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Growth of germanium films on Si(001) substrates
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We have studied the growth of Ge layers on the Si(001) surface using molecular-dynamics techniques.
In order to relieve the strain resulting from the lattice mismatch between Ge and Si atoms, Ge deposited
on the Si(001) surface tends to form islands. This tendency to form three-dimensional structures was
studied by monitoring the chemical potential of relaxed Ge films on top of the Si(001) surface. We find
that layer-by-layer growth is favored for the first three layers of Ge deposited. To study the diffusion of
Ge adatoms on Ge„Si(001)films, we have mapped out the potential-energy surfaces on such films with
(2X 1) and (2XN) reconstructions. For surfaces subject to (2X 1) reconstructions, the motion is aniso-
tropic, with the fast-diffusion direction being along the dimer rows. In the case of a surface with (2XX)
reconstructions, fast diffusion is still along the dimer rows. However, we find additional potential-energy
barriers where the missing dimers are located, which effectively confines the motion of adatoms. Finally,
we have studied the initial stages of island formation by directly simulating the epitaxial growth of Ge
layers on the Si(001) surface.

I. INTRODUCTION

In the last several years, the growth of Ge layers on top
of the Si(001) surface has been the subject of intense
study. Much of the driving force behind this effort has
been the desire to fabricate Si-Ge heterojunction superlat-
tices which would form the basis of optoelectronic de-
vices. ' However, despite the considerable progress
achieved, there is much that remains to be understood.
Recently, important questions have been raised regarding
domain structures, alloy ordering and surface segrega-
tion, and the formation of islands.

To address some of these issues, we have carried out an
extensive molecular-dynamics study of the growth of Ge
layers on Si(001). Thin-film growth during molecular-
beam epitaxy (MBE) is a highly nonequilibrium process,
in which the growth kinetics may play an important role.
In the case of Ge on Si, this process is further complicat-
ed by the effects of strain coming from the lattice
mismatch between the Si and Ge atoms.

During MBE growth on low-index surfaces, atoms
from the vapor condense onto a substrate. If the temper-
ature is su%ciently high, the adatoms make their way at
random across the surface, until they encounter either a
two-dimensional island or other adatoms. There, the
adatoms may be incorporated into the crystal via the
growth or nucleation of islands. Such two-dimensional
islands continue to grow, eventually merging to form a
continuous layer. In the case of Ge on Si(001), the layers
formed are under strain, whose associated energy in-
creases as the film thickens. Eventually, three-
dimensional clusters or islands, in which the strain is re-
lieved by misfit dislocations, begin to form. We have in-
vestigated such Stranski-Krastanov growth by studying

the energy and chemical potential of Ge„Si(001) film
structures (here n denotes the number of Ge layers depos-
ited). In agreement with experimental ' ' and recent
theoretical studies, ' ' we shall show that up to three lay-
ers of Ge may be deposited on Si(001) before there is any
driving force for clustering. In addition, the second and
third layers are subject to a (2XN), rather than the more
usual (2 X 1) reconstruction.

Central to any discussion of the growth kinetics of thin
films is the role played by surface diffusion. To study Ge
diffusion on Ge„Si(001), we have mapped out the
potential-energy surfaces seen by Ge adatoms over the
Si(001) and Ge„Si(001) surfaces. Surfaces with both
(2 X 1) and (2 X 1V) reconstructions were considered.
From such energy maps, we obtain microscopic informa-
tion about the binding sites, as well as the activation en-
ergies for diffusive jumps. We will show that, in many
respects, the diffusion of Ge on a surface with (2X1)
reconstruction resembles that of Si on Si(001).'

Diffusion is predicted to be anisotropic, with fast
diff'usion taking place in the channel separating dimer
rows. In the case of Ge on Si(001), the fast-diffusion
direction has an activation energy of 0.64 eV. However,
on a Si substrate covered with a monolayer of Ge, the ac-
tivation energies for Ge motion in the "fast" direction
were found to be considerably less (about 0.40 eV) than
that of Si (about 0.67 eV), so that much faster diffusion is
expected. On a surface terminated with (2X1V) recon-
structions, diffusive motion is still anisotropic, with fast
diffusion taking place along the dimer rows. However,
additional diffusion barriers found near the missing di-
mers will act to confine the adatom motion. This should
lead to an enhanced nucleation rate of two-dimensional
islands, and therefore a much rougher surface.
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These results are in good agreement with recent scan-
ning tunneling microscopy (STM) studies by Lagally and
co-workers, ' who estimated the activation energy for Ge
diffusion on Si(001) to be 0.59+0. 1 eV, and 0.45 eV for
Ge diffusion on Ge„Si(001).

We have also simulated the growth of Ge layers direct-
ly with molecular-dynamics methods. In agreement with
experiments, the first Ge monolayer grows in a layer-by-
layer fashion. We observe the formation of highly
elongated islands or dimer strings, similar to those ob-
served in the growth of Si layers. We observe some evi-
dence of three-dimensional clustering for Ge deposited on
three- and six-layer Ge films, although the fast deposition
rates needed for molecular-dynamics simulations afford
little time for the material to aggregate.

A brief outline of the paper is as follows. In Sec. II, we
discuss the energetics of Ge„Si(001)film structures. In
Sec. III, we present results on the diffusion of Ge ada-
toms over Ge„Si(001),where the uppermost surface is
terminated with both the (2X1) or (2XN) reconstruc-
tions. Section IV reports on some direct simulations of
Ge MBE, with an emphasis on the initial stages of clus-
tering. Finally, Sec. V is reserved for a summary.

