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Microscopic and macroscopic growth mechanisms of thin epitaxial films due to Si and Ge
deposition on the Si{100}-(2x 1) surface are studied via molecular dynamics using Tersoff’s
many-body potential. The dimer openings on the reconstructed surface following the Si or Ge
deposition are either due to a diffusing adatom induced mechanism or due to a direct insertion of
the incoming adatoms into the epitaxial positions. Two distinct layer by layer growth modes of
macroscopic epitaxial films are observed; (a) the mode in which the domains of good or bad
epitaxial growths remain roughly in the same area of the interface throughout its entire thickness,
and (b) the mode in which reconstructions on the buried interfaces can be relieved by long time
equilibrations, i.e., the epitaxially deposited film can heal its inner layers during equilibrations.
The qualities of the final macroscopic films in these two cases are found to be distinctively

different.

I. INTRODUCTION

The growth of high quality epitaxial semiconductor thin
films by molecular-beam epitaxy (MBE) is a subject of in-
tense theoretical and experimental investigation due to its
direct relevance to the advances in the semiconductor tech-
nology. The availability of realistic many-body potentials for
silicon,' carbon,? and germanium?® have made it possible to
- study the epitaxial growth of these semiconductors by using
molecular dynamics (MD) simulations. In MD simulations
the gas phase atoms of the semiconductor materials are ran-
domly deposited on a substrate maintained at a constant
temperature. The nonequilibrium dynamics of the whole
system is evolved by integrating classical equations of mo-
tions in finite short steps in time. One of the main problems
encountered in any simulations of the epitaxial growth is the
correlation of MD simulation rates, which are typically of
the order of few monolayer (ML )/nanosecond,* to the ex-
perimental growth rates which are of the order of 0.1
ML/min.” This is overcome by deposition of the incoming
atoms at a much faster rate, and the equilibration of the full
system with the hope that all the rare event processes such as
diffusion, evaporation, and migration of the deposited atoms
do take place during the equilibration. In the simulation re-
sults reported in this work, after each deposition of about 1.5
ML of material, we have followed the motion of all the de-
posited and the substrate atoms typically for about 0.5-1 ns
so that the microscopic motion of all the deposited material
can be understood on a layer by layer basis. In the earlier
work of using MD simulations to study the epitaxial
growth,%7 efforts were focused mainly on achieving the de-
position of few monolayer thick epitaxial films, thus the
macroscopic features of the deposited film were emphasized.
In other studies of the microscopic mechanism of the earlier
stages of the epitaxial films® using the Brenner-Garrison po-
tential,’ the dimer opening mechanism of the dimer-recon-
structed Si{100}-(2 X 1) surface was studied in detail, how-
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ever, the macroscopic deposition of few ML thick epitaxial
layer was never achieved. Recently, using Tersof’s many-
body potential for Si-Si interactions'® we have reported a
microscopic mechanism of the initial stages of the epitaxial
growth of Si on the Si{100}-(2x 1) surface, and have also
successfully grown about 4 ML of the Si epitaxial film.*
Since Tersoff’s potential for multicomponent Si, Ge, and C
systems is already reported in the literature,'' it is straight-
forward for us to test the quality of these potentials for the
pseudomorphic growth. As the lattice constant of Ge is
about 4% larger than that of Si, a Ge thin film epitaxially
grown on the Si{ 100} substrate has a uniaxial strain perpen-
dicular to the {100} crystal face. It has been observed experi-
mentally'? and also shown in some theoretical studies'® that
this strain can readily effect the electronic and optical prop-
erties of the material. Si/Ge interfaces are also interesting
from a technological point of view because they offer the
possibility of constructing heterojunctions which can be in-
tegrated directly with the existing Si circuits. In this work,
we present results on our recent MD simulation of the epi-
taxial growth of Si and Ge thin films on the dimer recon-
structed Si{100}-(2Xx 1) surface using Tersoff’s potential
for a multicomponent Si and Ge system. The microscopic
nature of dimer openings due to the deposition of Si and Ge
atoms is broadly classified into; (a) diffusing adatom in-
duced dimer openings,* and (b) direct insertion of incoming
adatom into the epitaxial position. The relative significance
of these two mechanisms and their effect on the macroscopic
growth modes of the epitaxial films are discussed. The dif-
fusing adatom induced dimer opening mechanism is respon-
sible for the anisotropic nature of the epitaxial growth in the
initial stages observed in both Si and Ge deposition. It is also
noted that the macroscopic nature of the growth of
Ge/Si{100} is quite different from that of Si/Si{100}. In
Sec. 11, we briefly discuss the simulation system, and the
interaction potential employed in this work. Section IIT A

