsorption of a sil-
icon atom onto a silicon surface (a few eV) to significantly
change the adsorption dynamics from those of conven-
tional deposition processes, the perpendicular and near-
perpendicular atomic-beam deposition of 10-eV silicon
atoms onto, and the grazing-incidence interaction of
20—100 eV silicon atoms with, a silicon (111) surface has
been simulated. The methodology is first described, and
then the results of the simulations are discussed.

Molecular-dynamics techniques have been used with
considerable success to simulate the microscopic response
of atomistic systems to a given set of conditions. In
molecular dynamics the classical equations of motion for
an assembly of interacting particles are integrated numeri-
cally, resulting in a complete classical description of the
system over the integration period. In the current simula-
tions, we are generally concerned with length scales of'

less than 10 nm, several hundred atoms, and time scales
less than a picosecond. These restrictions make the prob-
lem easily accessible to conventional molecular-dynamics
techniques.

Proper description of the Si—Si bonding interactions is
an important factor in these low-energy simulations. In
the simulation of high-energy (many keV) ion-substrate
interactions, the ion-atom potential is taken as spherically
symmetric and purely repulsive, since the kinetic energy is
so much larger than the binding energy. These approxi-
mations cannot properly be applied in the very-low-energy
regime with which we are currently concerned, especially
when concerned with materials which form highly direc-
tional covalent bonds. Several many-body empirical po-
tentials which describe, with various regimes of applicabil-
ity, the bonding of silicon have recently been intro-
duced. The potential recently introduced by Dodson,
following earlier work by TersoA; which provides a use-
ful and accurate global description of the structural ener-
getics of silicon, is used here.

In the Dodson potential, the structural energy is the
sum over the asymmetric potential +,

&

E=0.5 + 4;, ,
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where the pairwise potential 4;~ has a form similar to a
Morse potential, but contains a many-body interference
term B;~

0&,) =f,&(Ae ' " B,—&e
-' "), (2)

where A, A. ~, and kq are fitting parameters and f~ is a ra-
dial cutoff term active near 3 A. The inhuence of neigh-
boring atoms on the bonding interaction is embedded in
the many-body interference term B;~, where

B;~ =Bvexp[ —(z;, )"Ib ]

and

x(t+dt) =x(t)+v(t)dt

+ [4f(t) f( t ——dt )](dt)'/6,

v(t+dt) = v(t)+ [2f(t+dt)+ 5f(t)

f(t d—t )]dt—I6,

(5a)

(5b)

molecular-dynamics integration scheme is thus to deter-
mine the forces acting on each particle by differentiation
of the many-body potential. In order to limit the
difficulty of computation, we have chosen the Schofield
method, a simple, although stable, low-order integration
routine requiring only one force calculation per time step.
The finite difference equations for this scheme are

z;~ = g [f;k If~ ] exp[4&2(r;~ —r;k )]
k

X [c+exp( —d cosg&, k )] (4)

where v(t) and f (t) are the x components of the velocity
and force at time t (the mass is set equal to one here).
The resulting algorithm, using a time step of 0.5 fsec, has
proven satisfactory for the class of problems considered
here.

The parameters of the potential were fit, using a simulated
annealing technique, to the lattice constant and cohesive
energy of various high-density phases of silicon, the bulk
modulus of bulk silicon, and the bond length and binding
energy of the Si2 dimer. The parameter values obtained
using this procedure, in units of A and eV, are

3 = 1614.6, b = 3.4785,

Bo——155.08, c =0.8543,

A. )
——2.7793, d =3.9588,

A, 2 ——1.3969, g =0.6207 .

The resulting potential accurately describes the structural
energetics of silicon over a broad range of configurations.

The kinetic energies used in the present simulation are
large enough that suspicion may be raised concerning the
behavior of the potential at small r, since it is based on a
data set primarily concerned with deformation of the
outer electron shell. As the momentum transfer in an in-
dividual scattering even rises, the inner shell structure will
produce harder-core behavior than predicted by the Dod-
son potential. The error resulting from this factor must
be evaluated in two different regimes, near-perpendicular
beam deposition and the predicted surface channeling of
more grazing incidence angles. In the first case, there will
be large momentum transfer in individual scattering
events. In this regime, the resulting errors are rendered
acceptable by limiting the beam energy to 10 eV. When
considering grazing angles of incidence, the accuracy of
the potential at small r is unimportant, since the trajec-
tories of interest result from glancing interactions with the
surface in which the vertical momentum is absorbed by
gentle inelastic interactions with many surface atoms. We
therefore have reasonable confidence in the present use of
the Dodson potential, but emphasize that (at least) an ad-
ditional hard-core repulsive term would be needed to ex-
tend the description to problems requiring treatment of
larger momentum transfers.