II. STRUCTURE OF GERMANIUM FILMS ON Si(001)

Before studying growth, which is a far from equilibri-
um situation, it is important to understand the equilibri-
um structures of the system. On the basis of equilibrium
thermodynamics, there are three basic modes for
heteroepitaxial growth: these are Frank —van der
Merwe, ' Volmer-Weber, and Stranski-Krastanov.
These are illustrated in Fig. 1. Loosely speaking, these
may be described as layer-by-layer growth, island growth,
and layer-by-layer plus island growth. The growth mode
that the system adopts depends crucially on the interfa-
cial free energy, and the lattice mismatch between the
atoms in the film and the substrate. For lattice-matched
systems, the growth mode selected is either layer by layer
or Volmer-Weber, depending upon whether the film wets
the substrate or not. For systems with low interfacial en-

Frank-
van der Merwe

ergy and a large lattice mismatch, the initial growth takes
place in a layer-by-layer fashion. However, as the film
thickness increases, the strain energy continues to build
up, and the system can eventually lower its free energy by
forming three-dimensional islands in which the strain is
relieved by misfit dislocations. Stranski-Krastanov
growth is the result.

Ge atoms are about 4%%uo larger than Si atoms, so that
Si-Ge systems are characterized by a considerable lattice
mismatch. Experimental studies ' ' show that Ge on
Si(001) forms about three to six rough layers before
switching to the three-dimensional island growth mode,
so that the system displays classic Stranski-Krastanov
growth behavior. Recent studies, however, show that the
growth may be more complex: Mo et al. ' have ob-
served the formation of coherent "hutlike" structures on
Ge3Si(001), and have suggested that these metastable
structures provide a kinetic pathway for three-
dimensional island growth; while Eaglesham and Cerullo
have observed the growth of dislocation-free Ge islands
on Si(001).

To study the structure of Ge films on Si(001), we have
measured the energy and chemical potential of relaxed
Ge layers on Si(001). In agreement with experiments,
and recent theoretical work by Tersoff utilizing a Keating
model, ' ' we find that up to three continuous layers of
Ge may be deposited on Si(001) before three-dimensional
islanding begins. On the second and third Ge layers, the
(2X1V) "missing dimer" reconstruction, rather than the
more usual (2X1) reconstruction, is favored (see Fig. 2).
Such (2X1V) reconstructions, with %=8, have been ob-
served in recent STM studies of Ge films. ' The (2XN)
reconstruction can be thought of as another strain relief
mechanism: While simply removing a dimer from the
surface does relieve strain, by giving the Ge external
room into which to expand, this removal also creates ex-
tra dangling bonds. As proposed by Pandey, these dan-
gling bonds may be relieved by a rebonding of the
second-layer atoms, at the expense of creating local ten-
sile stress. For Ge films on Si(001), this tensile stress al-
most cancels the compressive stress of the film, as well as
the anisotropic stress coming from the (2 X 1) dimer
reconstruction of the surface, so that the formation of
(2 XN) reconstructions is favored.

We now give some details of our calculations. We con-
structed crystal structures terminated with a properly
dimerized surface. The silicon substrates consisted of
8X10 atoms per atomic layer, and a height of at least 24
atomic layers. The atoms were then slowly relaxed using
dissipative forces, with standard molecular-dynamics

Volrner-Weber

Stranski-Krastanov

FIG. 1. A schematic diagram illustrating the three thin-film
growth modes, based on equilibrium thermodynamics.

FIG. 2. The structure of the Ge„Si(001)(2XN) surface pro-
jected onto the [011] plane. The arrow marks the position of
the missing dimer. Note that the second-layer atoms have shift-
ed to form a bond.
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techniques. In this way, the structures were able
to find their minimum-energy configurations. Periodic-
boundary conditions were used in the horizontal direc-
tions. The energies of the relaxed film structures were
then measured.

The Si atoms in the film structures were modeled with
a Stillinger-Weber (SW) potential. 9 This empirical po-
tential is short ranged, and consists of two terms: a pair
potential term, which combines the effects of a repulsive
core with an attractive tail, and a three-body term, which
favors the diamond structure of bulk silicon. Because
Ge, like Si, is a group-IV element, it too was modeled
with the SW potential modified in two important ways.
To account for the larger Ge radius, we set the parameter
o.G, =1.04o-s. In addition, to account for the lower melt-
ing point of crystalline Ge, the well depth of the
pair potential was scaled accordingly: c.z,=( TM( Ge) /T~(Si)) ss;=0.74' s;, where TM is the melt-
ing temperature of the material (under standard condi-
tions). Also, for the Si-Ge interaction, the SW potential
was used, with parameters cs; c;,=0. 86m, s; and
si-eve ' ~si

It must be emphasized that the use of empirical poten-
tials to model both Si and Ge is an approximation. How-
ever, for our present study, we feel that this does not
represent a serious limitation. It has been shown that the
SW model successfully predicts some of the bulk proper-
ties of Si, as well as the dimerization of its (001) surface.
While its use in modeling Ge is more uncontrolled, the
aim of this study is to predict trends and qualitative
features, rather than provide definitive numerical esti-
mates of film and activation energies. Indeed, we shall
show that many of the phenomena predicted by the mod-
el are in good agreement with experiment observations.