© 1990 American Vacuum Society 3506



3507 D. Srivastava and B. J. Garrison: Growth mechanisms of Si and Ge epitaxial films 3507

describes microscopic mechanisms of dimer openings due to
Si and Ge deposition on Si{100}-(2x 1) surface. Section
IIT B reports in brief the microscopic and macroscopic char-
acteristics of the growth of Si/Si{ 100}, readers are referred
elsewhere* for a detailed description. In Sec. III C we de-
scribe the growth of few ML thick Ge/Si{ 100} thin film, and
last in Sec. IV we comment upon the microscopic and mac-
roscopic growth characteristics of the Ge and Si epitaxial
films.

il. SIMULATION SYSTEM AND THE INTERACTION
POTENTIAL

Our MD simulation consisted of maintaining ten layers of
32 atoms/layer at a constant temperature by fixing the bot-
tom most layer, and considering the atoms in the next four
layers as forming a stochastic region. The thermal equilibra-
tion of the whole system was maintained by using friction
forces'* only in the stochastic region. This means that the
top five layers of the system were considered as the interac-
tion region, in which the equations of motion contained
forces due only to the many-body potential function. This
makes the dissipation of excess energy into the lower layers
of the stochastic region rather slow, but the dynamics in the
interaction region is more accurate and therefore is a better
representative of the dynamic behavior of the interaction
potential. The initially reconstructed surface was defect free
and was equilibrated at the desired temperature. This top
layer had initially 16 dimers which were arranged in rows,
and the periodic boundary conditions were employed along
the surface plane. This structure has been shown in our pre-
vious simulation of the deposition of Si/Si{100},* and has
also been observed in the direct scanning tunneling micros-
copy (STM) studies.'® Si and Ge atoms were deposited at a
rate of 1 atom /2-3 ps, a sufficiently slow rate to equilibrate
the deposited atom before the arrival of the next. After the
deposition of each 1.5 ML (for Si{100} surface 1
ML = 6.782 X 10" /cm?), the full system was equilibrated
0.5-1 ns to study the dynamic behavior of the deposited and
the substrate atoms on a microscopic level.

The interaction potential used in these simulations is Ter-
sofP’s many-body potential for Si and Ge.'' In a previous
study of the MBE growth of Si/Si{100} system, we have
used this potential and have found that for the dimer recon-
structed { 100} surface it not only gives reasonable energetics
of the dimer reconstruction (1.45 eV /dimer) but is also suit-
able for the simulations of the epitaxial growth. It is noted
that in Tersoff’s potential the heteroatomic interaction
between Si and Ge atoms is introduced simply by a single
additional parameter. The rest of all the other parameters
are either the arithmetic or the geometric means of the pa-
rameters for the isolated Si and Ge atoms, and the functional
form of the potential for a multicomponent system remains
same as that of the previous single component case.

I1l. RESULTS AND DISCUSSION

A comprehensive picture of the initial stages of the growth
of thin epitaxial films on the Si{100}-(2x1) surface in-
cludes not only the atomic level details of the individual
dimer openings (an essential step for the initiation of the
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epitaxial growth), but also the macroscopic view of the layer
by layer deposition process. We first present the microscopic
mechanism of individual dimer openings due to Si and Ge
adatom deposition, and then describe the layer by layer
growth modes of few ML thick Si and Ge epitaxial films. |