Proper description of the physics of low-energy beam
deposition of silicon requires the use of such a many-body
potential. The most time-consuming step in the

III. ATOMIC BEAM DEPOSITION DF SII.ICON

In considering the adsorption phenomena which may
affect the atomic beam deposition of silicon, two dynami-
cal properties are of particular interest. The first is the
simple description of adsorption dynamics of the incident
atom, including such factors as sticking coefficient, depth
of penetration, location of adsorbed atom (surface, inter-
stitial site, etc.), and sputtering of substrate atoms. These
quantities allow one to describe the direct consequences of
atomic beam growth. In addition, however, the excess ki-
netic energy and momentum of the atomic beam must be
carried away by substrate lattice excitation if the incoming
particle is to stick. This excess energy provides a local
and short-lived region of vibrational excitation which may
serve to selectively anneal nearby metastable
configurations which arise during the process of growth.
It it therefore important to determine characteristic time,
length, and energy scales driving this nonequilibrium an-
nealing process.

A. Near-perpendicular beam incidence: Adsorption

The incoming atoms from normal or near-normal 10-
eV silicon beams stop very quickly (0.05 —0.1 psec). Since
lattice vibrations will travel no more than a few A in this
period, the adsorption sites of the incident atoms were
determined through studies on a small substrate, namely a
4&&4 cell on the (111) surface six atomic layers thick (96
atoms total). Since the duration of the simulation is small
enough that phonons will not propagate over the dimen-
sions of the substrate, free boundary conditions can be
used at all surfaces without disturbing the adsorption dy-
namics. The surface of the Si(111) substrate is relaxed,
but unreconstructed. The surface relaxes in by about 0.7
A, reducing the energy of the system by 0.12 eV/surface
atom, in good agreement with ab initio calculations. The
silicon atom from the incoming beam is assigned a ran-
dom initial position above the (111) surface, and the evo-
lution of the system is then calculated using the
molecular-dynamics procedure described above. Sets of
30 trajectories were analyzed to determine trends in the
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deposition of atoms directed perpendicular to the surface,
with a 60' angle of incidence and surface projection paral-
lel to the [110] surface vector (a bulk channeling direc-
tion), and with a 60' angle of incidence and surface pro-
jection parallel to the [120] surface vector (not a bulk
channeling direction). In normal incidence, 70% of the
incident atoms either come to rest in an interstitial posi-
tion between the first and second double atomic layers or
substitute for an atom in the first double layer by knock-
ing the substrate atom into an interstitial location; the
other 30% come to rest on the surface. For the 60' [120]
case, 50%%uo of the incident atoms become interstitials be-
tween the first two double atomic layers. The other 50%
come to rest on the surface, usually after skipping perhaps
10 A from the initial impact point along the surface. For
a 60' angle of incidence parallel to a bulk channeling
direction, the results are similar (60% penetrate, 40% sur-
face). In this case, however, the incident atoms do not
travel across the surface before they stop. It appears that
the bulk channeling directions have little influence on the
penetration of incident silicon atoms in this energy range.
All incident atoms stick to the substrate, and no substrate
atoms sputter off, indicating a sticking coefficient of one,
within the limitations inherent in examining a finite num-
ber of trajectories.

B. Near-perpendicular beam incidence:
Surface excitation

Propagation of excess vibrational energy away from the
impact point is now considered. Since the excitation front
will travel with sonic velocities, the time scale which can
be treated in the calculation is limited by the interaction
of the excitation front with the substrate boundaries. A
larger substrate is used for these relaxation studies so that
adequate time scales can be reached. The silicon substrate
used consists of a 6&8 cell eight atomic layers in thick-
ness on an unreconstructed but relaxed (111) free surface,
with a total of 384 atoms. This structure is large enough
that reflected phonons cannot disturb the dynamics of the
incoming beam atom in the 0.2 psec duration of the calcu-
lation, and thus, free boundary conditions are again used
safely. All other features of the calculation are identical
with those described earlier.