Most of the important thermodynamic properties of
the Ge„Si(001)films at low temperatures ' can be de-
duced from a knowledge of the film energies (E) measured
for relaxed configurations at T=O. To illustrate the ap-
proach to bulk thermodynamics, we have plotted
(E-NIpz )/No as a function of the normalized number of
atoms in the film, as shown in Fig. 3. Here X& is the
number of atoms in the film and No the number of atoms
in a completed substrate layer, so that n =N& /Xo
represents the number of Ge layers in the film. The
chemical potential pz, for bulk unstrained Ge crystals at
0 K, is just the energy per atom. We not only studied the
film energies of completed Ge layers, but also looked at
partially filled layers at coverages of 0.2, 0.4, 0.6, 0.8, and
0.9. The films with coverages 0.8 and 0.9 corresponded
to films with (2 X 5) and (2 X 10) reconstructions, with
properly rebonded second-layer atoms. The films at
coverages 0.2, 0.4, and 0.6 were constructed by removing
rows of dimers from a (2 X 1) surface, and then allowing
the second-layer atoms to rebound, where possible, to
form proper Ge(001) steps. The values for these partial-
ly filled layers are not unique, since different atomic ar-
rangements can have identical coverages.

Figure 3(a) shows that, except at a coverage of 0.2, the
quantity (E N&p~) decreases as -the first monolayer fills
in, indicating that the Ge atoms in the GeSi(001) film
structure have a lower potential energy than bulk Ge.

This is not surprising, since the Ge-Si bond is stronger
than the Ge-Ge bond. The initial rise at a coverage of
0.2, and at subsequent values of 0.6 and 0.8, is due to a
lack of complete rebonding at the edges of islands. As
the second monolayer is filled in, the deepest minimum
occurs for a completed film terminated with a (2 X 5)
reconstruction —its energy is both less than that of a
two-layer film terminated with a (2X1) reconstruction
and that of the single monolayer. This occurs because
the "missing dimer" reconstruction more than compen-
sates for the strain energy of the film due to the lattice
misfit. Similar behavior is observed for the third mono-
layer. The energy minimum for the Ge3Si(001) (2X5)
surface is, however, only a tiny bit lower than that of the
two-layer film. For thicker Ge layers, the local minima
also correspond to the (2X5) reconstructed films, but
now the values of (E N&p~) -are increasing, showing that
layers four and above have higher energies than bulk Ge.

The behavior of the Ge„Si(001)films is due to the com-
bined effect of the reduced cohesive energy of Ge and
strain. To illustrate this, we have repeated our calcula-
tions, but this time changing only one variable at a time.
Figure 3(b) shows the effect of increasing the radius only.
Again, for the first monolayer, the minimum energy is
less than that of the bulk material. This is also true for
the two-layer film with the (2X5) reconstruction. For
thicker films, the energy values increase, showing that
material added after two layers has a higher energy than
the bulk. The effects of a softer potential are shown in
Fig. 3(c). Now the minimum energy values occur for
completed layers. This is not surprising, because now
there is no misfit strain, and therefore no driving force
which favors the (2X5) reconstruction. Note that the
values of the energy minima are always decreasing, albeit
at very small amounts, so that the energy of each addi-
tional layer is always less than that of bulk Ge.

The film behavior may be inferred from a knowledge of
the chemical potential of the system. Since p=BE/BX,
the tangent to the (E N&p~) curve i-s p-p~. As material is
deposited, the chemical potential of the equilibrium film
changes. However, the change is not such that all the lo-
cal potential-energy minima of the film are accessed.
Rather, the equilibrium film reverts to an inhomogeneous
structure consisting of a linear combination of states as
determined by the common tangent construction, famil-
iar from other thermodynamic systems. In systems such
as the ones shown in Fig. 3 the energy minima corre-
spond to discrete states, and there is no smooth curve
joining the states. The chemical potential for a particular
thickness is determined by the energy minima at
thicknesses below and above the thickness in question.
The slope of the chord connecting the states gives the
chemical potential for a two-phase equilibrium between
these states. The chord connecting states with the lowest
slope gives the ground-state chemical potential.

Plots of p-pz for Ge films are also shown in Fig. 3.
For 2V& less than one monolayer, the structure formed
consists of an inhomogeneous mixture of the bare sub-
strate and islands of single-monolayer height. The state
of lowest chemical potential is given by the line from the
origin to the minimum at X&/NO=1. Similarly, p may
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be obtained for thicker films. For Ge films, Fig. 3 shows
that p(p~ for films up to three monolayers, with the
third monolayer being terminated with the (2 X 5) recon-
struction. For more than three layers, the chemical po-
tential of the film is greater than that of the bulk materi-
al, so that large clusters of "bulk" Ge are stable. That
the tendency to cluster is almost entirely due to the strain

between the Ge film and the Si(001) substrate is easily
shown. A plot of the chemical potential for a film with
larger radius but equal bond energy shows that clustering
can occur after just two monolayers, terminated with the
(2XN) reconstruction, are deposited [Fig. 3(b)]. On the
other hand, for a film having a softer potential and no lat-
tice mismatch, there is no strain increase with thickness
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[Fig. 3(c)]. In this case p & p~ for all thicknesses, so that
growth is always layer by layer.

In summary, we expect Ge on Si(001) to follow a
Stranski-Krastanov growth mode, with three completed
layers forming before clustering begins. The upper layer
prefers to be terminated with a (2XPV) "missing dimer"
reconstruction. The strain resulting from the lattice
mismatch between Si and Ge atoms provides the driving
force for this behavior.

