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Simulation of GeÕSi intermixing during heteroepitaxy
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During epitaxial growth of Ge on Si~001!, intermixing can occur between the deposited Ge and the Si
substrate. We show that although Ge prefers to wet the surface, entropy drives some fraction into the under-
lying layers. We present a simple model of intermixing by equilibration of the top crystal layers in the absence
of bulk diffusion. The equilibration is performed with a flexible lattice Monte Carlo simulation. Ultimately,
intermixing leads to a temperature-dependent graded Ge concentration. The resulting evolution of chemical
potential is consistent with the onset of islanding after 3–4 monolayers of deposition.
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I. INTRODUCTION

Heteroepitaxy of germanium on silicon is an importa
technology in microelectronic fabrication. Electronic diffe
ences between Ge and Si make their combination usefu
constructing high-efficiency lasers and photodetectors fr
quantum wells or quantum dots.1 Such devices are grown b
depositing thin films on the order of 10 nm onto Si surfac
The exact structure of these surfaces and thin films beco
increasingly important as the feature size in devices
proaches the atomic scale.

Deposition of Ge on a clean Si wafer may be thoug
ideally to form an abrupt interface between the materia
However, many experimental studies have shown some
gree of intermixing. Qinet al. detected mixing as Si-Ge
dimers diffused across a Si~001! surface.2 Nakajima et al.
measured Ge/Si~001! intermixing by high-resolution Ruther
ford backscattering spectroscopy, finding Ge mixed as d
as the fourth layer and measuring the change in compos
with temperature and coverage.3,4 Lin et al. tracked the dis-
tribution of Si and Ge on a growing Ge/Si~001! surface by
scanning tunneling microscopy.5 The continued presence o
Si atoms on the surface after two monolayers~ML ! of Ge
deposition revealed intermixing. Figure 1 illustrates the c
trast between an ideal abrupt interface and a more real
one with intermixing.

During epitaxial growth, several atomic processes oc
within the forming crystal: adsorption, desorption, surfa
diffusion, and bulk diffusion. For a given net deposition ra
~adsorption minus desorption!, the remaining growth pro-
cesses are surface diffusion and bulk diffusion. But there
large difference between the rates of these two types of
fusion. Atoms at the surface are much less confined and
more easily move to other lattice sites. Qinet al. measured
an activation energy of 1.01 eV and an attempt frequenc
1014 Hz for Ge-Si dimers diffusing on the surface
Si~100!.6 Fahleyet al. reported an activation energy of 4–
eV for diffusion of Ge atoms in bulk Si.7 Thus, surface dif-
fusion is much faster than bulk diffusion and we can appro
mate growth by neglecting bulk diffusion and consideri
the surface atoms to be in a local equilibrium. As each la
is deposited, it exchanges atoms with the topmost laye
the substrate. But once a layer is completely buried by ad
layers, it ceases to exchange atoms. This simplification
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supported by the findings of Copelet al. who presented evi-
dence of intermixing occurring during growth at 500 °C b
not at room temperature nor during postgrowth annealing8

II. METHODS

We model the growth of Ge on Si at the atomic sca
Construction begins with the crystal substrate. Silicon ato
are initially placed on a diamond lattice, each atom with
the bulk of the crystal having four bonded neighbors. At t
surface, atoms are paired into dimers to form the (231)
reconstruction. The simulated system spans sixteen by
teen unit cells along the@100# and @010# axes~where the Si
unit cell length is 5.43 Å!. Periodic boundaries are impose
along these horizontal edges. The initial substrate thickn
is sixteen layers of mobile atoms along the@001# axis. Two
layers of atoms fixed at the ideal bulk Si positions anchor
bottom edge. For cases where a Ge epilayer is added, di
are removed to form the (238) reconstruction.