The kinetic energy and momentum of an incident atom
is almost entirely transferred to the substrate lattice
within 0.02 psec of the initial interaction. The energy and
momentum first couple to substrate atoms near the impact
point by collision-induced momentum transfer, and then
transport away from the impact point via phonons. This
process results in a transient spike of high vibrational ex-
citation near the impact point, which may serve to ac-
tivate modifications of the atomic configuration near the
impact point. In order to evaluate this possibility, charac-
teristic time, length, and energy scales of the transient
spike were determined by calculating the radial (relative to
the impact point) kinetic energy density and radial depen-
dence of the average kinetic energy per substrate atom (lo-
cal "temperature") as a function of time after impact.

A typical set of results are presented in Figs. 1 and 2,
which show the time evolution of, respectively, the radial
kinetic energy density and the local "temperature" for the

first 0.2 psec of the simulation. The 10-eV atom has nor-
mal incidence. It begins to interact with the substrate
atoms at t =0 [Figs. 1(a) and 2(a)]. At 0.02 psec, 80% of
the initial kinetic energy of the incident atom has been
transferred to the substrate, divided almost evenly be-
tween kinetic and potential lattice energy. At this time
the excitation has only affected atoms surrounding the im-

0

pact site; the radius of the excitation front is roughly 4 A
[Fig. 1(b)] and the average kinetic energy per atom in this
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FIG. 1. Time evolution of the radial kinetic energy (KE) den-

sity as a function of distance from the impact point of perpendic-
ularly directed 10-eV silicon atom incident on a silicon (111) sur-
face. The kinetic energy in a spherical shell is calculated and
normalized to units of eV/A. (a) is at t =0, (b) is at 0.02 psec,
(c) is at 0.08 psec, and (d) is at t=0.18 psec. The excess energy
resulting from the initial collision radiates from the impact site at
near-sonic velocity.
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region is about 0.3 eV [Fig. 2(b)]. The next set of graphs
[Figs. 1(c) and 2(c)] describe the system at 0.08 psec.
Here the excitation front has advanced to nearly 9 A
radius. This corresponds to a front velocity of 83+20
A/psec, which is remarkably (and, to some extent, coin-
cidently) similar to the sound velocity of 83 A/psec. The
large peak near 4.5 A is a signature of a relatively long-
lived local mode which slowly radiates energy into the

0. 08—

substrate. Detailed analysis of the time evolution of this
mode reveals that the initial amplitude corresponds to an
excitation of several eV, and that the local mode radiates
its energy to the rest of the lattice with a time constant of
about 0.08 psec. Finally [Fig. 1(d)] at 0.18 psec, the radi-
al kinetic energy density, save for the diminishing
influence of the small radius local mode, is nearly con-

0 D

stant at 0.5 eV/A past 15 A radius. Consistent with this,
the average kinetic energy per atom [Fig. 2(d)] continues
to decrease roughly as r beyond the local neighborhood
of the impact point.
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T = 0. 00 psec C. Grazing incidence:

Trajectories of 20—100 eV Si atoms

0. 04—
O
I—

0. 02-

(a)
I I I I I

4 6
0

RAD I AL D I STANCE ( A )

I

10

0. 8-
0. 6—I

O. 02 psec

Q0
)—

Q 2

b &

I I I T I

4 6
0

RADIAL DISTANCE ( A &

I

10

0. 4—

0. 3—
T = 0. 08 ps«

0. 2—0

0. 1—
ILL

0
I I I I I

4 6
0

RADIAL DISTANCE ( A )

I

10

0. 3—
0

T = Q . 1 8 psec

0. 2—
O

0. 1—
LU

I I I I I I

4 6 8
RADI AL D I STANCE ( A )

I

10

FIG. 2. Time evolution of the average kinetic energy per atom
resulting from the impact of a perpendicularly directed 10-eV sil-

icon atom on a silicon (111) surface as a function of distance
from the impact point. (a) is at t =0, (b) is at 0.02 psec, (c) is at
0.08 psec, and (d) is at t=0.18 psec. The large residual kinetic

0
energies at small (2 —4 A) radius are due to a local breathing
mode with a time constant of 0.08 psec.