A. Microscopic mechanisms of dimer openings in the
initial stages of the epitaxial growth

The microscopic mechanisms of stable dimer openings
(those dimers that remain open for the entire duration of
simulation) are basically of two types. First is the diffusing
adatom induced mechanism, the typical examples of which
are shown in Figs. 1(a) and 1(b). As observed and ex-
plained in detail in our previous work,** the adatoms move
as shown by the arrows in Fig. 1(a) during the equilibration
period (0.5-1.0 ns). First, both the dangling bonds of an
isolated dimer are saturated with two adatoms. A third ada-
tom diffuses over a period of hundreds of picoseconds, to
move closer to the dimer, and pushes the adatom on the
dangling bond into the epitaxial position. The diffusing ada-
tom itself then occupies the vacant dangling bond of the open
dimer. The three adatoms finally occupy the epitaxial posi-
tions, whereas the dimer atoms have relaxed back to their
bulk positions. Another observed mechanism of the diffus-

b

Fi1G. 1. (a) Diffusing adatom induced mechanisms of dimer openings. The
inner layer Si atoms are hatched circles, the top dimerized layer are the
shaded circles, and the Si or Ge adatoms are shown as open circles. The‘
curly arrows indicate roughly the positions to which adatoms will move in
the next 0.5-1 ns of equilibration. Open dimers and epitaxially placed ada-
toms are shown as the final product. (b) Same as (a) except that the mecha-
nism is that of the formation of a defect (see the text).
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ing adatom induced dimer opening is shown in Fig. 1(b).
Instead of pushing the adatom on the dangling bond into the
epitaxial position, in this case, the diffusing adatom can
 move underneath the adatom on the dangling bond and push
the dimer atom into the epitaxial position. In this case, the
diffusing adatom has moved into the top substrate layer
whereas the substrate dimer atom has moved up into the
epitaxial layer. The end products in the homoepitaxy of Si/Si
or Ge/Ge, as shown in Figs. 1(a) and 1(b) are the same.
However, in case of the heteroepitaxy of Ge/Si this will
cause the formation of a defect at the interface.

In the second distinct mechanism of surface dimer open-
ings the atoms in a surface dimer are constantly in motion
about their equilibrium positions with amplitudes fixed by
the temperature of the substrate. During these motions the
surface dimers would spontaneously open sufficiently far
from their equilibrium separation so that an incoming ada-
tom is directly inserted into the available epitaxial position
and stabilize the opening. As shown in Figs. 2(a)-2(d), we
found that the direct insertion of the adatom into epitaxial
positions can occur on a bare dimer, on a dimer with one of
the dangling bonds occupied, and also on a dimer with both
of its dangling bonds occupied. Most of such direct insertion
mechanisms occurred during the deposition process, i.e., the
surface was relatively clean. The number of such occur-
rences increased with an increase in the temperature of the
substrate. Above room temperature (800 and 1200 K) and
during the equilibration period, it was also noticed that occa-

I sionally a spontaneously opened bare dimer on a relatively
clean surface would remain open for hundreds of picosec-
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FIG. 2. (a) Inner layer Si atoms and a bare dimer. (b) direct insertion of the
incoming adatom into epitaxial position (c) and (d) are same as (b) except
that either one or both of the dangling bonds of the original dimer are
occupied.
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onds until being stabilized by the direct insertion mecha-
nism. At higher temperatures (1200 K as compared to 800
K for the Tersoff Si potential) the direct insertion mecha-
nism was the primary reaction mechanism of surface unre-
constructions.

In a similar study® of the epitaxial growth using a different
interaction potential,” the diffusing adatom motion mecha-
nism was the main mechanism of stable dimer openings, but
the total number of such observed openings during 0.5 ns
equilibration period was comparatively smaller. Therefore,
no macroscopic layer growth of few ML was achieved. In the
same study some unstable open dimers due to the insertion of
two or more adatoms were also observed. These unstable
openings and the resultant structures are not observed in the
present simulations. We believe that the higher surface stabi-
lization energy of that potential® (2.1 eV/dimer) versus
(1.45 eV/dimer) for the Tersoff’s Si potential'® and the
shorter equilibration times of that simulation may have
caused the observed differences.

B. Epitaxial growth of Si/Si{100}

Detailed results of the MD simulation of up to 4-ML thick
Si thin film on Si{100} substrate are presented elsewhere.*
Here we briefly summarize the main features of the results.
We found that the unreconstruction of the (2 1)-Si{100}
surface due to Si deposition at 800 K is mainly due to the
diffusing adatom induced mechanism of dimer openings. A
correlated diffusion induced openings of the neighboring
dimers, in which the diffusing adatoms move perpendicular
to the direction of the dimer rows on the original surface and
open successive dimers, was observed. This mechanism was
proposed for being responsible for the anisotropic nature of
the epitaxially grown layers at low coverage as observed in

