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ARTICLE INFO ABSTRACT

Keywords: We performed classical molecular dynamics simulations to investigate, from an atomistic point of view, the
Heteroepitaxial growth formation of dislocations during the epitaxial growth of Ge on Si. We show that simulations at 900 and 1000
SiGe

K with deposition rates of 10® monolayers per second provide a good compromise between computational
cost and accuracy. In these conditions, the ratio between the Ge deposition rate and the ad-atom jump rate
is analogous to that of out-of-equilibrium experiments. In addition, the main features of the grown film
(intermixing, critical film thickness, dislocation typology, and surface morphology) are well described. Our
simulations reveal that dislocations originate in low-density amorphous regions that form under valleys of the
rough Ge film surface. Atoms are squeezed out of these regions to the surface, releasing the stress accumulated
in the film and smoothing its roughness. Amorphous regions grow until atoms begin to rearrange in dislocation
half-loops that propagate throughout the Ge film. The threading arm ends of the dislocation half-loops move
along the surface following valleys and avoiding islands. The film surface morphology affects the propagation

Molecular dynamics
Thin film deposition
Dislocation formation

path of the dislocation half-loops and the resulting dislocation network.

1. Introduction

The excellent properties of Silicon-Germanium (SiGe) and its com-
patibility with silicon-based technologies have promoted its use in
different areas such as photonic, microelectronics, or quantum de-
vices [1]. The heteroepitaxial growth of high-Ge-content SiGe or pure
Ge layers on Si substrates entails compressive stress in the grown film
due to the lattice mismatch between Si and Ge. Depending on growth
conditions, the accumulated strain is elastically relaxed by generating
3D islands after the formation of a wetting layer [2], or plastically
through the nucleation of misfit dislocations (MDs), threading disloca-
tions (TDs) and partial dislocations (PDs), such as Frank PDs (FPDs) or
Shockley PDs (SPDs), within the film [3].

Many experimental works have been devoted to the study of dislo-
cations in Ge/Si systems, as they degrade the structural and electronic
properties of the material. Similar detrimental effects of dislocations
on device performance have also been reported in group IV, III-V,
and II-VI semiconductor systems [4-6]. The main type of observed
dislocations are 60° and 90° MDs, the latter being the most effective to
release the strain [7]. 90° MDs have been proposed to generate through
the coalescence of complementary pairs of 60° MDs [8], although some
authors suggested their direct formation on the strained Ge film [9].
Dislocations originate as half-loops in the grown film [10], and their
nucleation has been associated with stress concentrators related to cups
and steps on the surface [11,12]. Point defects may also play a role
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in the formation of dislocations [13], as they do in their motion [14].
Generated dislocations can also be the source of new dislocations
through multiplication mechanisms [15]. However, there is still a lack
of understanding about the initial stages of dislocation nucleation at the
atomic level, as experimental techniques do not allow direct observa-
tion of such processes with sufficient spatial and temporal resolution.
In this context, the use of computational methods can be helpful.

Among the available computational techniques, classical molecular
dynamics (CMD) allows the atomistic dynamic simulation of large
enough systems to accommodate dislocations. However, because of
time-scale constraints, typical experimental deposition rates cannot
be directly simulated using CMD. Consequently, most CMD works on
heteroepitaxial growth in the literature are either limited to very simple
system cases (2D systems and elementary interatomic potentials [16]),
or to simulations where dislocations are introduced ad hoc [14,17-19],
or their nucleation is forced by incorporating surface steps [20-22].
Although these kinds of simulation offered significant information on
dislocation propagation, interaction among them or with point defects,
they did not provide detailed insights into the early stages of dislocation
formation.

In this work, we used CMD to elucidate the atomistic origin of dis-
locations through a direct simulation of the heteroepitaxial growth pro-
cess of Ge on Si(001). We previously analyzed the simulation conditions
that can provide information comparable to that of experiments and
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validated our CMD simulations by comparing different characteristics
of the grown film with experimental observations.

2. Simulation details

To perform our CMD study, we used the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [23]. We employed
the Open Visualization Tool (OVITO) [24] to visualize and analyze
atomic simulation data, in particular to identify crystallographic struc-
tures and dislocations. We use the OVITO therminology throughout the
paper (see Appendix A).

Atomic interactions were described by the Stillinger-Weber (SW)
potential with the parameterizations of Balamane et al. [25] for Si
and Posselt et al. [26] for Ge, with the Gilmer and Grabow mixing
rules [27], as this particular combination is the best for describing
surface dynamics and intermixing on the Si-Ge system [28].

In our simulation cell, the Si substrate consisted of a perfectly crys-
talline Zinc-Blende lattice containing 27 648 atoms, with a thickness
of 12 monolayers (MLs) along the Z direction. This thickness was
chosen to limit computational cost, as test simulations with substrates
up to 20 MLs did not reveal significant differences in the nucleation
and propagation mechanisms of dislocations. The dimensions of the
substrate were 24 \/Eaﬁ" X 24\/§a$" x 3 ay!, being a5’ the equilibrium
lattice constant of Si at temperature T and applied stress zero. The cell
axes X, Y and Z were oriented along the directions [110], [-110],
and [001], respectively. The upper layer atoms were arranged along
Y to form the typical 2 x 1 Si(001) surface reconstruction. Periodic
boundary conditions were introduced along the X and Y directions,
while free boundary conditions were applied in the Z direction.

