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Concurrent Characterization of Surface Diffusion and
Intermixing of Ge on Si: A Classical Molecular Dynamics
Study
Luis Martín-Encinar,* Luis Alberto Marqués, Iván Santos, Pedro López, and Lourdes Pelaz

The surface diffusion and intermixing of Ge ad-atoms over Si (001) 2 × 1
substrates using classical molecular dynamics (CMD) simulations are
characterized here. Several interatomic potentials, parametrizations, and
parameter mixing rules are contemplated. A novel simulation scheme is
devised to characterize the effective frequency of surface diffusion and
intermixing events overcoming the inherent difficulties related to their
interdependency in heteroepitaxial systems. The effective energy barriers of
these events encompass different atomistic mechanisms weighted by their
occurrence probabilities. The overall description of surface diffusion and
intermixing based on Stillinger–Weber (SW) potential is in agreement with ab
initio calculations and experimental observations, though some atomistic
details differ. This study is extended to Si(001) substrates with stressed Ge
monolayers grown on top. It is found that Ge ad-atom dynamics is accelerated
with respect to the case of the pure Si substrate and that diffusion across
dimer rows is mainly mediated by the atomic exchange of the Ge ad-atom
with a Ge atom on the surface.

1. Introduction

The progress in Si nanotechnology involves the growth of SiGe
layers with high Ge content or pure Ge on Si, to fabricate
faster CMOS transistors,[1] to create quantum dots for photonic
devices,[2] or to improve optic absorption in photodetectors.[3–5]

The 4.2% lattice mismatch between the two materials generates
compressive stress in the grown layer, which has some benefits
(enhanced carrier mobility) but makes the fabrication of perfect
flat layers a tremendous challenge. Depending on the deposition
conditions and Ge content in the film, the compressive stress
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relaxes by atomic interdiffusion, formation
of dislocations, or generation of islands.[6]

Experimental and theoretical studies inves-
tigated heteroepitaxy of SiGe and Ge films
on Si,[7–13] but some aspects are still un-
known, especially those regarding atomic
interactions at the early stages of deposi-
tion. Their direct experimental characteri-
zation is hampered by the small size and
time scales involved. To shed some light on
this matter, atomistic physical modeling be-
comes a useful tool.
Epitaxial growth can be described us-

ing lattice-gas stochastic atomistic mod-
els, in which atoms are randomly de-
posited in a periodic distribution of ad-
sorption positions, and their evolution
is simulated using kinetic Monte Carlo
(KMC)[14] or continuum[15] methods. To de-
velop predictive and efficient computational
models within these simulation schemes,
all possible atomistic events and their

associated probabilities (energies) must be defined a priori. This
information is extracted frommore fundamental atomistic simu-
lation techniques, such as ab initio or classical molecular dynam-
ics (CMD). Ab initio methods have been used to determine ad-
sorption positions of Ge ad-atoms on the Si surface,[8,16–18] and to
characterize Ge/Si intermixing[9,19] and surface diffusion[8,17,18,20]

events. Due to the heavy computational cost of this method, ab
initio results come mainly from static calculations where par-
ticular atomic paths are assumed a priori, and energy barriers
are extracted using the nudged elastic band method (NEBM).[21]

CMD has the advantage of allowing direct simulation of dynam-
ics in larger systems than ab initio calculations, although results
depend on empirical interatomic potentials. Using CMD tech-
niques, various local minima for Ge adsorption on the Si surface
were determined and some insight into possible diffusion paths
was offered,[10,22] but no full dynamic characterization of atom-
istic surface diffusion and intermixing mechanisms has been
performed. The lack of CMD results on this matter could be re-
lated to the inherent difficulties for such a characterization in het-
erosystems, as we shall expose later. There are also no dynamical
studies about the behavior of Ge ad-atoms over Ge layers already
deposited on Si. The description of atomic mechanisms provided
by an empirical potential, although it may not be as accurate as
in ab initio, is essential to interpret macroscopic structures and
results obtained in extensive CMD simulations where ab initio
methods are not affordable.[23]
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Here we present a comprehensive CMD study aimed to char-
acterize surface diffusion and intermixing of Ge ad-atoms on
Si(001) 2× 1 surfaces (themost technologically relevant). To carry
on this study, we selected the most suitable interaction potential
to describe Si–Ge mixtures, and we developed a novel CMD sim-
ulation scheme to extract the energetics of Ge ad-atom surface
diffusion and intermixing processes. We explored pure Si sub-
strates as well as Si substrates with Ge perfect layers deposited
on top.

2. Selection of the Interatomic Potentials for Si–Ge

The CMD simulation technique consists of the numerical reso-
lution of Newton’s equations of motion for a system of atoms.[24]

Atoms are modeled as point-like particles, and interactions
among them are evaluated from empirical potentials, which in-
clude parameters fitted to experimental data and/or ab initio
calculations. A careful selection of empirical potentials describ-
ing Si, Ge, and their mixtures, is essential to have meaningful
CMD results. Recently, machine learning interatomic potentials
(MLIPs) have emerged as a powerful tool for materials modeling,
being able to predict energy and atomic forces with nearly ab ini-
tio accuracy and orders of magnitude faster.[25] MLIPs have been
developed for pure Si and Ge,[26,27] but not for Si–Ge mixtures.
For this reason, our study resorts to traditional and extensively
tested potentials for semiconductors, such as Stillinger–Weber
(SW)[28] and Tersoff,[29] for which several parametrizations and
mixing rules for Si–Ge systems are available in the literature.
For pure Si or Ge, most studies using Tersoff potential employ

the parameters originally defined in ref. [29]. In contrast, a wide
variety of parametrizations have been proposed for the SW po-
tential. We tested two of them for Si[28,30] and five for Ge.[31–35]

For Si–Ge systems, the parameters to describe atomic interac-
tions are determined according to specific mixing rules involving
the pure Si and Ge parameters. For the Tersoff potential, mixing
rules were already provided in the author’s original work.[29] For
the SW potential, different approaches were considered.[36–38]

We calculated some basic properties of Si, Ge, and SiGe to be
utilized as figures of merit: the lattice parameter (lo), cohesive en-
ergy (Ecoh), melting temperature (Tm), and elastic properties such
as the elastic constants, bulk modulus (K), shear modulus (G),
and Poisson ratio (𝜈). l0 is key to properly describe the lattice mis-
match on Si–Ge heterostructures, and Ecoh is the depth of the po-
tential well at the bonding distance and influences atom dynam-
ics (i.e., how easily atoms can escape from their lattice sites and
diffuse). A correct Tm assures the agreement between simulated
and experimental temperatures, which is necessary to calculate
diffusion coefficients and migration energies in dynamic simu-
lations. Elastic properties determine how the material behaves
under stress, as it occurs in heteroepitaxial films. For cubic crys-
tals, elastic constants Cij are reduced to three independent val-
ues: C11 = C22 = C33, C12 = C13 = C23, and C44 = C55 = C66 (Cij
= 0 for the remaining elastic constants).[39]

In all simulations, we used the open-sourceMD software pack-
age LAMMPS.[40] To calculate lo and Ecoh (at 0 K), we employed a
system consisting of 4096 atoms, arranged in 8 × 8 × 8 unit cells
of the diamond lattice with X , Y , and Z cell axes lying along the
[100], [010], and [001] directions, respectively. Periodic boundary
conditions (PBCs) were applied in all spatial directions. We used

Table 1. Calculated and experimental values for lo, Ecoh, Tm, and elastic
properties for Si. Experimental values are taken from different sources.