F1G. 3. Si{100} surface with a 4-ML thick epitaxial Si film. Atoms in the
original dimerized layer are dark shaded circles, and the rest are the deposit-
ed Si atoms. Atoms in the first, second, and third epitaxial layers are light
shaded circles, whereas the atoms in the topmost epitaxial layer are open
circles.
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recent STM studies.'®'® The epitaxial growth of a 4-ML
thick Si thin film was achieved. The study of the macroscop-
ic nature of the growth mode revealed alayer by layer epitax-
ial formation, i.e., the top layer was constantly reconstruct-
ing and the next to the top layer was constantly unrecon-
structing. It was also noticed that the growth characteristics
of the initially deposited epitaxial layers are continuously
passed on to the later deposited layers. This means that the
domains of good epitaxial growth in all first four deposited
layers remain roughly in the same area of the substrate in
which the dimer atoms had rearranged back to their bulk
positions. For example, in Fig. 3 we show the final result of
the epitaxial growth of up to 4 ML of the deposited material.
This was obtained by three successive depositions of 1.5 ML,
each of which followed by about ~ 1 ns equilibration. The
lower right and the upper left portion of the figure show good
epitaxial growth in all four layers. The upper right corner
shows the amorphous region which also penetrates through
all four layers.

C. Epitaxial growth of Ge/Si{100}

The simulation of the epitaxial growth of Ge layers on a
fixed Si substrate at 800 and 1200 K was performed. The
dimer openings on the reconstructed Si surface was mainly
due to the direct insertion of the incoming Ge atoms into the
epitaxial positions (Fig. 2). The number of such openings
due to Ge atoms deposition increased by increasing the tem-
perature of the substrate from 800 to 1200 K. At 800 K,
however, as the substrate was equilibrated for ~ 1.0 ns after
the deposition of 1.5 ML not even a single additional opening
due to the diffusing adatom motion induced insertion was
observed. A further deposition of another 1.5 ML and the
subsequent equilibration of ~1 ns also did not open any
additional dimers. So it was concluded that for the given
potential at 800 K the reconstructed Si{100} surface does
not show any appreciable dimer opening due to Ge adsor-
bate motion.

The simulation of Ge deposition on the (2x 1) dimer re-
constructed Si substrate maintained at 1200 K was also car-
ried out. The insertion of incoming Ge atoms into the epitax-
ial positions to stabilize a spontaneously opened dimer was
the main mechanism of surface unreconstruction during the
deposition period. A couple of diffusing adatom induced
dimer openings during the equilibration of the initially de-
posited 1.5 ML were also observed. In Fig. 4, we show the
dynamic evolution of the first epitaxially deposited Ge layer
as the full simulation of the deposition and equilibration of
up t0 4.5 ML Ge atoms is performed. Figure 4(a) is after the
deposition of the first 1.5 ML of Ge atoms. Nine dimers on
the fully reconstructed Si surface have opened during this
deposition. Of these, six were due to the direct insertion
mechanism (Fig. 2), and the remaining were due to the dif-
fusion induced mechanism (Fig. 1). For clarity, only those
Ge atoms which were at the level of the first epitaxial layer
are shown. Figure 4(b) shows the Si substrate and the Ge
layer of Fig. 4(a) equilibrated for about ~0.5 ns. A further
opening of two more dimers due to the diffusion induced
mechanism has occurred. At this stage of the simulation, i.e.,
after the deposition and equilibration of ~ 1.5 ML, we note
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F1G. 4. Dynamics of the original Si{100}-(2x 1) surface and the first Ge
epitaxial layer. The shaded circles represent the surface dimer atoms, and
the open circles are the deposited Ge atoms. {a) The surface after the depo-
sition of 1.5 ML Ge atoms, of which only the atoms in the first epitaxial
layer are shown. (b) The Ge/Si interface after the equilibration of ~0.5 ns.
At this stage in simulation ( ~0.63 ns) about 0.7 ML of the original Si
surface is unreconstructed and 0.7 ML of the deposited Ge atoms are in the
epitaxial positions. (c) The Ge/Si interface after the deposition and equili-
bration of another 1.5 ML Ge atoms {~ 1.3 ns). All the dimers on the
original Si surface are open and the first epitaxial Ge layer is complete. The
upper left corner of this figure shows (2X2) dimer reconstructions in the
deposited Ge layer. (d) Ge/Siinterface after another deposition and equili-
bration of 1.5 ML Ge atoms. The earliest deposited Ge atoms on the inter-
face have equilibrated for 2.2 ns. The (2 X 2) dimer reconstruction in the Ge
epitaxial layer is almost relaxed. Only a single Ge dimer is left on the inter-
face, which by now is buried under about 3.5 ML of Ge atoms.