The case of grazing beam incidence (3 —30') with ener-

gies of 20—100 eV is considered next. For grazing angles,
the principal interaction with the substrate takes place by
interaction with many substrate atoms, rather than
through one major collision. This allows consideration of
higher-beam energies without leaving the regime of appli-
cabilty of the Dodson potential. The generic results in

this regime of incidence angle and beam energy are rapid
adsorption, trajectories which bounce off of the substrate,
or long-range surface transport (denoted surface channel-
ing). We consider grazing beam incidence onto a long
thin silicon substrate which has an unreconstructed but
relaxed (111) surface, about 12-A wide and 80-A long (in

the [100] direction), is 4 atomic layers in thickness, and
totals 320 atoms. This is large enough that reflected pho-
nons do not disturb the dynamics of atoms from the in-

coming beam, as the atoms move rapidly enough to leave
the disturbance behind. The silicon atom incident from
the atomic beam is assigned an initial position, direction,
and velocity. In all cases, the initial trajectory is oriented
with the projection of the velocity onto the surface col-
linear with the surface [100] vector, so that the particle
travels primarily along the long direction of the substrate.
The evolution of the resulting system of 321 atoms is then
calculated as before. The simulation is continued until
the incoming particle bounces from the surface, is ad-
sorbed onto the substrate, or falls off the edge of the sub-
strate through surface channeling (typically a few tenths
of a picosecond).

Results of a typical simulation run appear in Fig. 3.
The incoming silicon atom had a kinetic energy of 40 eV
and an initial angle of incidence of 10 relative to the sur-
face of the substrate. In the figure, the response of the
substrate to the impact of the atom is ignored, and the
substrate atomic positions shown are simply the initial po-
sitions. (The substrate response is of course included in

the molecular-dynamics simulation. ) As the particle ap-
proaches the substrate, it begins to interact with the sur-
face atoms. The kinetic energy increases slightly as the
atom is attracted to the surface, but the interaction quick-
ly turns repulsive and the particle bounces from the sur-
face. However, the interaction with the surface atoms is
sufficiently inelastic (because of phonons removing
momentum from the impact site rather than the electronic
effects which dominate in collisions with larger momen-
tum transfer} that the rebounding particle does not escape
from the lattice, but rather is trapped between the attrac-
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FIG. 3. The surface channeling trajectory of an energetic sil-
icon atom above an unreconstructed silicon (111) surface. The
incoming atom initially has a kinetic energy of 40 eV and an an-
gle of incidence of 10'. The perpendicular momentum of the in-
coming atom is lost to the substrate through inelastic interac-
tions, and the resulting trajectory is essentially parallel to, and

0
about 2 A above, the surface of the substrate. Evaluation of the
rate of energy loss indicates that the surface channeling range for

0
this 40-eV atom is several thousand A.

tive and repulsive interactions with the surface of the sub-
strate. The vertical oscillations in these competing fields

damp out quickly as the atom undergoes further inelastic
interaction with the substrate through phonon generation,
and eventually settles down to motion nearly parallel

0
to and about 2 A above the surface of the substrate. In
this mode, further loss of kinetic energy is extremely slow,
and ranges of thousands of angstroms (on perfect surfaces)
are possible.

D. Surface channeling trajectories

The behavior seen in Fig. 3 and described above is a
general feature of low-angle beam-surface interactions in
this energy range. We call this phenomenon "surface
channeling, " in analogy to the more conventional bulk
channeling. In bulk channeling, a high-energy ion is
steered along the symmetry directions of a lattice by the
combined effect of the repulsive potentials of the atoms
making up the lattice. The analogy in surface channeling
is that the competition between the long-range attractive
potential and short-range repulsive potential generated by
the surface of the substrate serves to produce a potential
well which guides the incoming atom along the surface,
once the vertical momentum is lost to the substrate. The
[100] direction seems particularly favorable on the (111)
silicon surface, but surface channeling should also occur
along other surface symmetry directions at more glancing
angles.