Parametrizations taken from: Tersoff SW Exp.

Ref. [29] Ref. [28] Ref. [30]

lo [Å] 5.432 5.432 5.429 5.429a)

Ecoh [eV atom−1] 4.629 4.337 4.632 4.63a)

Tm [K] 2444 1665 1795 1687b)

C11 [GPa] 138.12 149.3 159.3 166c)

C12 [GPa] 73.7 76.8 81.6 64c)

C44 [GPa] 67.6 56.1 59.7 80c)

K [GPa] 95.2 100.9 107.5 98d)

G [GPa] 32.2 36.3 38.9 51d)

𝜈 0.35 0.34 0.34 0.28e)

a)From ref. [45]; b)from ref. [46]; c)from ref. [47]; d)from ref. [48]; and e)from ref. [49].

the conjugate-gradient method to relax the system with different
lattice parameters, and we estimated lo and Ecoh from the mini-
mum energy–zero pressure point.[41]

To determine Tm at zero external pressure, we applied the two-
phase molecular dynamics method.[42] Our simulation system
consisted of 32 000 atoms arranged in 40 × 10 × 10 unit cells
of the diamond lattice with X , Y , and Z cell axes lying along the
[100], [010], and [001] directions, respectively. PBCs were applied
in Y and Z-axes, and the lattice parameter in these two direc-
tions was scaled to account for thermal expansion at a temper-
ature close to the expected Tm. Free boundary conditions were
applied in the X -axis to allow the system to relax at zero external
pressure in that direction. Initially, half of the simulation cell in
the X -direction was melted by heating it to a temperature much
higher than the expected Tm. Once melting was completed, the
liquid was cooled down to a temperature T∗ close to the expected
value of Tm. The other half of the simulation cell was kept in the
crystalline phase, and it was also equilibrated at T∗. Then, the
system evolved freely in the NVE ensemble. If T∗

< Tm, some of
the liquid recrystallizes liberating the corresponding latent heat
to the system and increasing the temperature within the simula-
tion cell. If T∗

> Tm, some of the crystal melts absorbing the cor-
responding latent heat leading to a decrease of the temperature
in the cell. In this way, the temperature of the simulated system
automatically tends to Tm.
To evaluate the elastic constants C11, C12, and C44 at 300 K, we

created deformations in the simulation cell in different directions
and calculated the change in the stress tensor.[43] We employed a
system consisting of 512 atoms arranged in a diamond lattice of
size 4 × 4 × 4 unit cells with X , Y , and Z axes oriented along the
main crystallographic directions. PBCs were applied in all spa-
tial directions. Elastic parameters K, G, and 𝜈 were obtained by
applying the following expressions

K =
C11 + 2C12

3
, G = C11−C12

2
, 𝜈 =

C12

C11 + C12
(1)

Table 1 summarizes the results of our calculations for Si, along
with the corresponding experimental values. Themain limitation
of Tersoff potential is that it overestimates Tm by 45%. This is
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Table 2. Calculated and experimental values for lo, Ecoh, Tm, and elastic properties for Ge. Experimental values are taken from different sources.

Parametrizations taken from: Tersoff SW Exp.

Ref. [29] Ref. [31] Ref. [32] Ref. [33] Ref. [34] Ref. [35]

lo [Å] 5.657 5.654 5.654 5.654 5.654 5.651 5.652a)

Ecoh [eV atom−1] 3.851 3.86 3.836 3.16 3.860 3.850 3.85a)

Tm[K] 2467 2885 1484 1225 1300 1000 1211b)

C11 [GPa] 131.2 − 116.7 − 115.8 114.5 128c)

C12 [GPa] 44.6 − 60 − 61.2 61.7 48c)

C44 [GPa] 64.5 − 44.4 − 43.2 42.14 67c)

K [GPa] 73.5 − 79 − 79.4 79.3 75d)

G [GPa] 43.3 − 28.4 − 27.3 26.4 40d)

𝜈 0.25 − 0.34 − 0.34 0.35 0.27e)

a)From ref. [50]; b)from ref. [51]; c)from ref. [52]; d)from ref. [48]; and e)from ref. [49].

Table 3. Calculated lo, Ecoh, Tm and elastic properties for Si0.5Ge0.5, along with experimental values taken from different sources.

Mixing rules taken from: Tersoff SW Exp.

Ref. [29] Ref. [36] Ref. [37]-Rule 2 Ref. [37]-Rule 0 Ref. [38]

lo [Å] 5.542 5.541 5.542 5.541 5.541 5.538a)

Ecoh [eV atom−1] 4.231 4.227 4.17 4.228 4.230 4.24a)

Tm [K] 2516 1568 1578 1533 1572 1449b)

C11 [GPa] 135.9 135.2 133.8 135 135.3 147.1c)

C12 [GPa] 57.7 70.5 69 70.3 70.3 56.9c)

C44 [GPa] 68.4 51.7 50 50.1 50.1 73.2c)

K [GPa] 83.8 92 90.6 91.9 91.9 86.5c)

G [GPa] 39 32.4 32.4 32.4 32.4 45.7c)

𝜈 0.3 0.34 0.34 0.34 0.34 0.28d)

a)From ref. [57]; b)calculated as the arithmetic average of the experimental values for Si and Ge shown in Tables 1 and 2; c)from ref. [48]; and d)from ref. [49].

a well-known fact, so temperature re-scaling is commonly per-
formed in order to compare real with simulated temperatures in
CMD.[44] The original parametrization[28] of the SW potential un-
derestimates Ecoh. The parametrization of Balamane et al.[30] ad-
justs the value of Ecoh at the expense of a small 6% deviation in
Tm. None of the potentials and parametrizations give a set of val-
ues for the elastic properties clearly better than the rest and, in
all cases, values could be considered acceptable. In view of these
results, among the SW parametrizations for Si, we chose that of
Balamane et al.[30] for our study.
Table 2 summarizes the calculated and experimental values for

lo, Ecoh, Tm and elastic properties for Ge. We only evaluated elas-
tic properties with SW parametrizations of refs. [32, 34, 35] that
provide lo, Ecoh, and Tm in good agreement with experimental val-
ues. All of them predict fair values for the calculated parameters,
but the parametrization of Posselt et al.[34] gives a better value for
Tm (overestimates the experimental value by 7%, analogously to
the case of the SW parametrization for Si of Balamane et al.[30])
For this reason, we chose the parametrization of Posselt et al.[34]

to describe Ge using SW. Tersoff potential gives adequate val-
ues for lo and Ecoh, but Tm is again highly overestimated, with
a value very close to the one predicted for Si melting, contrary to

experiments where there is a difference of 476 K between the two
Tm values. This fact precludes the possibility of temperature re-
scaling in simulations of Si and Gemixtures, which constitutes a
serious drawback for the Tersoff potential. Nevertheless, Tersoff
gives better values for the elastic properties.
Table 3 shows the experimental and calculated values for lo,