III. DIFFUSION OF GERMANIUM
ON Ge„Si(001)SURFACES

To study diffusion, we have mapped out the potential-
energy surfaces as seen by Ge adatoms as they move over
the Si(001) and Ge3Si(001) surfaces. We studied surfaces
having both (2X 1) and (2 X 5) reconstructions. The mini-
ma on these potential-energy surfaces identify possible
binding sites, while the saddle-point energies give the ac-
tivation energy for diffusion hops. The most probable
motion of the adatoms can then be readily identified: we
shall assume that the most likely path taken is one that
involves crossing the lowest possible energy barriers.
Roughly speaking, the energy surface simply rejects the
underlying geometry. Binding will be strong in locations
where the adatom can form bonds with a number of sur-
face atoms, preferably without distortions, and thereby
reduce the number of dangling bonds. It will be weak
where this is not possible. Similarly, favored pathways
for adatom motion are those in which the adatoms can
stay close to the substrate.

The energy surface E(x,y), as a function of adatom po-
sition (x,y), was mapped out as follows. First, a liat sur-
face having the desired reconstruction was created by
placing the atoms in the appropriate positions. The sys-
tem consisted of 8X10 atoms per substrate layer and a
height of ten atomic layers. This atomic system was then
slowly relaxed to its minimum-energy position, using
weak dissipative forces, with standard molecular-
dynamics methods. Periodic-boundary conditions were
used in the horizontal directions. As previously dis-
cussed, the Si atoms were modeled using a Stillinger-
Weber potential; the Ge with a Stillinger-Weber potential
that was modified in such a way as to account for its
larger atomic radius and weaker cohesive energy.

Once a relaxed configuration was obtained, an adatom
was placed at some appropriate height over the surface.
The system was then allowed to relax again, keeping the
position of the adatom static, but allowing the other
atoms to relax. The energy difference between such a sys-
tem and a relaxed system with the adatom at infinity was
then measured. The height of the adatom was then
changed, and the process repeated. In this way, the ener-
gy at position (x,y) as a function of the height above the
surface was obtained. The minimum of this function, ob-
tained via a quadratic fit, was taken to be the value of
E(x,y). The process was then repeated at different grid
positions, until the entire surface was mapped out. The
spacing between gridpoints was chosen to be 0.24 A. The
uncertainty in the measured values of E(x,y) is estimated
to be less than 4%.

A. Ge difFusion on a Si(001) surface

Before presenting results on Ge diffusion over the
Si(001) surface, we briefly review the diffusion of Si over
the Si(001) surface. ' ' The potential-energy map for Si
over the Si(001) surface is very similar to that of Cxe over
the Si(001) surface, shown in Fig. 4. The chief minima on
this surface, and others like it, are marked as subscripted
M's. For SW Si, the global minimum lies at the "long-
bridge" site (marked MI), which is located in the channel
separating dimer rows. The binding at this site is about
3.00 eV. This is a sizable fraction of 4.33 eV—which is
the binding energy of bulk Si. Other local minima lie be-
tween and on top of dimers: at M2, the binding is 2.77
eV; at M3, it is 2.66 eV, and, at M4, 2.60 eV. Of these,
only sites MI and M4 correspond to the crystal-growth
sites for the new layer.

Diffusion of Si on Si(001) was found to be anisotropic,
with fast diffusion taking place along dimer rows. The
activation energy for such motion is, however, dependent
on the path taken. If diffusion takes place in the channel
separating dimer rows, the activation energy for such
hops is about 0.67 eV. In our discussion, sites marked
with asterisks mark corresponding sites in a neighboring
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& l.~i.2gf ~'gL ~ +l q~ a ILr~v~
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FIG. 4. The contour plot of the potential-energy surface
E(x,y) for a Ge adatom over the Si(001) surface, as well as the
atomic positions of the Si(001) surface. The dotted contour
lines in this (and all other such figures) correspond to values for
which E(x,y) &0.50 eV; solid contour lines indicate values
E(x,y)) 0.5 eV. The zero point of this (and all other such
figures) corresponds to the value of the global minimum M& on
the surface. This is —3.05 eV in this case. The subscripted M's
indicate the approximate positions of the local minima on the
surface.
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cell. If the diffusion takes place on top of the dimers, i.e.,
M2 to M4 to M2, then the activation energy is a consid-
erably lower 0.24 eV. Within the context of the SW mod-
el, we do not expect that an adatom will move along this
path for very long, since the barriers for hops to M& are
low. For motion across dimer rows, the activation ener-

gy to hop from M& to M2 is about 0.76 eV, and 0.54 eV
for the reverse jump. Hence the motion of Si adatoms on
Si(001) is expected to take place chiefly in the channel
separating dimer rows. Adatoms which initially land on
top of dimer rows eventually find the global minima at
M

&
and move along the dimer rows. A molecular-

dynamics simulation of adatom diffusion confirms this
picture for SW Si. From the Arrhenius plot, we obtained
an activation energy of 0.54 eV, and a prefactor of
1.3X10 cm /s for the diffusion constant along the di-
mer rows. The difference between the two measurements
of the activation barriers may be the result of the thermal
vibrations of the substrate atoms at high temperatures.