The phenomenon called surface channeling described
above must not be confused with the low-angle-trajectory
focusing surface scattering described by Thompson and
co-workers, ' or with the near-surface channeling mech-
anism proposed by Sizmann and Varelas. " In the first
case, sometimes called surface semichanneling, orienta-
tions exist which focus the incoming beam onto a second-
layer row of atoms, whereupon strong reAection from the
surface with characteristic angular dependence takes

place. In the second case, the beam atoms actually
penetrate the surface and channel within the bulk material
near the surface, sometimes emerging again when dechan-
neling takes place. In both cases, the principal interaction
with the substrate takes place below the surface layer, and
transport does not take place above the surface. By con-
trast, in the surface channeling mechanism proposed here,
the principal interaction is inelastic momentum transfer
through generation of impact-generated bulk phonons,
and transport occurs above the substrate surface, which is
never penetrated. A similar type of trajectory is predicted
to result from electronic effects by Ohtsuki et al. ' They
find that the motion of an incident ion produces a dynam-
ical polarization of the valence electrons in the substrate,
resulting in a small (=10 eV) surface potential which can
trap a grazing ion near the surface in a kind of skipping
motion. Although the source of the beam trapping is
completely different than that described here, it is interest-
ing that similar effects result both from electronic and vi-

brational interactions with the substrate.
It is interesting to consider the effect of different intial

conditions on the trajectories of incoming atoms. The ini-
tial location of the particle does not have a strong
inhuence on the surface channeling phenomenon. We
cannot rule out the possibility that there may be impact
points on the surface which are particularly unfavorable
for surface channeling, but such points were not found in
the current work, in which roughly 100 trajectories were
studied. It is clearly safe to say that, at a given beam
orientation and kinetic energy, the appearance (or not) of
surface channeling is a generic behavior, occasional spe-
cial cases notwithstanding.

For a given initial beam energy, there is a critical angle
0, below which we see surface channeling and above
which either the particle bounces off or rapidly absorbs
onto the surface (see sample trajectories in Fig. 4). Sur-
face channeling quickly vanishes when the critical angle is
exceeded. Note that, as the critical angle is exceeded, the
lowest-energy atoms (20 eV) always undergo abrupt ad-
sorption [Fig. 4(a)], whereas higher-energy (40 and 100
eV) atoms always bounce off [Fig. 4(b)]. The higher-
energy atoms are expected to stick or penetrate for
su%ciently steep angles, which suggests that there is a
second critical angle P, separating scattering off the sur-
face from deposition onto the substrate (see Fig. 5).

The dependence of the critical angle on the initial ener-

gy of the beam is described next. We have performed a
large number of simulations at 20, 40, and 100 eV in or-
der to identify the critical angles (respectively 18', 10', and
5') for each initial energy. These figures tell us that the
perpendicular momentum, which must be carried away
via inelastic interaction with the substrate, is a weak func-
tion of beam energy. More precisely, the critical perpen-
dicular velocity is

Vp ——20.5+ 336/Eb
0

where V~ is in A/psec and Eb is the beam energy in eV.
This relation implies that the initial inelastic interaction
with the surface removes similar amounts of perpendicu-
lar momentum regardless of the total kinetic energy of the
incoming atom, allowing extrapolation of the critical con-
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FICx. 4. Atomic trajectories not resulting in surface channel-
ing. (a) Initial kinetic energy of 20 eV, angle of incidence of 20'.
Adsorption occurs immediately following the first collision with
the surface. (b) Initial kinetic energy of 40 eV, angle of incidence
of 12. The incoming particle scatters immediately from the sur-
face.

ditions to higher energies. The above information is sum-
marized in an incidence angle versus beam energy phase
diagram (Fig. 5).

Finally, the rate of energy loss experienced by a particle
in a surface channeling trajectory is of interest. This can
be evaluated directly from the computed trajectories by
numerical differentiation. Upon doing so, the rate of en-
ergy loss is found to be nearly linear in kinetic energy of
the surface channeling atom; in this energy range,

BE/BX =0.000 154E—0.0193,
0

where E is in eV and X is in A. Clearly, this relation can-
not be extrapolated far outside of this energy range, but it
does allow estimation of the total surface channeling
range along the surface as a function of initial beam ener-
gy. Crude estimates reveal that the surface channeling
ranges will be thousands of A for the higher-energy
atoms. Direct calculation for the 20-eV atoms show that
the linearity of the energy-loss relation fails badly for
smaller energies, and a surface channeling range of
around 40 A is found before adsorption for these atoms,
compared to perhaps 1000 A as predicted by Eq. (6). It is
possible that the effect of thermal motion on the substrate
atoms could strongly affect the trajectory and rate of ener-

gy loss of a surface channeling particle. It is straightfor-
ward to include thermal substrate motions into the calcu-
lation, and such calculations are currently in progress.
Preliminary results indicate that, at 400 K, the stability of
the trajectories is not upset, and that the energy-loss rate
is not drastically altered, although it is increased perhaps
by a factor of 2.