Ecoh, Tm and elastic properties for a SiGe system. In our simu-
lations, SiGe is a perfect Si0.5Ge0.5 alloy in the diamond crystal
structure, where each Si atom is surrounded by four Ge atoms,
and vice versa. Tersoff potential provides fair values for lo and
Ecoh, it describes elastic properties better than SW, but Tm is again
highly overestimated (and in fact, it is not even between the Ge
and Si melting temperatures). With respect to the SW potential,
we applied the previously cited mixing rules [36–38] to the selected
parameter sets for Si[30] and Ge[34] and the evaluated properties
are similar for all of them.Values obtained for lo andEcoh compare
fairly well with experiments, while Tm is slightly overestimated
(between 6% and 9%), as it also happens for SWmodels of Si and
Ge. In view of these results, we chose Gilmer and Grabowmixing
rules,[36] since they are more consistent with the standard combi-
nation rules in binary systems,[53] and they have been commonly
employed in the literature.[37,38,54–56]
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Figure 1. Simulation scheme for the production CMD runs to characterize surface diffusion and intermixing.

3. Methodology to Evaluate Surface Diffusion and
Intermixing Parameters in Heterosystems

Ad-atom surface diffusion and intermixing mechanisms in het-
erosystems are interdependent, and this complicates their char-
acterization. Tomonitor surface intermixing events, a large CMD
sample with a great amount of ad-atoms would be required to
have good statistics; but, before surface intermixing occurs, ad-
atoms diffuse and encounter each other giving rise to the for-
mation of ad-dimers that preclude surface intermixing. To char-
acterize ad-atom surface diffusion, long CMD simulation times
would be required to extract a clear slope in the mean square dis-
placement (MSD) curves; however, the ad-atom frequently inter-
diffuses or interacts with defects that spontaneously form on the
substrate surface, and diffusion stops. To overcome these diffi-
culties, we propose a novel CMD simulation scheme (depicted in
Figure 1), based on a collective analysis of individual simulations
(CAIS). Each simulation with a single Ge ad-atom follows its dif-
fusion in a small cell until an event that alters system dynamics
occurs. From the collective treatment of data from all individual
simulations run in parallel, we concurrently extract frequencies
and activation energies of surface diffusion and intermixing.
In our study, the simulation cell consisted of 1200 Si atoms

arranged in a diamond lattice of size 3lT × 10
√
2lT × 10

√
2lT ,

where lT is the Si equilibrium lattice constant at temperature T
and zero applied stress. Cell axes X , Y , andZ were oriented along
the [100], [011], and [0-11] directions, respectively, with PBCs inY -
and Z-directions and free conditions in X . The whole system was
composed of twelve Si monolayers in the X -direction. To simu-
late the bulk behavior, atoms in the four bottom layers were held
fixed, while the rest of the atoms were free to move. Atoms in
the middle four layers were used to create a thermal bath (ther-
mostat) to control the system temperature. In the topmost layer,
atoms were arranged along Z to form the 2 × 1 dimer rows typ-
ical of the Si(001) surface reconstruction. Initially, the atoms in
the thermostat layers were given random velocities in aMaxwell–
Boltzmann distribution corresponding to the simulated temper-
ature. To equilibrate the substrate, the cell was relaxed in the NVE
ensemble for 50 000 steps, with the time step fixed at 1 fs, scaling
the atom velocities within the thermostat layers every 2000 steps
at the desired temperature.
In every simulation, a single Ge atom was deposited on a ran-

dom (Y , Z) position at a height of 10 Å above a clean Si(001)
2 × 1 surface, with an initial velocity of −0.1 nm ps−1 in the X -
direction (this condition assures that the impact of the Ge atom
does not damage the Si surface). The system evolved in the NVE
ensemble at the target temperature, with 1 fs timesteps, and the
Ge ad-atom MSDi was computed. Atom positions were averaged

Adv. Theory Simul. 2023, 2200848 2200848 (4 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 2. Number of remaining Ge ad-atoms before surface intermixing
occurred in a Si(001) 2×1 surface versus time at 1350 K using the SW
potential. Solid line is the best fit to Equation (2).

for 10 000 time steps to remove thermal vibrations. Each aver-
aged configuration was evaluated to assess whether a surface
intermixing event occurred or the Si surface degraded (dimers
broke down). The use of averaged instead of relaxed instanta-
neous configurations filters unsuccessful transition attempts.[58]

We considered that surface intermixing occurred when the fol-
lowing two conditions were fulfilled: 1) the distance of the Ge ad-
atom to a Si lattice site is smaller than 0.4 Å; and 2) the shortest
distance of any of the Si atoms to Si lattice sites is greater than 2.2
Å. When such an event occurred, we recorded the time elapsed
from the deposition of the Ge atom (surface intermixing time ti)
and stopped the simulation. We considered that surface degra-
dation occurred when at least two Si substrate atoms were dis-
placed from perfect lattice sites more than 2 Å, which happened
more frequently at higher temperatures. When this condition oc-
curred, we stopped the simulation because surface defects act as
trapping centers for the Ge ad-atom, thus affecting the calcula-
tion of MSDi and ti. Hundreds of parallel simulations were run
to achieve enough statistics.
The total amount of simulated individual surface intermixing

events, N0, is statistically equivalent to N0 Ge ad-atoms simul-
taneously deposited at time t = 0 on a large Si substrate where
distances among them are long enough to assure that they do
not interact before surface intermixing occurs. To extract the sur-
face intermixing parameters, for every simulated temperature we
sorted the surface intermixing times obtained in individual simu-
lations ti in increasing order: ti1 was the shortest surface intermix-
ing time, ti2 the second shortest time, and so on. After ti1, one of
the Ge ad-atoms intermixed, so the total amount of remaining Ge
ad-atoms was N(ti1) = N0 − 1. Again, that after ti2 another Ge ad-
atom intermixed, beingN(ti2) = N0 − 2 the number of remaining
Ge ad-atoms, and so on. As an example, in Figure 2 we represent
N(t) in logarithmic scale as a function of time t for the simulated
temperature of 1350 K using the SW potential. As predicted by
transition-state theory for first-order processes, N(t) follows an
exponential decay, characterized by a well-defined reaction rate
𝜈i(T) at each temperature T according to:

N(t) = N0 exp(−t𝜈i(T)) (2)

Figure 3. Cumulative summation of the Ge ad-atom MSD along all our
CMD simulations using the SW potential at a temperature of 1350 K. Com-
ponents of theMSD, parallel (∕∕) and perpendicular (⟂) to the dimer rows,
are also shown.