The quoted results are in approximate agreement with
the results of other molecular-dynamics studies, using
different potentials to model the Si. ' ' The results of all
of these studies, however, differ somewhat from those of a
recent ab initio calculation. ' While the first-principles
calculation predicts faster diffusion along the dimer rows,
the predicted path for diffusion is on top of the dimer
rows. The anisotropy in the diffusion constants was also
found to be larger. Experimental results based on a STM
study of island density also point to faster diffusion along
dimer rows. The estimated activation energy and prefac-
tor for diffusion are 0.67+0.08 eV and about 10
cm /s, respectively. These results are in excellent
(perhaps fortuitous) agreement with those obtained using
the SW potential. '

We now discuss the potential-energy surface for Ge
adatoms on the Si(001) surface. As previously discussed,
the Ge atoms were modeled using the empirical
Sti11inger-Weber potential having both a 4% larger radius
and a softer potential. In addition, to disentangle the
effects of both of these changes, we repeated the calcula-
tions modifying only one of the parameters at a time.
Generally speaking, the basic features of the energy sur-
face for Ge on Si(001) are the same as those of Si on
Si(001)—only the numerical values of the binding ener-
gies and activation energies are somewhat changed.

Consider the case where Ge is modeled as SW Si hav-
ing both a larger radius and softer potential. We mea-
sured binding energies of 2.47 eV for the long-bridge site
M, , 2.06 eV for M2, 2.09 eV for M3, and 1.95 eV for M4.
The value of these adsorption energies can easily be un-
derstood in terms of the two changes that were made to
the potential. Making the pair potential softer decreases
the Ge-Si binding. For this case, we measure binding en-
ergies of 2.40 eV for M„2.24 eV for M2, 2.06 eV for M3,
and 1.96 eV for M4. On the other hand, changing only
the adatom radius increases the binding slightly: we mea-
sure 3.05 eV for M&. The binding energy at the other lo-
cal minima are virtually the same as those for Si on
Si(001). This slight increase in the adsorption strength
can be understood in terms of the geometry of the bind-
ing. Consider a Si adatom sitting at M, . Here, the dimer
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FIG. 5. A summary of the activation energies, given in elec-
tron volts (eV), for diffusion hops of Ge adatoms moving over
the Si(001) surface. (a) Only the radius of the adatom is made
larger. (b) Only the pair potential is made softer. (c) Both the
radius and potential are changed.

bond in the presence of an adatom, as well as the
adatom-dimer bond, are under considerable strain, as
compared to the dimer bond in the absence of an adatom.
Placing a larger atom like Ge at that site will decrease
this strain, and, with all other things being equal, lead to
a slightly stronger bond.

Figure 5 summarizes the activation energies for
diffusion hops of Ge adatoms over the Si(001) surface.
Note that, despite differences in the adatom to surface
binding, the activation energies for Ge and Si on Si(001)
are fairly close. Changing both the radius and the poten-
tial increases the anisotropy in the diffusion constants
slightly: An activation energy of 0.64 eV is required for a
Ge adatom to move down the channel separating the di-
mer rows, while a barrier of 0.80 eV must be overcome to
move across the dimer rows. This slight increase is
chieAy due to the change in radius. In the case of a
change of radius only, a much larger anisotropy is pre-
dicted: The barrier for adatom motion across the dimer
rows is now a relatively large 0.99 eV, while the barrier
for motion in the channel separating dimer rows is de-
creased to 0.62 eV. A similar decrease in the activation
energy for diff'usive motion of Ge on Si(001) was observed
in another molecular-dynamics study utilizing a Tersoff
potential. '4

Our results are in agreement with a STM study of Ge
diffusion on Si(001),' in which estimates for the activa-
tion energy of Ge diffusion on Si(001) are given to be
0.59+0. 1 eV. While we have not explicitly carried out a
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measurement of the prefactor for Ge diffusion, we do not
expect the prefactor to change much. Indeed, the experi-
mental estimate is =10 cm /s, which is very close to
our results for Si diff'usion on Si(001).'

B. Ge diÃusion on a Ge„Si(001)(2 X 1) surface

We now consider the motion of Ge adatoms over
Ge„Si(001)(2 X 1) surfaces. We presented detailed results

for the Ge3Si(001) potential-energy surface, which are
shown in Fig. 6. (Note that there are no missing dimers,
and that the atomic positions are given in Fig. 4.) We do
not expect these results to change much for other small
values of n. For completeness, we show both the con-
tour plots as well as a summary of the activation energies
for the adatom motion. Again, the potential-energy sur-
faces obtained closely resemble those of a Si adatom over
the Si(001) surface.
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The behavior of the Ge adsorption on Ge3Si(001)
(2X1) surface shows similar trends to that of the Ge on
the Si(001) surface. The binding sites are all close to the
same positions. For Ge modeled as SW silicon, having
both a larger radius and softer potential, the binding is
2.34 eV at M&, 2.08 eV at M2, 1.96 eV at M3, 2.00 eV at
M4, and 1.86 eV at M5, respectively. Again, the softer
potential is what gives rise to such a decrease in binding
energy. If only the potential is made softer, the binding
energies are 2.02 eV for M„1.93 eV for M2, 1.88 eV for
M3 1 .86 eV for M4, and 1 .83 eV for M5, respectively.
Increasing the radius of only the Ge atoms increases the
binding energies slightly. They are 3.25 eV at the long-
bridge site M&, 2.86 eV at Mz, 2.70 eV at M3, 2.75 eV at
M4, and 2.56 eV at M5.