Once an atomic configuration is set, the total energy
calculated with the Tersoff potential.9 The accuracy of this
potential for modeling structure, elastic properties, and
fect energies is reviewed elsewhere.10,11The atomic positions
are then relaxed by conjugate gradient minimization12 until
the net force on each atom falls below 1023 eV/Å. Thus, the
minimum-energy conformation is determined for any co
figuration of atoms.

Intermixing is performed by a flexible lattice Monte Car
equilibration. First, the energy of the initial configuration
noted. Then a swapping event is attempted: two atoms f
within the top two layers are randomly chosen and e
changed. Another relaxation is performed to compute the

FIG. 1. ~Color online! Schematic cross section of Ge/Si inte
faces. In a simple model of abrupt heteroepitaxy, the Ge ato
~dark! sit atop the Si substrate~light!. With intermixing, some Ge
diffuses into the substrate, displacing Si atoms into the epilaye
©2004 The American Physical Society12-1
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ergy of the new configuration. Then the Metropolis algorith
is followed to determine whether to keep the new configu
tion or revert to the initial configuration.13 The likelihood of
accepting a new configuration is dictated by the thermal
ergy kT, where k is the Boltzmann constant andT is the
temperature. If the change in energyDE is negative then the
new configuration is accepted. IfDE is positive then the new
configuration is accepted with probabilityp5e2DE/kT or re-
jected otherwise.

This process of attempted atom exchanges is repeate
25 Monte Carlo steps~MCS!, where one MCS consists of a
many attempted exchanges as there are atoms in the i
mixing region. Then an additional 25 MCS are run wi
properties measured and averaged at 1 MCS intervals. Fi
2 demonstrates that 25 MCS is a sufficient duration for
system to reach local equilibrium before data collection
complete run of 50 MCS took 450 h on a 1.0 GHz perso
computer processor.

This method is closely related to the Ising model of latt
Monte Carlo simulation.14 In that model, the dipoles of a
magnet sit on the vertices of a square lattice. At each step
exchange of dipoles is attempted, with the resulting ene
calculated from the interactions between adjacent dipo
The method described here likewise maintains atoms o
well-defined lattice, where the lattice describes the confi
ration of bonds between atoms. However, the lattice is
lowed to deform as the lengths and angles of the bonds r
to a minimum-energy conformation. The practical differen
is that the calculation of energy is not a simple evaluat
directly from lattice occupancy but instead requires minim
zation based on the complex interactions of bond lengths
angles. A similar technique of Monte Carlo simulation wi
relaxation atevery step was performed by Baraba´si.15 Re-
cently, Sonnetet al. studied Ge/Si intermixing in quantum
dots with similar Ising-type exchanges in a crystal likew
modeled with the Tersoff potential.16 Earlier investigations
by Kelires et al. introduced that method to model the bu
and surface of Si-Ge alloys, although without the configu
tion lattice and global relaxation described here.17,18 Our
work differs primarily in the application of the technique
study evolution of the wetting layer during growth.

FIG. 2. Evolution to local equilibrium after deposition of 1 M
Ge (238) on Si at 600 °C. The surface concentration~circles! and
total energy~squares! stabilize before the data collection window o
25–50 MCS~horizontal bar!.
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III. SURFACE INTERMIXING

Energetics drives Ge to wet a Si surface. While the ato
within the bulk of a diamond lattice each have four neig
bors, atoms at the surface are left with only two neighb
and two dangling bonds. Formation of surface dimers
lieves one dangling bond per atom but the other remains
a crystal containing both Si and Ge, it is most efficient f
the Ge to migrate to these surface sites—Ge bonds
weaker than Si bonds, so the cost of dangling bonds
cheaper for Ge than for Si.