This scheme was repeated for several temperatures to extract
the surface intermixing activation energy Ei from the Arrhenius
equation

𝜈i(T) = 𝜈i0 exp
(
−Ei
kBT

)
(3)

where 𝜈i0 is the frequency prefactor and kB the Boltzmann con-
stant.
Since diffusion processes are equivalent in all the individual

simulations, the total MSD of a single Ge ad-atom that had not
been disrupted by surface intermixing or degradation events is
equivalent to the cumulative summation of the MSDi during the
time corresponding to the summation of all simulation times. As
an example, Figure 3 represents the cumulative MSD obtained
using the SW potential for a temperature of 1350 K. Even though
the cumulative MSD is composed by the MSDi extracted from
1200 parallel CMD runs, it shows a clear slope which remains
constant along all the simulations (the validity of this approach
is also addressed in Section 4.2). The MSD slope is related to the
temperature-dependent diffusion coefficient, D(T), according to
the Einstein relation in an n-dimensional Brownian motion

D(T) = lim
t→∞

1
2nt

MSD(T) (4)

We extracted D(T) from the cumulative summation of all
MSDi, thus improving statistics in its calculation compared to
that obtained from short individual CMD runs.
D(T) follows an Arrhenius dependence, D(T) = D0 exp(

− Ed
kBT

),

where D0 is the diffusivity prefactor and Ed the activation energy
for diffusion. To quantitatively compare the frequencies of diffu-
sion and surface intermixing processes, we extracted the diffu-
sion jump frequency 𝜈d(T) from D(T)

𝜈d(T) =
2n
𝜆2

D(T) (5)

Adv. Theory Simul. 2023, 2200848 2200848 (5 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Comparison of Arrhenius plots for surface intermixing (gray),
parallel diffusion (orange), and perpendicular diffusion (blue) frequencies
of a Ge ad-atom on a Si(001) 2× 1 surface using SW and Tersoff potentials.
Symbols indicate the CMD simulation results and solid lines are best fits
to Equations (3) and (6).

and

𝜈d(T) = 𝜈d0
exp

(−Ed
kBT

)
(6)

where 𝜆 is the jump length for ad-atom diffusion and 𝜈d0 =
2n
𝜆2
D0

the jump frequency prefactor. By splitting the MSD into par-
allel (Z-direction) and perpendicular (Y -direction) components
(see Figure 3), we characterized Ge ad-atom surface diffusion fre-
quencies along and across dimer rows, respectively (n = 1).

4. Results

4.1. Dynamics of Ge Ad-Atoms on a Si(001) Substrate

To characterize Ge ad-atom surface diffusion and intermixing on
a Si(001) 2 × 1 surface, we carried out CMD simulations at tem-
peratures between 0.60TSi

m,SW and 0.90TSi
m,SW for the SW poten-

tial, and between 0.60TSi
m,T and 0.80TSi

m,T for the Tersoff poten-
tial (TSi

m,SW = 1795 K and TSi
m,T = 2444 K according to the calcu-

lations shown in Section 2). We selected these specific ranges
for each potential to maintain a compromise between a fast sys-
tem dynamics (to accelerate the simulations asmuch as possible)
and a sufficiently stable substrate surface (dimers break down

at high temperatures). Figure 4 shows the Arrhenius plot for
the frequencies of surface intermixing, 𝜈i(T), and surface diffu-
sion, 𝜈d(T), split into parallel (diffusion along dimer rows) and
perpendicular (diffusion across dimer rows) components, ob-
tained with SW and Tersoff potentials. Table 4 compares the ex-
tracted activation energies Ed∕∕, Ed⟂, and Ei with those reported
by other authors using ab initio calculations,[8,9,17–20] lattice-gas
techniques,[22] and experimental scanning tunnelingmicroscopy
(STM) measurements.[11]

We found that the activation energy for the Ge ad-atom sur-
face intermixing Ei predicted by the SW potential (1.36 eV) is sig-
nificantly lower than that obtained with Tersoff (1.97 eV). Using
ab initio and NEBM, Ge/Si intermixing activation energies be-
tween 0.8 and 1.6 eV were reported for particular surface inter-
mixing pathways.[9,19] Thus, SW potential predictions compare
better with ab initio results than Tersoff potential does. We ob-
served thatmost Ge ad-atoms intermixed into the topmost Si sub-
strate (dimers) layer, though they were occasionally adsorbed in
the second layer. SW potential predicts that around 90% of the
intermixed Ge ad-atoms end up in the dimers layer at high tem-
peratures, and close to 100% at low temperatures. With Tersoff
potential, 85% of intermixed Ge ad-atoms end up in the topmost
surface layer, being the remaining 15% in the second substrate
layer, independently of temperature. The amount of Ge atoms
adsorbed in deeper layers was insignificant for any of the two po-
tentials.
Frequencies for diffusion are higher than for surface intermix-

ing in both potentials, although frequencies for diffusion across
dimers and surface intermixing approach at high temperatures.
The most frequent mechanism is parallel diffusion at all temper-
atures. We obtained similar values for Ed⟂ and Ed∕∕ in the case
of Tersoff, but Ed∕∕ is significantly lower than Ed⟂ for SW. Our re-
sults with the SW potential are in good agreement with the previ-
ously cited theoretical calculations and experiments (see Table 4).
However, Tersoff potential overestimates Ed∕∕ and does not pre-
dict the high anisotropy between the parallel and perpendicular
components of diffusion.
From the inspection of the pathways followed by Ge ad-atoms

in our CMD simulations, we identified the adsorption sites, that
is, the local minimum energy positions that the Ge atom visits
as it moves on the Si(001) 2 × 1 reconstructed surface. Some of
these positions (calledA,B,B0,C,D,H,M,P, andT) were already
reported for the adsorption of Si[59–61] and Ge ad-atoms[10,17,18,22]

on a Si(001) 2 × 1 surface. Other positions (that we call DTop, N,
and Z) have not been reported previously, to our knowledge. All
adsorption sites are represented in Figure 5. The six positions A,

Table 4. Activation energies (in eV) for surface intermixing, and diffusion along and across dimer rows.