that about 0.70 ML atoms of the originally reconstructed Si
surface have been reordered back to their expected bulk posi-
tions, and about 0.70 ML of the deposited Ge atoms are in
the epitaxial positions. The time evolution of the first epitax-
ial layer during the deposition and equilibration of the addi-
tional 3 ML of Ge atoms are shown in Figs. 4{c) and 4(d).
In Fig. 4(c) the original Si surface and the first epitaxial Ge
layer at about 1.3 ns in the simulation is shown. One notes
that by now all the dimers in the fully reconstructed original
Si surface in the beginning of the simulation have opened.
However, in the upper left corner of the figure about one
third of the first Ge epilayer has (2 X 2) dimer reconstruc-
tions. After the deposition and equilibration of additional
1.5 ML Ge atoms, the first epitaxial Ge layer and the original
Si surface at about 2 ns are shown in Fig. 4(d). At this point
in simulation, the originally reconstructed Si surface is fully
unreconstructed and the first Ge epilayer at the Ge/Si inter-
face, which is buried under about 3.5 ML of additional Ge
atoms, has only one reconstructed dimer left. In contrast to
the growth of Si/Si{ 100}, the unreconstruction of the origi-
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FIG. 5. Si{100} surface with 3-ML thick Ge epitaxial film. Si atoms in the
original dimerized layer are dark shaded circles. Ge atoms in the first and
the second epitaxial layers are light shaded circles, whereas the top most Ge
layer atoms are open circles. The right half of the figure shows good epitax-
ial growth in all three layers, and the left of the center shows some amor-
phous region the origin of which can be traced back to the unopened Ge
dimer at the Ge/Si interface [also see Fig. 4(d)].

 nal Si surface and the first Ge epilayer at the Ge/Si interface
which is buried under up to 3 ML of Ge atoms can occur
during the nanoseconds time scale equilibration period. This
means that the growth characteristics of the initially deposit-
ed Ge layers will change as the system is equilibrated because
the buried reconstruction at the interface has a tendency to
heal itself. In Fig. 5 we show the result of the epitaxial
growth of up to 3-ML thick Ge epitaxial film on Si{100}.
The full system at this point has about 4.5 ML of Ge atoms,
and has been equilibrated for about 2 ns. For clarity the
atoms at the level of the 4th, 5th, and 6th deposited layers are
not shown. The surface shown in Fig. 5 has about four ran-
domly placed dimers in the second Ge epilayer (upper left
corner), and a good epitaxial growth of up to 3 ML in the
right half. This shows that the good epitaxial growth in the
deposited film is occurring first in the region where the
dimers of the original Si surface and the first Ge epilayer had
relaxed quickly to their bulk positions. In the left half of the
Fig. 5, the epitaxial growth is not as good because there still
are few unopened dimers in the underneath layers. However,
from the dynamics of the first Ge epitaxial layer, as shown in
Figs. 4(c) and 4(d), it is clear that left half of the deposited
film may also heal completely if we deposit more Ge atoms
and/or equilibrate for still longer times.