A simple simulation illustrates these wetting energeti
Figure 3 shows an overhead view of a Si substrate cove
by 1 ML of Ge. In Fig. 3~a!, the topmost layer is compose
entirely of Ge. In Fig. 3~b!, one Ge atom has been swapp
from its surface site down to the second layer. The ene
cost of this exchange is1223 meV. This matches the ave
age energies for moving a Ge atom from the top to the s
ond layer as calculated by density functional theo
1145 meV by Choet al.19 and 1226 meV by Yoshimoto
et al.20 Thus, the entirely Ge-terminated surface is confirm
as the lowest energy configuration. However, the cost of
termixing is accessible with the thermal energykT. At
600 °C, kT575 meV and the probability of exchange
e2DE/kT, is 5%.

A simulation of surface equilibration was performed b
mixing the top two layers of a system with 1 ML Ge on a
substrate. Initially, the surface is entirely terminated by Ge
seen in Fig. 4~a!. During equilibration, the exchange of a
oms moves some Ge into the second layer and leaves S
the surface. After 50 MCS at 600 °C, only 76% of the su
face atoms are Ge. Figure 4~b! shows the formation of pure
and mixed Si dimers on the surface. The energy cost of m
ing a Ge atom away from the surface is more easily attai
at higher temperatures. Figure 5 shows that simulation o
the temperature range of 400 °C–800 °C produces the tr

FIG. 3. ~Color online! Intermixing between the Si substrate an
a Ge epilayer. Atoms of Si~light! and Ge~dark! are shown for the
top two layers. Zigzag lines indicate dimer bonds and tapered l
indicate bonds from the topmost layer~larger circles! down to the
second layer~smaller circles!. ~a! Initial configuration with an
abrupt interface.~b! Swapping one Ge atom from the epilayer in
the substrate increases the crystal energy by1223 meV.
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of decreasing surface atomic fraction of Ge. These res
qualitatively match experimental observations of surface
reduction for submonolayer Ge films.3

Our assumption of active surface diffusion and the
sence of bulk diffusion should be applicable over a w
range of temperatures. Qinet al. observed the exchange o
Ge from diffusing surface dimers into the Si substrate

FIG. 4. ~Color online! Equilibration of surface concentration.~a!
Initial construction of a Si substrate covered by a 1 ML Ge
38) epilayer.~b! Structure after the top two layers have equi
brated at 600 °C. One quarter of the Ge atoms have moved into
substrate, displacing Si into pure and mixed dimers on the surf
19531
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temperatures as low as 100 °C.6 In contrast, the high activa
tion energy for bulk diffusion limits its effect until at leas
800 °C, at which temperature the residence time for Ge
oms in Si is roughly one day.

IV. INTERMIXING DURING GROWTH

Equilibration of a single Ge layer may be extended to
process of intermixing during growth. Atom exchange with
the top two layers is simply repeated as additional Ge lay
are deposited on the surface. We study this intermixing
systems of up to 3000 atoms. Equilibrium distributions of G
have been calculated for 1 ML films by density function
theory, but computational demands limited those studies
tens of atoms in highly periodic structures.19,20 Application
of a proven empirical potential permits much larger a
more complex systems to be studied. Modeling the evolut
of the Ge film during growth is important for characterizin
the Si-Ge interface and understanding the transition to
landing.

A. Whole layers

We model this growth scenario with a multistage flexib
lattice Monte Carlo simulation. The system begins with
eight by eight unit cell substrate of pure Si with (231)

he
e.

FIG. 5. Surface concentration after deposition of 1 ML Ge
38). As temperature increases, more Ge mixes into the topmo
layer and less remains at the surface. Error bars indicate stan
deviations during data collection.
d,
e atomic