Present work Other studies

SW Tersoff Ab initio Lattice-gas STM

Refs. [17, 18] Ref. [8] Ref. [19] Ref. [9] Ref. [20] Ref. [22] Ref. [11]

Ed∕∕ 0.57 0.93 0.62 0.62 − − 0.48 0.73 0.59

Ed⟂ 0.95 1.11 0.95 1.18 − − 0.80 1.17 −

Ei 1.36 1.97 − − 0.8 / 1.4a) 1.6 − − −

a)Ei obtained from the same path as the one proposed in ref. [9].

Adv. Theory Simul. 2023, 2200848 2200848 (6 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Top view showing the positions (crosses) for Ge ad-atom ab-
sorption on the Si(001) 2 × 1 reconstructed surface. Circles represent the
Si atoms in the three top layers of the surface, with a color code that de-
notes their X-coordinate. Green circles are the atoms in the topmost layer
(dimers), light blue circles the second-layer atoms, and dark blue circles
the third-layer atoms.

B, B0, C, N, and Z correspond to adsorption sites in the trough,
while the other six positions D, DTop,H,M, P, and T are adsorp-
tion sites on top of the dimer rows. Site D and site DTop appear
in the same (Y , Z) position, but DTop is higher than D along the
X -direction. The same occurs with positions B and B0, being the
first above the topmost layer of the surface and the second one be-
low.
We performed an energetic characterization of the Ge ad-atom

adsorption sites by using a system consisting of 1024 Si atoms
placed in the nodes of a diamond crystal lattice, within a sim-
ulation cell of size 4l0 × 4

√
2l0 × 4

√
2l0, being l0 the Si lat-

tice parameter at 0 K. X , Y , and Z cell axes were lying along the
[100], [011], and [0-11] directions, respectively. Tominimize finite-

size effects, PBCs were introduced along the Y - and Z-directions,
while free boundary conditions were applied in the X -direction.
At the topmost layer in the X -direction, Si atoms were paired to
form the dimers of the 2 × 1 reconstruction of the (001) surface.
Si atoms at the four bottom layers in the X -direction were held
fixed at their bulk positions. To obtain the minimum energy con-
figuration for each adsorption site at 0 K, one Ge ad-atom was
placed on the adsorption position, and the system was relaxed
using the conjugate-gradient minimization procedure.
The calculated energies of Ge ad-atom adsorption sites are rep-

resented in Table 5, along with results from other authors. Ener-
gies were measured with respect to the most stable position in
every case. For SW the global minimum corresponds to site B in
the trough and, among the positions on top of the dimer rows,
the most stable isM, beingH, P, and D sites only slightly higher
in energy. Our results are consistent with the previous study of
Roland and Gilmer with SW,[10] although energy values are not
exactly the same, probably because these authors employed al-
ternative SW parametrizations for Si and Ge. Calculations with
the Tersoff potential also predict that site B is the most stable.[22]

Ab initio[8,16–18] and hybrid quantum and molecular mechanics
(QM/MM)[62] calculations identify the lowest energy state of the
Ge ad-atom on the dimer rows at site M. Although for the SW
potential the global minimum energy position is in the trough
(at site B), it predicts that sitesM andH are the most stable con-
figurations on top of the dimer rows. Taking into account all the
results presented so far, we only consider the SW potential for
the rest of our simulation study, since SW potential describes the
thermodynamical properties of the material, and the anisotropy
of surface diffusion in better agreement with ab initio, and Ter-
soff potential does not improve the description of adsorption sites
with respect to SW.
The overall description of Ge surface diffusion and intermix-

ing given by SW is in agreement with ab initio, but the predicted
adsorption sites are not. To elucidate the contributions of differ-
ent atomistic pathways to the overall behavior described by MD
calculations, we analyze the mechanisms underlying Ge surface

Table 5. Energies (in eV) of the adsorption sites relative to the most stable Ge ad-atom configurations.

Position Present work Other works

SW Tersoff SW Tersoff Ab initio QQ/MM

Ref. [10] Ref. [22] Ref. [16] Refs. [17, 18] Ref. [8] Ref. [62]

B 0 0 0 0 − 1.90 − −

A 0.05 0.46 − − − − − −

B0 0.13 − − − − 1.72 − −

N 0.50 0.57 − − − − − −

C 0.64 0.94 − 0.98 − 1.21 − −

Z 0.86 0.84 − − − − − −

M 0.22 0.24 0.16 0.32 0 0 0 0

H 0.34 0.76 0.34 0.75 0.34 0.06 0.19 −

P 0.46 0.55 − − − − − −

D 0.49 0.15 0.44 0.21 − − − −

T 0.77 0.73 − − − − − −

DTop 0.80 1.83 − − − − − −

Adv. Theory Simul. 2023, 2200848 2200848 (7 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 6. Top view of the Si surface showing the two main Ge ad-atom surface intermixing mechanisms: a) path I1 and b) path I2. Crosses indicate the
Ge ad-atom. Color code denotes the X coordinate of atoms. c,d) The relative energy variation (measured with respect to configuration B) along I1 and
I2 pathways is shown, respectively. SP stands for “saddle point.”

diffusion and intermixing and determine the analogies and dif-
ferences with ab initio observations.With respect to surface inter-
mixing, we identified two main pathways (sketched in Figure 6):
in the first one (I1), the Ge ad-atom, initially located on top of
one dimer at site D, pushes one of the Si atoms in the dimer to-
ward the trough, and occupies the initial position of the Si atom,
which in turn ends up in site B0; in the second pathway (I2), the
Ge ad-atom, which initially occupies site B in the trough, moves
downward to position B0, and pushes up a neighboring dimer
Si atom that moves to site D. We observed that mechanism I1 is
more frequent. Unless the deposited Ge atom lay directly over the
dimer rows, this mechanism requires a previous diffusion from
the most stable configuration (B) to position D. The energy dia-
grams determined by NEBM associated with both surface inter-
mixing pathways (Figure 6c,d) reveal energy barriers of 1.37 and
1.50 eV for mechanisms I1 and I2, respectively, from the most
stable configuration (B). These energies are very close to the ef-
fective intermixing energy obtained in dynamic simulations (Ta-
ble 4). Surface intermixing pathways proposed in ab initio studies
are similar to those identified in our simulations, but the starting
position for Ge surface intermixing is siteM instead of sitesD or
B.[9,19] We observed that Ge atoms in the through may occasion-
ally become incorporated into the Si subsurface layer, by directly
exchanging positions with Si atoms in such a layer, although this
is an infrequent event specially at low temperatures.
With respect to surface diffusion, Ge ad-atoms deposited on a