IV. DISCUSSION

LJJ

Lij
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O

SURFACE CHANNEL INC

50
BEAN ENERG Y ( eV )

100

FICx. 5. Incidence angle vs beam energy phase plane for Si
atoms incident on the Si(111) surface. Incoming atoms with ei-
ther low kinetic energy or large angle of incidence will quickly
become localized and adsorb at the surface (this region is marked
RA for rapid adsorption). If the energy is above roughly 20 eV
and the angle of incidence is sufficiently small, the atom will be
steered into a surface channeling trajectory. At somewhat higher
energies and intermediate incidence angles, the incoming atom
scatters off the surface and does not stick.

Let us first summarize the case of perpendicular or
near-perpendicular incidence of 10 eV Si atoms on the un-
reconstructed Si(111) surface. In normal incidence, 30%
of the incident atoms come to rest on top of the surface,
whereas 70/o penetrate into the top double layer and stop
in interstitial sites. At an incidence angle of 60, 50—60 go
of the incident atoms penetrate and stop in interstitial
sites, while the remainder form a new layer on the sur-
face. Thermal diffusion should eventually bring the inter-
stitials to the surface, but this requires long times com-
pared to our current simulation. When the beam orienta-
tion is parallel to a [120] surface vector, the incident
atoms which remain on the surface first skip perhaps 10
A along the surface from the initial impact point. When
the orientation is along a [110] surface vector (the bulk
channeling direction), those atoms remaining on the sur-
face do not skip before adsorption. A small region near
the impact point experiences very strong excitation and
forms a short-lived (x=0.08 psec) local mode which radi-
ates the energy of the incident atom to the rest of the lat-
tice as phonons. The lattice excitation (and accompanying
distortion) beyond about 10 A from the impact site will be
insufficient to anneal metastable states. In no case were
incident atoms seen to bounce off the substrate, nor were
substrate atoms sputtered off.

In the case of grazing incidence, the most interesting re-
sult is prediction of surface channeling trajectories. In
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surface channeling the competition between the long-
range attractive potential and short-range repulsive poten-
tial generated by the surface of the substrate serves to pro-
duce a potential well which guides the incoming atom
along the surface. For a given initial-beam energy, there
is a critical angle 0, below which we see surface channel-
ing and above which either the particle bounces off or rap-
idly absorbs onto the surface. The [100] direction seems
particularly favorable for surface channeling on the re-
laxed Si(111) surface, but it should occur along other sur-
face vectors at more glancing angles. In a surface chan-
neling trajectory on this idealized surface, loss of kinetic
energy is extremely slow, and ranges of thousands of
angstroms (on perfect surfaces) are possible.

The atomic beam adsorption processes described here
offer several mechanisms which may lead to high-quality
epitaxial growth. One is the formation and subsequent
thermal annealing of near-surface interstitials. This pro-
duces a dense and locally distorted near-surface region
which is likely to heal into a perfect epitaxial layer
through thermal migration of the interstitial atoms. Since
these interstitial atoms need not diffuse long distances to
reach the surface, the healing suggested above should be a
quick process, allowing high rates of deposition. Another
mechanism is strong vibrational excitation of the region

near the impact of the incident atom, which will provide a
nonthermal mechanism through which metastable defect
structures may be eliminated. Finally, the surface chan-
neling trajectories offer the possibility or preferentially
transferring energy into badly placed surface atoms, re-
sulting in benign growth on good crystal combined with
selective removal of physisorbed impurities and improper-
ly placed adatoms. Extending our current studies into ac-
tual simulations of crystal growth has not been possible
because of the long-time scales involved. However, it
seems clear that low-energy atomic beam deposition offers
several nonthermal mechanisms for influencing the quali-
ty of epitaxial crystal growth. Either simple low-energy
beam deposition or a combination of beam deposition
with more conventional molecular-beam epitaxy seem to
be reasonable possibilities for high-quality epitaxial film
growth in semiconductors.
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