Diffusion on the Ge„Si(001) surface is similar to
diffusion on the Si(001) surface. The motion is predicted
to be anisotropic, with fast diffusion taking place in the
channel separating dimer rows. There are, however, im-
portant differences between the case of Ge on Ge„Si(001)
(2X1) and Si on Si(001), the most important one being
that the activation energies for hops is considerably less
for Ge on Ge„Si(001)than for Si on Si(001). For exam-
ple, the activation energy for motion in the channel
separating dimers for Si on Si(001) is 0.67 eV; for Ge on
Ge3Si(001), this value has decreased to 0.40 eV. Both the
change in the radius and the change in the pair potential
account for this result. Relative to a smaller atom, a
larger sized atom has a slightly larger interaction range,
so that it always "sees more" of the substrate, giving
lower activation energy barriers. This lowering of the
barriers also means that adatoms will find the minimum-
energy positions on the surface. For example, in the case
of Si on Si(001), an adatom landing on top of the dimer
rows may spend considerable time jumping between M2
and M2 before overcoming the 0.54-eV barrier and
finding the long-bridge site M&. In the case of Ge on
Ge3Si(001), this barrier has decreased to 0.29 eV, so hops
from M2 to M, should be relatively easy.

C. Ge diffusion on a Ge„Si(001)(2 X 1V) surface

As discussed in Sec. I, Ge layers on top of Si(001) are
under strain, some of which may be reduced by introduc-

ing a (2XN) instead of a (2X1) reconstruction. Such a
surface consists of rows of dimers, with every Nth dimer
missing. The second-layer atoms around the missing di-
mer move together and form a bond. This rebonding
leads to considerable local distortions and tensile stress.

We have mapped out the potential-energy surface of a
Ge atom over a Ge3Si(001) surface, terminated with a
(2X10) reconstruction. Figure 7 shows the atomic po-
sitions and a contour plot of the potential-energy surface
in the vicinity of the missing dimer. Away from the miss-
ing dimer, the properties of the (2 XN)-reconstructed sur-
face are the same as those of the (2 X 1)-reconstructed sur-
face, discussed previously. The chief minima around the
missing dimer are marked in Fig. 7. M, and M3 corre-
spond to the long-bridge site and the (usual) minima on
top of the (2X 1) dimers. Note that an "energy channel"
has formed directly over the missing dimers. It contains
minima M2, M3, and M4. Position M4 corresponds to
the minima Mz on a (2 X 1) surface [e.g. , see Fig. 6(a)].

The binding at the sites around the missing dimer is
stronger than that at corresponding positions on the
(2X1) surface. The local tensile stress created by the
second-layer rebonding can be offset somewhat by the
presence of an adatom. For Ge over Ge3Si(001) (2X 10),
we measure a binding energy of 2.83 eV for M„Mz,and
M6. The bindings at M3 and M5 are 2.37 and 2.54 eV,
respectively. The binding about the missing dimer is
therefore quite substantial: 2.83 eV is more than 90% of
3.14 eV, the approximate energy of bulk Ge in our model.
These numbers are to be contrasted with the bindings if
the film atoms have a larger radius only. In that case, the
binding energies are 3.14 eV for M&, 2.94 eV for Mz, 2.51
eV for M3, 2.71 eV for M5, and 2.88 for M6. These ener-
gies are stronger than those for Si on Si(001), but still
only represent 60—70% of the bulk energy (4.33 eV in
this case). The difference is due to extra strain. If the
atoms of the film are given a softer potential only (no
change in radius), then the binding energies are 2.86 eV
for M„and 2.38, 3.03, 2.92, and 3.16 eV for M3 M2,
M~, and M6, respectively. For the case of M6, this
represents more than 100% of the bulk value. Clearly,
for a film having a softer potential and no lattice
mismatch, the (2 XN) reconstruction is not favored.

Figure 8 summarizes the activation energies for the

FIG. 7. Contour plots of the potential-
energy surface E(x,y) for a Ge adatom
(modeled as SW silicon with a larger radius
only) over a Ge3Si4001) (2X10) surface. Also
shown are the important atomic positions.



4716 294 CHRISTOPHER ROLAND AND GEORGE H. GILMER

(a)

.Mi
CO
CO

C)
M 0.362-

.M3
CQ
CU

0.20 M 0.15 M* 0.36 M*O. t3
1

CD
CX)

CD

~M3

CD

CD

LLI

CD

O
CL

Distance

.M2

~Mg
CU
OJ

0.4~ M 0.~6 M60.10.M60-39 M*0.15-M2
i1

FIG. 9. A schematic of the potential energy vs distance of
the (2XX) surface. The relative large diffusion barriers near
the missing dimers are marked with arrows.

.M)

0.10

~M3
Lf)
C)

M - 7-.M6 0-08.M60.44 .Af* 0 "0.M5

C)
CO

C)
.M3

FIG. 8. A summary of the activation energie
~ ~

ies {in eV) for the
Ge Si(001)most important diffusion hops for Ge over the G 3

(2X10) surface. (a) Results for Ge modeled as having a arger
radius only. (b) Results for Ge with a softer potential only. (c)
Results for Ge with both a larger radius and softer potential.

significant pathways of the (2X10) surface. Consider an
a adatom moving along the dimer rows, either in the chan-

hnel separating eth dimers or on top of them. To reac
the missing dimers, the adatom must cross a region o
space, where it is relatively "far" away from other atoms.
Th b d g in this region is therefore reduced, whic
gives rise to a potential-energy barrier, both to reac e

missing dimers, and to leave the channel on top of them.
This extra potential barrier is reminiscent of the extra

confine the adatoms to a given terrace. Indeed barriers
of about 0.76 eV are observed at the missing dimer, an
are to be compared to 0.40 eV, which is the activation en-
ergy require or mod f tion between long-bridge sites on t e
(2 X 1) surface. A schematic of the potential energy along

the activation energy for diffusion in the channel of t e
missing dimers is considerably less: yonl 0.44 eV. In this
channel, the adatom can always stay close to the sub-
strate. Films having either a larger radius or a so ter po-
tential show similar behavior. Therefore, a single adatom

reconstructions is expected to move fairly rapidly along
the dimer rows, and relatively slowly over the barriers at
the missing rows. Since X for the reconstructions varies
between 6 and 12, we may therefore expect the adatoms
to spend most of their time in the region between the
missing rows.