Si(001) 2 × 1 substrate follow different pathways, that we disen-
tangled into those contributing to parallel or perpendicular diffu-
sion.We determined threemain diffusion paths parallel to dimer
rows and two paths perpendicular to dimer rows, which are de-
picted in Figure 7. Corresponding energy diagrams evaluated us-
ing NEBM are plotted in Figure 8. The parallel diffusion paths
(Figure 8a) are: along the trough, P1 (C-A-B-A′-C′); on top of the
dimer row by opening and closing the dimers, P2 (H-P-D-P′-H′);
and along the edge of the dimer row, P3 (M-T-M′). Diffusion bar-
riers for each path, measured with respect to the most stable po-
sition along each diffusion direction (B site in P1, H site in P2,
andM site in P3), are 0.66, 0.40, and 0.75 eV for P1, P2, and P3,
respectively. P1 mechanism is the most frequent in our simula-
tions. The perpendicular diffusion paths (Figure 8b) are: between

Figure 7. Top view of the 2 × 1 reconstructed Si(001) showing the dif-
ferent Ge diffusion paths. Apart from the Ge ad-atom positions, only the
top three substrate atomic layers are represented. Displacements along
and across dimer rows are indicated by red and black arrows, respectively.
Atoms are color-coded as a function of their X coordinate.

two contiguous Si dimers, T1 (C-M-H-M′′-C′′); and above one
Si dimer, T2 (B-T-D-T′′-B′′). Energy barriers calculated from the
most stable position in each path (siteM for T1 and site B for T2),
are 0.77 eV to jump from the dimer row to the trough (T1), and
1.06 eV to jump from the trough onto the dimer row, breaking-up
the Si dimer below (T2). Note that sites C andD behave as saddle
points for parallel diffusion, but they are potential wells for per-
pendicular diffusion, allowing for switching from perpendicular
to parallel mechanisms.
Although the deposited Ge atom was initialized at a random

(Y, Z) position above the substrate, we noticed that it tends to
bind to atoms located in the dimer rows (as they are the first
atoms that it encounters in its way down to the substrate), becom-
ing frequently adsorbed in M position. Ge ad-atom surface diffu-
sion is a combination of all the parallel and perpendicular paths
described above. Ge ad-atoms adsorbed in the dimer rows typi-
cally diffuse on top of them (parallel diffusion) for a few jumps,
and then they hop into the trough (perpendicular diffusion). Ge

Adv. Theory Simul. 2023, 2200848 2200848 (8 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 8. Main Ge diffusion paths a) along and b) across dimer rows on a Si(001) 2 × 1 surface. Thicker lines indicate the most likely mechanism for
each direction. The zero energy reference is position B in both graphs.

ad-atoms diffuse along the trough (parallel diffusion) until they
occasionally jump again on top of the dimer rows (perpendicular
diffusion). The effective energy barriers for parallel and perpen-
dicular diffusion obtained from the Arrhenius plots of Figure 4
are not coincident with the diffusion barriers of any particular
path, but they encompass all thesemechanismsweighted by their
occurrence probability.
Static calculations using ab initio techniques[8,18,20] described

surface diffusion pathways that agree with our MD description
of parallel paths over the dimer row (P2 and P3), and also with
the perpendicular path between contiguous dimers (T1), being
the lowest energy path that along the top of dimer rows through
siteD (P2). However, ab initio studies did not offer a parallel path
along the dimer rows (P1), nor a perpendicular path above dimers
(T2), probably due to site B not being among the lowest energy
minima sites.

4.2. Dynamics of Ge Ad-Atoms on Ge Monolayers Grown over
Si(001)

Due to the lattice mismatch between Si and Ge, as the heteroepi-
taxy of Ge on Si proceeds, layers of stressed Ge form on the Si
substrate. To study the behavior of Ge ad-atoms deposited over
previously grown Ge layers on Si, we carried out an analogous
study to the one presented so far, but now considering that atoms
in the top layers are Ge instead of Si. The topmost Ge layer has
also the 2 × 1 reconstruction. We refer to this substrate with m
Ge monolayers on Si(001) as a Gem/Si. We limited our study to
one (Ge1/Si) and two (Ge2/Si) monolayers of Ge over Si(001) be-
cause, according to experiments and theoretical calculations, at
least 2–3 wetting layers of Ge on Si can be grown before 3D is-
lands nucleate.[63]

Ge ad-atom adsorption sites in these systems are almost coin-
cident with the ones found on the Si(001) 2 × 1 surface, except
for Z and A positions. Site Z is not observed as a local energy
minimum on the Ge1,2/Si surfaces, neither A in the Ge2/Si sur-
face. Energies of the Ge ad-atom adsorption positions are shown
in Table 6. Results obtained for the pure Si substrate are indi-

Table 6. Ge ad-atom energies, in eV, at adsorption positions on pure Si
and Ge1,2/Si reconstructed (001) substrates, relative to the most stable
configuration in each case.

Pure Si Ge1/Si Ge2/Si

B 0 0 0

A 0.05 0.10 −

B0 0.13 0.25 0.34

N 0.50 0.54 0.63

C 0.64 0.38 0.39

M 0.22 0.34 0.30

H 0.34 0.39 0.36

P 0.46 0.37 0.37

D 0.49 0.52 0.60

T 0.77 0.94 0.99

cated again for the sake of comparison. Adsorption energies on
the Ge1/Si and Ge2/Si surfaces are almost identical except for B0
and N which are higher for the Ge2/Si surface. As it occurred
for Si, site B is also the global energy minimum on the Ge1,2/Si
surfaces. Relative energy values are, in general, slightly higher
in the case of the Ge1,2/Si surfaces than in Si, except for C posi-
tion, whose relative energy is significantly lower on the Ge1,2/Si
surfaces. Being C a quasi-saddle point for diffusion along the
trough, the corresponding energy barrier lowers in the Ge1,2/Si
substrates case, as we shall see. The most stable position on top
of the dimer rows is again siteM, and it is almost degenerate in
energy with P andH adsorption sites.
To characterize diffusion of Ge ad-atoms on Ge1,2/Si sur-

faces, we performed CMD simulations at temperatures between
0.45TSi

m,SW and 0.65TSi
m,SW for the Ge1/Si surface, and between

0.4TSi
m,SW and 0.6TSi

m,SW for the Ge2/Si surface. These tempera-
tures are lower than the ones considered for the pure Si substrate
because the Ge1,2/Si surfaces degrade more easily. This is due to
the stress in Ge monolayers and the lower melting temperature
of Ge respect to Si. In Ge1,2/Si systems, we cannot properly speak

Adv. Theory Simul. 2023, 2200848 2200848 (9 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 9. Arrhenius plot of the frequencies obtained in CMD simulations
with the SW potential for parallel and perpendicular diffusion on pure Si
(squares), Ge1/Si (circles), and Ge2/Si (triangles) substrates. Solid lines
are best fits to Equation (6). Orange and blue color corresponds to diffu-
sion along and across dimer rows, respectively. Cross marks represent the
calculations on Ge1/Si substrate when stopping conditions were included.

Table 7. Parameters obtained from the Arrhenius plot of Figure 9 for dif-
ferent substrates.