’ IV. COMMENTS

To summarize the inferences drawn from these simula-
tions we first review the microscopic mechanisms of surface
unreconstructions during the initial stages, and then com-
ment upon the macroscopic features of the growth modes of
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Si and Ge epitaxial films. It is found that the openings of the
dimers on Si{100}-(2X 1) surface occur through two dis-
tinct mechanisms, (a) the diffusing adatom induced bump-
ing of the adatom on the dangling bond into the dimer, and
(b) direct insertion of the incoming adatoms into epitaxial
positions. The former is the primary mechanism of unrecon-
struction during the equilibration process while the latter
occurs mainly during the deposition process. Number of
both types of such occurrences increase by increasing the
temperature of the substrate. The diffusing adatom induced
dimer opening [Fig. 1(b)] can also sometimes cause inter-
layer mixing across the growing interface. The growth of
Si/Si{100} thin film, presented in detail elsewhere,* revealed
a novel mechanism of correlated adatom motion induced
dimer openings which is more favored in a direction perpen-
dicular to the direction of the dimer rows on the original
reconstructed surface. This mechanism may be responsible
for the anisotropic nature of the epitaxially grown layers as
observed in some recent STM studies.'®'® In some recent
work'®'® it has also been pointed out that the systems that
grow epitaxially, but in which there is a lateral growth ani-
sotropy, will grow with a smaller interface width than the
system in which the growth is isotropic. Technologically this
is important because the anisotropic growth will favor a
smoother interface as compared to the isotropic growth un-
der the similar conditions. The dimer opening of the Si{ 100}
surface due to Ge deposition was mainly through the direct
insertion mechanism, however, few correlated adatom mo-
tion induced dimer openings were also observed. It is found
that the Ge deposition completely relieves the reconstruc-
tion on the Si{100}-(2x 1) surface at a higher temperature
(1200 K) as compared to the unreconstruction due to Si
deposition at 800 K. This is not in agreement with the experi-
mental evidences in which the Ge deposition even at room
temperature does relieve the reconstruction on the Si{100}-
(2X 1) surface.” We explain this disagreement in two ways.
First, we note that Tersoff’s potential used in these simula-
tions,'' fit to accurately produce bulk and surface elastic
properties, does not give the correct melting temperature.
Second,the predominant mechanism at the lower tempera-
ture, i.e., the diffusing adatom induced dimer openings dur-
ing the equilibration period, may take much longer to occur
for Ge atoms than for the Si atoms. The time scales of these
longer duration processes for Ge deposition may not be feasi-
ble in the present simulations. Therefore, rather than con-
centrating on the exact temperature behavior we have con-
centrated on the detailed mechanism of many observed
processes and the relative energetics of them.

Next, we compare mechanisms of the two macroscopic
growth modes as observed in the simulation of Si and Ge
epitaxial films deposited on the Si{100}-(2x 1) surface. In
the first case, the deposition of Si on Si{ 100} surface follows
a layer by layer growth mode observed also in the Ruther-
ford back scattering experiments.® It was noted that the top
epitaxial layer is always reconstructing where as the next to
the top layer is relaxing back to the bulk positions unrecon-
structing. Therefore, at any stage during the simulation, the
unopened dimers in the area of good epitaxial growth mostly
occur under 1-ML thick epitaxial film. However, in the re-
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gions of amorphous growth, i.e., the region where dimers on
the original (2X 1) reconstructed surface did not relax to
their bulk positions, the reconstruction could remain stable
under as many as the full thickness (4-5 ML) of the epitax-
ially grown film. In other words, the growth characteristics
of the earlier deposited layers are continuously passed on to
the later deposited layers, i.e., the initially amorphous region
stayed amorphous for the entire duration of the simulation.
The macroscopic growth mode in the second case as ob-
served in these simulations is distinctively different. The
growth of a thin (4 to 6 ML) Ge epitaxial film is also a two
dimensional layer by layer mode. However, the unrecon-
struction on the Si-Ge interface buried undersp to 3.5 ML
Ge atoms occurs during the equilibration process. This
means that the reconstructed Si and Ge layers, in the pres-
ence of 2--3 Ge overlayers, can be relaxed back to their bulk
positions during long time equilibration. Therefore, as the
layer by layer growth of the epitaxial film is followed, the
initially deposited layers with some unopened dimers, and
thus the resultant amorphous regions in the later deposited
Ge overlayers, had tendency to heal themselves to the good
epitaxial positions in the later stages. This is in marked con-
trast with the buried interface of the previous case where the
dimer reconstruction on the interface and the resultant
amorphous regions in the overlayers remain as they are
throughout the entire duration of the simulation. Although
we have clearly identified two modes of rearranging recon-
structions during growth, it is unclear the precise factors
that determine when one or the other is operative. It is pre-
mature to definitively ascribe rearrangement at the surface
to Si/Si{100} growth and rearrangement at the buried inter-
face to Ge/Si{100} growth, as the characteristics of the in-
teraction potentials are not fully understood. Simulations
are underway to better characterize more fully the factors
influencing the growth mechanisms.
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