To verify the adatom motion, as predicted by the
potentia -energy sur a

'
1- r surface, we have directly simulated t e

motion of single adatoms over the Ge3Si(001) (2X5 sur-
face. Individual adatorns were deposited onto the sub-
strate held at T=0.9TM(Ge), and tracked over a period
of about 50 ps. A superposition of the adatom motion, as
well as the motion of the first- and second-layer atoms,
are shown in ig.h

' F' 10. The arrows along the side of the
~ ~ ~ ~

figure mark the location of the missing dimers. The di-
mer rows run perpendicular to them. As expected, most
of the adatom motion conforms to what is predicte y
the potential-energy surfaces, and takes place mainly in
the channel separating dirner rows. Unlike the case of Si
on Si(001), atoms landing on top of the dimer rows soon
fi d the M site, because of the reduced barrier separat-
in M2 and M, sites. Similar to the motion of i

Si(001), there is evidence for "replacement"-type events.
In these situations, the adatom displaces an atom in the
surface, with the surface atom becoming the new ada-
tom.

~ ~

forKnowing the values of the activation energies

FIG. 10. Trajectories of five different adatoms diffusing over
a Ge3Si(001) (2X 5) surface at T=0.9T~, where TM is the melt-

icon having both its radius and pair potential changed. Atomic
motions of the top two layers are shown. The arrows mark t e
positions of the missing dimers. Note that most of the adatom
motion observed takes place in the channel separating the dimer
rows.
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diffusion hops, the trends in the diffusion constant may be
predicted. The diffusion constant is a measure of the rate
of adatom displacement, over large distances and long
times. In the direction along the dimer rows, the ada-
toms move rapidly between the missing dimers, and more
slowly over them. Diffusion over large distances will
therefore be limited by the largest diffusion barrier, so
that we expect the activation energy for diffusion hops
along the dimer rows will be close to 0.76 eV, corre-
sponding to the activation energy required to cross the
rows of missing dimers. The predominant effect of the
minima between the missing rows will be on the prefactor
for diffusion: the larger the value of N of the (2XN)
reconstruction, the longer the time spent by the adatom
in moving between the missing rows. Similarly, because
the activation energy for motion across the dimer rows
and between the missing dimers is only 0.54 eV [as op-
posed to 0.76 eV for Si adatoms moving across dimer
rows on Si(001)], the random walk undertaken by a Ge
adatom will be less directional in nature. This will fur-
ther decrease the prefactor for the diffusion constant
along the dimer rows.

In contrast, the random walk undergone by an adatom
between the missing rows will be almost purely one-
dimensional in nature, because there relatively large bar-
riers confine the adatom. Since the activation energy is a
low 0.44 eV, motion will be relatively fast, leading to rap-
id aggregation of adatoms in this channel. However, be-
cause adatoms must spend a considerable time finding the
minima on top of the dimers, the prefactor for diffusion
in this channel can be expected to be considerably re-
duced.

We believe that this picture of Ge diffusion on
Ge„Si(001)(2 XN) surfaces may explain the recent experi-
mental observations of Lagally and co-workers, ' who
measured an activation energy of 0.45 eV for Ge
diffusion, and a prefactor that is =10 cm /s, which is
three orders of magnitude less than the prefactor for Si
diffusion on Si(100). Their measurement of the diffusion
constant is based on a STM study of the number density
of islands which form after a certain Ge dosage is depos-
ited. Therefore, their diffusion constant is related to the
most rapid mechanism of dimer nucleation. Now consid-
er a small number of Ge atoms deposited on a (2 XN) sur-
face. At low coverages, the number of dimers nucleating
will be small. This is because the long-range diffusion
needed to bring adatoms together at low coverages is in-
hibited by the presence of the barrier near the missing
rows. Adatoms do eventually overcome these barriers,
but then they enter into the channels on top of the miss-
ing dimers. Long-range diffusion and therefore nu-
cleation of dimers can then take place in these channels,
which may act as heterogeneous nucleation sites. We
therefore speculate that the diffusion constant measured
by Lagally and co-workers is influenced by mechanism.
Note, however, that the activation energy predicted by
our model is in excellent agreement with the experimen-
tal measurement. Again, while we have not explicitly
measured the prefactor for this process, we can expect it
to be quite small due to the considerable time taken by
adatoms to reach the channel.

IV. GROWTH OF GERMANIUM FILMS

:i ~

0 ML 0.5 ML

j
3

0.25 ML 1.0 ML

FIG. 11. Configurations of the structures obtained as one
monolayer (ML} of Ge atom is deposited onto a Si(001) sub-
strate. Growth parameters are given in the text. Note the for-
mation of dimer strings. Atoms are shaded according to height,
with the higher atoms having a lighter shade.