Si Ge1/Si Ge2/Si

𝜈0 [s
−1] Ea [eV] 𝜈0 [s

−1] Ea [eV] 𝜈0 [s
−1] Ea [eV]

Parallel 4.5 × 1012 0.57 6.2 × 1012 0.38 3.6 × 1012 0.38

Perpendicular 1.4 × 1013 0.95 4.3 × 1012 0.74 2.6 × 1013 0.76

about surface intermixing events, because when the Ge ad-atom
exchanges its position with a Ge atom in the top substrate mono-
layer, the diffusing species is again Ge, so the simulation system
is equivalent to the one we had prior to the exchange. This sys-
tem allows the comparison between the cumulative summation
of MSDi from individual simulations halted after Ge exchanges,
with the total MSD obtained from a long simulation that was not
stopped when Ge exchange occurred. Diffusion frequencies of
Ge on a Ge1/Si surface from both types of simulations are analo-
gous at all simulated temperatures, as shown in Figure 9 (crosses
and circles). This fact validates our methodology for the extrac-
tion of the MSD slope from the cumulative summation of indi-
vidual MSDi.
Results for Ge ad-atom frequencies of parallel and perpendic-

ular diffusion hops on Ge1,2/Si surfaces are displayed in Figure 9.
Table 7 shows the frequency prefactors as well as the activation
energies. Previous results on a pure Si substrate are also included
to facilitate the comparison. Diffusion frequencies are higher on
Ge1,2/Si than on pure Si, and the activation energies are lower, in
agreement with experimental observations.[11,64] This indicates
that stressed Ge monolayers accelerate atom dynamics, as pre-
dicted in theoretical calculations.[64–66] Our extracted frequency
prefactors 𝜈0 are close to 10

13 s−1, which is the standard value
used in most of the theoretical and experimental studies.[67–69]

Frequencies for parallel diffusion hops in Ge1/Si and Ge2/Si
surfaces are similar, while frequencies for perpendicular diffu-
sion hops are almost one order of magnitude larger in the Ge2/Si

case. Since activation energies are almost the same, this differ-
ence is due to the larger frequency prefactor for perpendicular
diffusion in the Ge2/Si surface. This increase in the frequency
prefactor is probably due to an increase in entropy[64] associated
with a greater number of possible hopping paths when there are
two Ge monolayers, as we will show later.
In Ge1,2/Si substrates, we observed that Ge ad-atom diffusion

across dimer rows is mostly mediated by the exchange of a Ge ad-
atom with a Ge atom of the reconstructed topmost surface layer.
For the Ge1/Si surface this atomic exchange (Figure 10a) occurs
in the same way as the Ge surface intermixing mechanism I2
in the Si substrate, but in this case it displaces a Ge atom of the
dimer. This mechanism also occurs in the case of the Ge2/Si sur-
face, but it involves a higher energy barrier (1.05 eV). For this sur-
face, themain exchangemechanism becomes the one depicted in
Figure 10b, inwhich theGe ad-atomdisplaces diagonally through
an intermediate local minimum (site BP) to position P.
Figure 11 shows the energy diagrams for the main Ge ad-

atom diffusion mechanisms along and across dimer rows on the
Ge1/Si (solid lines) and Ge2/Si (dashed lines) surfaces. The en-
ergy barriers are determined by NEBM once diffusion paths have
been identified in the CMD simulations. For parallel diffusion
(see Figure 11a), the three main mechanisms for Ge1/Si (Ge2/Si)
are similar to those found in the Si substrate, with energy barriers
of 0.40 (0.46) eV along the trough (P1), 0.34 (0.40) eV along on top
of the dimer row (P2), and 0.79 (0.84) eV along the edge of the
dimer row (P3), with respect to the most stable position along
each diffusion path (sites B, P, and M, respectively). The effec-
tive activation energy for parallel diffusion (0.38 eV) is consistent
with the energy barriers of the two most frequent paths (P1 and
P2). Perpendicular diffusion (Figure 11b) include T1 and T2 path-
ways, similar to those found on the pure Si substrate. Energy bar-
riers calculated from the most stable position in each path (site
M for T1 and site B for T2), are 0.60 eV to jump from the dimer
row to the trough (T1), and 1.12 eV to jump from the trough onto
the dimer row, breaking-up the Ge dimer below (T2). We also in-
cluded pathways T3(Ge1/Si) and T3(Ge2/Si), which correspond to
the exchange mediated mechanisms shown in Figure 10a,b, re-
spectively.

5. Discussion and Conclusions

We found that the SW potential, using parametrizations of Bala-
mane et al.[30] for Si and Posselt et al.[34] for Ge, with the mix-
ing rules proposed by Gilmer and Grabow,[36] resulted in the best
compromise for reproducing basic bulk material properties (lo,
Ecoh, Tm, and elastic parameters) and atomic surface properties.
Tersoff potential has some drawbacks: the temperature scale is
uncertain because it does not correctly predict the melting tem-
peratures of Si and Ge, and the Ge ad-atom surface diffusion
anisotropy is not captured.
Previous studies of Ge surface diffusion and intermixing on

Si using ab-initio and CMD are limited to static calculations. To
our knowledge, no full dynamics studies have been carried out,
probably because these two mechanisms are interdependent and
it was not possible to characterize them individually using the
standard methods of homoepitaxial systems. The diffusing Ge
ad-atom frequently exchanges its position with a Si surface atom,
and the resulting system differs from the one prior to that event.

Adv. Theory Simul. 2023, 2200848 2200848 (10 of 13) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 10. Predominant atomistic mechanisms for Ge diffusion across dimer rows on a) Ge1/Si and b) Ge2/Si surfaces. Circles represent atoms in the
three top layers of the substrate, with a color code that denotes their X coordinate. Crosses indicate the Ge ad-atom. c,d) The relative energy variation
(measured with respect to site B) along pathways (a) and (b), respectively. SP stands for “saddle point.”

Figure 11. Main Ge diffusion paths a) along and b) across dimer rows on Ge1/Si (solid lines) and Ge2/Si (dashed lines) substrates. Thicker lines indicate
the most likely mechanism for each direction. The zero energy reference is position B in both graphs.