e

FIG. 6. ~Color online! Growth sequence with intermixing at 600 °C.~a! A layer of Ge (238) is deposited on a Si~001! substrate.~b! The
top two layers are equilibrated, swapping 0.21 ML of Ge into the second layer.~c! A second layer of Ge is deposited, forming a (238)
reconstruction on the surface and filling in the missing dimers of the former surface layer.~d! The top two layers are again equilibrate
moving 0.02 ML of Ge; the layer which was previously second is now buried as the third layer and no longer exchanges atoms. Th
percent of Ge in each layer is labeled. These percentages do not sum to 100% since the top layer is in a (238) reconstruction and therefor
contains only 7/8 ML of atoms.
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surface reconstruction. Then, a single epilayer of Ge w
(238) reconstruction is placed atop the substrate. With
new epilayer in place, we equilibrate the top two layers at
growth temperature. After 150 MCS, the composition a
energy of the system are noted. Then, another epilaye
added and equilibrated. Figure 6 shows the evolution
composition during the growth sequence. Once the orig
surface layer becomes buried by two epilayers it cease
participate in the surface equilibration. This process of de
sition and local equilibration is repeated until seven Ge l
ers have been added.

The growth simulation yields a final structure with
graded composition profile. Figure 7 shows how the amo
of intermixing depends on anneal temperature. At 1 K,
intermixing occurs~since the thermal energy is insufficient
overcome the energy cost of moving Ge away from the s
face! and the Ge/Si interface is abrupt. At temperatures
400 °C to 800 °C the intermixing increases, carrying 0
ML of Si into the epilayers at 800 °C.

FIG. 7. ~Color online! Concentration profiles for growth at var
ous temperatures. At 1 K the concentration changes abruptly a
interface. For higher temperatures, intermixing yields a graded
file.
ly
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B. Atomic layer epitaxy

Atomic layer epitaxy is a technique for depositing pr
cisely controlled doses of Ge atoms onto a substrate surf
Each dosage cycle consists of two steps:~1! deposition of a
hydrogenated Ge compound at low temperature to satu
the surface and~2! annealing at high temperature to remo
the hydrogen and allow restructuring of the surface.5 Since
the amount of the hydrogenated Ge precursor that can ad
to the surface is limited by surface area, the amount dep
ited with each cycle is a constant fraction of a monolaye

Modeling heteroepitaxy of fractional monolayers requir
more sophistication than the general case of whole mono
ers. The surface must remain smooth to avoid the effec
steps as the fractional layers are added. This is accomplis
by depositing the Ge dose in a patch after first shifting s
strate atoms downward to open a matching indentation
the surface. This downward shift occurs in a column exte
ing to the base of the substrate; Si atoms moving beyond
fixed layers at the bottom are simply discarded. With ea
deposition, the placement of the patch is relocated adja
to the previous patch. This advancement of the deposi
site approximates the behavior of a moving step edge on
extensive substrate. After each dose of Ge, the top two la
are equilibrated at the anneal temperature of 950 K. Figu
illustrates the prescribed sequence for the first two cycle
Ge deposition.

We perform the atomic layer epitaxy simulations with
system size of 16 by 16 unit cells and 25 MCS equilibrati
times. As the growth proceeds, some Si from the subst
mixes into the epilayers and remains at the surface.
shown in Fig. 9, even at 1.2 ML when there is enough Ge
completely coat the surface, 14% of the surface atoms
still Si. The compositions resulting from this growth s
quence may be compared directly to the experiments of
et al.5 Our simulations appear to be slightly conservative
more intermixing occurs in experiment, leading to a high
surface concentration of Si at 2.0 ML coverage. This discr
ancy is explained by our application of intermixing to on

he
o-
.
. The
FIG. 8. ~Color online! Growth sequence for atomic layer epitaxy with cycles of 0.4 ML Ge deposition.~a! The system begins with a
Si~001!-(231) substrate 16 ML thick.~b! Atoms within a 0.4 ML patch are shifted downward to form an indentation.~c! The indentation
is filled with Ge (231). ~d! The top two layers are equilibrated at 950 K, allowing some Ge to move into the second layer.~e! Another
indentation is formed adjacent to the site of the first. The downward shift relocates some Ge from the second layer to the third~f! The
indentation is filled with another 0.4 ML dose of Ge.~g! Equilibration of the top two layers relocates some Ge to help wet the surface
atomic percent of Ge in each layer is labeled.
2-4
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the top two surface layers. Diffusion deeper into the subst
can occur but would be limited kinetically rather than the
modynamically. Thus these simulations give at least a lo
bound for intermixing and the graded concentration profi
may be applied to examining the structure and energetic
heteroepitaxy.