In Sec. I of this paper, we discussed the growth modes
of Ge films on Si(001), finding that the system follows the
expected Stranski-Krastanov growth mode: three con-
tinuous layers form, followed by the growth of three-
dimensional islands. The first layer deposited favors a
surface with a (2X1) reconstruction, while the second
and third layers prefer a (2 XN) reconstruction. The cal-
culation performed was based on equilibrium considera-
tions only, with no reference to the kinetics of growth.
To check for possible kinetic pathways, we have carried
out extensive molecular-dynamics simulations of Ge
growth on the Si(001) surface.

The growth of the initial layer of Ge on Si(001) is very
similar to that of Si on Si(001). Growth on a fiat (2X1)
surface takes place through the nucleation of islands,
which grow and eventua11y coalesce to form a continuous
layer. At low coverages and sufficiently high tempera-
tures, highly anisotropic islands or "dimer strings" are
formed on the surface. These islands have been observed
in STM work on Ge on Ge(001). The origin of the
elongated shape of these islands lies in the differing
growth properties of the Si(001) steps. The long side of
the islands resembles the S~ steps, which, at low cover-
ages, are characterized by a slow rate of advance. How-
ever, there is relatively "fast" diffusion along the long
side of the dimer strings, so that material gets preferen-
tially transported toward the ends of the dimer rows
where enhanced growth takes place. We simulated the
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for Fig. 12. The enhanced roughness is now quite visible.
Indeed, it seems that on the six-layer film, where the driv-
ing force for clustering is much stronger than on the
three-layer film, a three-dimensional island is beginning
to form.

0 ML

0.1 25 ML

0.75 ML

1.0 ML

V. SUMMARY

In summary, we have studied the growth of Cxe layers
on Si(001). In agreement with experiments and other cal-
culations, the model predicts that the growth will follow
a Stranski-Krastanov mode, with three continuous layers
forming initially. In contrast to Si on Si(001), the upper
surface will be terminated with a (2XN) reconstruction.
These features are due to the strain in the films, which re-
sults from the mismatch between the Si and Ge atoms.

Diffusion of Ge adatoms on the Ge„Si(001)(2X 1) sur-
face will be similar to that of Si on Si(001). Fast diffusion
is predicted to take place along the dimer rows. Howev-
er, the activation energies for Ge diffusion are lower than
those for Si, so that the overall diffusion of Ge is expected
to be faster. In the case of surfaces terminated with a

0.5 ML 1.5 ML

(a)

FIG. 12. Atomic configurations as obtained by a molecular-
dynamics simulation of Ge on Ge3Si(001) (2X5) surface. The
rate of deposition was one monolayer in 0.24 ns; substrate tem-
perature was held at T=0.9TM (Ge).

growth of the first Ge layer on Si(001). Ge atoms,
modeled as discussed in Sec I, were deposited onto a six-
layer 12X10 Si(001) substrate held at a temperature of
about 1130 K. The rate of deposition was about one
monolayer (ML) per ns. While this rate of deposition is
eight to ten orders of magnitude larger than laboratory
deposition rates, we still observe the formation of dimer
strings, and their eventual coalescence. Configurations
are shown in Fig. 11.

Growth of the second monolayer on Si(001) will be
similar, except that now the surface tends to form the
(2XN) "missing dimer" reconstruction. We have simu-
lated the growth of Ge on a Ge3Si(001) (2X5) surface,
which is where three-dimensional islanding may first be
expected. Deposition of Ge was carried out at a rate of
one monolayer per 0.24 ns, onto a six-layer 8X10 sub-
strate at 1130 K. During the simulation, the bottom two
layers were kept static. Configurations are shown in Fig.
12. While the deposit does seem to be rougher than the
corresponding one for Ge on Si(001) (Fig. 10), it is
difficult to know whether the initial stages of three-
dimensional islanding are seen, both because of the
strong finite-size effects and the high deposition rates.
Figure 13 offers a more direct comparison. It shows
configurations at coverages of 0.5 and 1.0 monolayers of
Si on Si(001) (2 X 5) (this reconstruction was used in order
to make a fair comparison), and Ge on Ge3Si(001) and
Ge6Si(001). The simulation parameters were the same as

0.5 ML 1.0 ML

FIG. 13. A comparison of various thin-film structures ob-
tained when (a) silicon was deposited on a Si(001) (2 X 5) surface;
(b) Ge was deposited on a Ge3Si(001) (2X5) surface; and (c) Ge
was deposited on a Ge6Si(001) (2 X 5) surface. The rate of depo-
sition in all cases was one monolayer in 0.24 ns. Throughout
the simulation, the substrate temperature was held at T=0.9T~
(Ge).
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(2 X N) missing dimer reconstruction, the presence of ad-
ditional diffusion barriers is observed on both sides of the
rows of missing dimers. The channel on top of the miss-
ing dimers therefore acts as a heterogeneous nucleation
site for dimers, acting in many ways like a step edge. Fi-
nally, we have studied the growth of Ge layers by
molecular-dynamics deposition experiments. Similar to
the case of Si on Si(001), we have observed the formation
and growth of dimer strings of Ge on Si(001). Deposits
formed on three- and six-layer films show some evidence
of clustering.

In conclusion, we emphasize that our calculations were
based on potentials which do not provide a perfect
description of real semiconductor surfaces. However, the

effects of strain fields at the atomic level are treated
correctly, and our results are in good agreement with ex-
perimental work and the results of other models. We be-
lieve that molecular-dynamics studies will continue to
provide insight into the growth properties of real materi-
als.
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