Consequently the Ge ad-atom diffusion cannot be followed for
simulation times long enough to extract meaningful MSD. To
obtain surface intermixing time constants, we initially attempted
to follow the evolution of hundreds Ge ad-atoms simultaneously
deposited on the surface of a large simulation cell. Since the sur-
face intermixing frequency is several orders of magnitude lower
than that of surface diffusion, Ge atoms (separated even several
nanometers apart) were likely to find each other before surface in-
termixing occurred. Thus, our initial attempt always led to the for-
mation of Ge–Ge ad-dimers, which altered the frequency of sur-
face intermixing events. We devised a novel methodology (CAIS)
to characterize Ge ad-atom surface diffusion and surface inter-
mixing that overcomes this interdependency in heterosystems:
our simulation scheme separates surface diffusion and intermix-
ing mechanisms by running one single ad-atom at a time on a
small cell for a limited amount of time; the collective treatment
of many individual simulations (that can be run in parallel as
they are independent to each other) provide statistically signif-
icant data. Even in cells with a single Ge ad-atom, the free dif-
fusion time was short because we stopped the simulation when

we identified surface intermixing or degradation events, as they
introduced artifacts on the evaluation of the MSD. Statistics, in
this case, were improved by the cumulative summation of the
MSDi extracted from all the short-time simulations. CAIS differs
from “parallel replica” [58] and “temperature-accelerated dynam-
ics” [70] methods, as these use parallelism to extend or extrapo-
late the time scale for simulations at low temperatures, while our
scheme employs parallelism to improve statistics in the determi-
nation of parameters in short time-scale simulations.
Here CAIS is employed to characterize surface diffusion and

intermixing of Ge ad-atoms on Si–Ge systems with SW potential,
but this scheme can be transferred to any heterosystem and any
interatomic potential. It can also be used to characterize the ef-
fective transition barriers between any two different states A and
B in homo- or hetero-systems. To adapt our simulation scheme to
other systems, the details for the identification of A and B must
be specifically stated. A and B can be defined as specific localmin-
ima or in a more general way, as we have done in this work (A:
Ge ad-atom diffusing on the Si surface, and B: Ge atom in a sur-
face position—intermixed Ge atom). In addition, it is important
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to identify when the system evolves to a state different from those
to be characterized because from that instant the dynamics corre-
spond to a different system. In our simulation, we identify when
surface degradation occurred to halt the simulation. By extract-
ing times at which the transition between A and B occurs, the
associated time constant and the effective activation energy and
prefactor for the transition can be evaluated assuming the validity
of transition-state theory and first-order kinetics.
We obtained effective activation energies and frequency prefac-

tors for the diffusion and surface intermixing mechanisms that
came from the own dynamics of the system without resorting
to static calculations, where particular diffusion and surface in-
termixing pathways are assumed a priori. The extracted param-
eters encompass all the possible atomic mechanisms, each one
weighted by its own occurrence probability. In agreement with
static ab initio calculations, we observed that surface diffusion
is strongly anisotropic. We obtained that diffusion parallel to
the dimer rows is two orders of magnitude more frequent than
perpendicular diffusion, being surface intermixing the least fre-
quent mechanism.
By analyzing the positions visited by the Ge ad-atom during

its free movement on the Si surface, we extensively searched for
ad-atom adsorption sites. This allowed us to disentangle surface
diffusion and intermixing atomic mechanisms, to determine en-
ergy barriers for particular atomic pathways using NEBM, and to
compare them with ab initio results. Ab initio calculations cor-
rectly predict the dimer buckling experimentally observed on the
Si (001) reconstructed surface,[68,71,72] and identify themost stable
Ge adsorption site atM on the dimer rows.[8,16–18,62] However, SW
potential does not reproduce dimer buckling and predicts that
site B in the trough has the lowest energy. According to SW po-
tential, the Ge ad-atom at site M is bonded to two dimers from
the same row and to a second-layer Si atom, while the analysis
of the charge density distribution in ab initio calculations does
not show a directional bond to this second-layer Si atom.[17,18,20]

This is a limitation of the SWpotential (and also of the Tersoff po-
tential), related to the way empirical potentials describe bonding
geometry,[17,18] favoring the tetrahedral one and giving repulsive
three-body interactions for this configuration. Nevertheless, SW
potential determines that theM site is the most stable configura-
tion on top of the dimer rows, resulting in diffusion pathways and
energy barriers with respect to site M in qualitative agreement
with ab initio calculations. The obtained effective activation ener-
gies for surface diffusion and intermixing are comparable to the
energy barriers extracted from ab initio calculations, which in-
dicates that SW potential gives a good overall description of the
system, although atomic details may differ.
We explored the energetics of Ge ad-atom on Ge monolayers

grown over Si. We found that all dynamic mechanisms are faster
than on a pure Si substrate, with a higher anisotropy between
parallel and perpendicular diffusion for the Ge1/Si surface than
for the Ge2/Si surface. We noticed that perpendicular diffusion is
mediated by the atomic exchange between the Ge ad-atom and a
Ge atom on the topmost reconstructed surface layer. Stressed Ge
layers decrease energy barriers and increase diffusion frequen-
cies. The difference in the activation energies on Si and Ge1,2/Si
substrates must be taken into account in higher-level simula-
tions, where successive Ge layers are deposited as heteroepitaxial
growth proceeds.

Our CMD study of Ge surface diffusion and intermixing on
Si(001) 2 × 1 substrates is relevant because we validate the empir-
ical potential and provide effective parameters derived from the
own dynamics of the system. This fundamental study could have
been done, at least partially, using ab initio molecular-dynamics
techniques, as simulation cells are relatively small and simu-
lation times relatively short. However, ab initio molecular dy-
namics would be restricted to a very narrow temperature range
(at temperatures high enough to accelerate dynamics but low
enough to ensure surface stability), much narrower than that ac-
cessible with CMD. The error would be large when extracting the
slope in the Arrhenius plot from few points concentrated in a
very narrow temperature window. To simulate the dynamic de-
position of many large Ge layers, one must resort to CMD. To be
able to scale deposition rate to the surface diffusion rate it is im-
portant to understand how the empirical potential describe the
system and how surface diffusion and intermixing occur accord-
ing to it. To achieve realistic deposition rates and sizes, higher
level modeling techniques (KMC or continuous methods) must
be used; they require effective diffusion and surface intermixing
parameters (rather than very detailed atomicmechanisms) aimed
to describe the global system behavior.
In summary, we showed that SW potential with the

parametrization of Balamane et al.[30] for Si and Posselt et al.[34]

for Ge using Gilmer–Grabow mixing rules [36] provides a good
overall description of the Ge ad-atom diffusion and surface inter-
mixing processes on a Si(001) reconstructed surface. Although
the SW potential does not exactly reproduce all the atomistic de-
tails of ab initio calculations, the understanding of the atomic de-
scription provided by it is essential to interpret the mechanisms
that lead to different structures (perfect wetting layers, islands,
dislocations, etc.) in deposition simulations reachable by CMD
approaches. We developed a new methodology to concurrently
extract surface diffusion and intermixing effective parameters;
we applied it to the study of Ge on Si, but it can be used in any
heteroepitaxial system. With this methodology, we extracted ef-
fective barriers in dynamic simulations without assuming pre-
established pathways. Our exploration of Ge ad-atom diffusion
on Ge monolayers grown over Si showed that dynamics are ac-
celerated with respect to the case of the pure Si substrate, and
that diffusion across dimer rows involves the atomic exchange of
the Ge ad-atom with a Ge atom on the surface.
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