V. ONSET OF ISLANDING

A very interesting application of Ge heteroepitaxy on S
the self-assembly of nanometer-scale islands, or quan
dots.21 Experimentally, island formation is found to beg
once 3–4 ML of Ge are deposited.22 Why does islanding
begin at that particular thickness? The onset of islandin
determined by chemical potential—islands form if the e
ergy per atom in an island is less than that in a flat epila
By modeling the islands as pyramids with rebonded s
$105% facets, we have calculated the chemical potential
ideal islands to be 31 meV/atom.23 We now calculate the
chemical potential for flat epilayers, including the effects
intermixing. Comparison of the potentials affords direct p
diction for the onset of islanding.

During the growth simulations, the top two crystal laye
are allowed to equilibrate after each layer of Ge is deposi
Then, the average total energy is tabulated. The chem
potentialmepi for each epilayer is

mepi5
Eepi2Eref

N
2eGe,

whereEepi is the total energy with that epilayer,Eref is the
energy before the epilayer was added,N is the number of
atoms added, andeGe is the cohesive energy of bulk G
(23.8506 eV/atom).

The chemical potential for growth at 800 °C is compar
with that of an abrupt interface in Fig. 10. The lowering
potential in the range of 1–3 ML is explained by the surfa
energy of exposed Si. For an abrupt interface, the potentia
the first epilayer is very low since the Ge replaces costly
dangling bonds with less costly Ge ones. With intermixin
some Si is forced into the Ge epilayer by entropy, thus re
troducing some dangling Si bonds and raising the chem

FIG. 9. Surface concentration during atomic layer epitaxy.
termixing at 950 K moves some Ge atoms into the substrate
maintains a presence of Si atoms on the surface even after 1.2
of Ge have been deposited.
19531
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potential. But subsequent epilayers participate in cover
the exposed Si and are therefore lower in chemical poten
Consequently, the chemical potential with intermixing i
creases gradually from the first epilayer until complete c
erage by Ge.

Comparing this tempered chemical potential to the isla
potential over a range of coverages reveals the onset o
landing. Figure 11 shows that the epilayer potential is low
for the first 3 ML of deposition. Beyond that thickness th
island potential becomes lower. This result agrees very w
with the experimentally observed onset of islanding. We
lieve this is the first direct calculation of the critical thickne
for islanding of Ge on Si~001! based on atomistic simulation
Earlier work24 sought to calculate the energy for epilay
growth with an abrupt interface but failed to capture the h
energy of the second epilayer.25,23 Intermixing is a key force
in delaying the onset of islanding until the observed thic
ness.

VI. CONCLUSIONS

We have presented a simple model for intermixing dur
the heteroepitaxy of Ge on Si~001!. A flexible lattice Monte

-
nd

L

FIG. 10. Tempered chemical potential for intermixed epilaye
With an abrupt interface, the chemical potential for 2 ML of fl
epilayers exceeds that of an ideal island. With intermixing,
chemical potential for flat epilayers increases gradually with
creasing coverage.

FIG. 11. Energetics of island formation. For the first 3 ML
deposition, flat epilayers are energetically favored. Beyond 3 M
islands have lower potential.
2-5
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RICHARD J. WAGNER AND ERDOGAN GULARI PHYSICAL REVIEW B69, 195312 ~2004!
Carlo simulation was devised to equilibrate the Ge epilay
with the underlying Si substrate. For coverages of 1 ML G
entropy counteracts the wetting nature of Ge and mixes
top two layers. Simulation of growth showed an abrupt
terface at 1 K and a graded Ge composition at higher te
peratures. The chemical potential was calculated for gro
with mixing and compared to the chemical potential of p
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