The Si substrate was divided into three zones: fixed layers, thermal
bath, and surface region. The four atomic layers at the bottom were
fixed to mimic bulk behavior and prevent the system from moving as a
whole, as well as any spurious bending. Atoms in the four middle layers
were used to create a thermal bath to control the system temperature.
Atoms in the surface region and thermal bath were free to move
according to Newton’s dynamics. Initially, atoms in the thermal bath
were given random velocities in a Maxwell-Boltzmann distribution cor-
responding to the desired simulation temperature, and then the whole
system was equilibrated for 10° steps before initiating Ge deposition.
The integration time step was set to 2 fs.

Ge atoms were deposited from a height of 85 A above the substrate
surface on a random (X, Y) position. Each Ge atom had an initial
velocity of —0.7 nm/ps in the Z direction, corresponding to an energy
of 0.185 eV (low enough to prevent substrate damage or interdiffusion
into the Si substrate). We simulated the deposition of a total of 40
Ge MLs (92160 atoms) at temperatures of 650, 800, 900 and 1000 K.
To keep the substrate at the desired temperature, the atom velocities
were scaled within the thermostat layers every 2000 steps. Once all
Ge atoms were deposited, the system sample was equilibrated for 103
additional steps. To perform a statistical study, we performed five
different simulations for each temperature by changing the random
number seed used to select the surface impact point of the Ge atom
and to generate the initial Maxwell-Boltzmann velocity distribution.

Typical deposition rates in real epitaxial growth processes range
between 0.001 and 10 MLs/s [29,30], depending on the desired prop-
erties of the film. However, CMD can only reach simulation times on
the order of microseconds at most, which implies that the slowest
deposition rate affordable in the simulations is around 10® MLs/s. With
this premise, CMD seems unable to simulate epitaxial Ge growth on Si
under experimental conditions.

The two main factors that control film growth are the Ge deposition
rate ry,, and the atomic surface diffusivity. When ry,, is low, each
deposited Ge ad-atom can explore wide areas on the substrate surface
and crystallize in the most favorable epitaxial positions (minimum-
energy positions matching the underlying crystal lattice) before the
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Fig. 1. Comparative of the ratio between deposition rate r,,, and jump rate
of ad-atoms v,(T) for typical conditions of CMD simulations (blue lines)
and experiments (red lines). The yellow band highlights ratios where CMD
simulations and experimental conditions are comparable.

arrival of the next ad-atom. If r,,, increases, the time between succes-
sive deposited Ge atoms decreases, ad-atoms move short distances on
the Si surface, and tend to crystallize in kinetically trapped structures.
This limitation can be compensated for increasing the temperature,
which exponentially enhances diffusivity, and thus the Ge ad-atom can
explore more epitaxial positions before the arrival of the subsequent
Ge atom. Consequently, to compare experimental and CMD conditions,
the relevant figure is the ratio between the deposition rate r,,, and the
jump rate of ad-atoms, v, (7).

In Fig. 1, we plot the ratio between ry,, and v,(T) for the typical
CMD and experimental growth conditions of Ge on Si. For CMD, we
consider v, (T) calculated in Ref. [28], and deposition rates of 10°, 107
and 10® MLs/s. For experimental conditions, we take the values for
v4(T) extracted from Ref. [31], and consider deposition rates of 0.01, 1
and 10 MLs/s. Typically, equilibrium conditions involve low deposition
fluxes (e.g. 0.001-0.1 MLs/s) and high temperatures (~900 K), leading
to the formation of 3D islands [32,33]. In contrast, out-of-equilibrium
conditions are characterized by high deposition fluxes (between 0.1 and
10 MLs/s) and relatively low temperatures (around 400-500 K), leading
to the formation of smooth Ge films with dislocations [34,35].

According to Fig. 1, typical experimental conditions of 3D islanding
are not achievable with CMD simulations. However, with CMD at r,,

of 10° MLs/s at temperatures between 700 and 1100 K, or at 107
MLs/s between 900 and 1100 K, the conditions are comparable to
those of experiments that lead to the formation of smooth Ge films
with dislocations around 500-600 K. The deposition rate of 108 MLs/s
is close to the limit of the CMD simulation conditions comparable to
those of experiments, but it is computationally more affordable for
large systems.

To verify the validity of the use of such a high r,,, value, we
performed two test cases. First, we made sure that even the fastest
74¢p did not induce unrealistic high-energy configurations, pronounced
islands, or stacking faults (SFs) in a non-strained Ge homosystem. For
that, we simulated the deposition of 54 Ge MLs on Ge(001) 2 x 1 at ry,,
values of 10°, 107 and 10% MLs/s, and at a temperature of 1000 K. In
all simulations, we obtained Ge layers that were coherently grown on
the Ge substrate according to the Frank-van der Merwe growth mode.
Second, we simulated the deposition of Ge on Si(001) 2 x 1 using Tdep
of 108 MLs/s and compared the results with those at a lower r,,, of
107 MLs/s, at 900 and 1000 K. We did not find significant differences
in dislocation formation, their density, and origin, but the calculation
times are ten times longer for the slower rate [36]. Consequently, we
will use rg,, = 103 MLs/s in our study, as it offers a good compromise
between accuracy and computational cost. In any case, the validity
of the CMD simulations will be determined by comparing them with
experiments whenever possible.
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Applied Surface Science 715 (2026) 164547

Summary of the formed dislocations once deposition was completed at 650, 800, 900 and 1000 K. For simplicity, we denote dislocations using abbreviations: TD
(threading dislocation), MD (misfit dislocation), FPD (Frank partial dislocation), SPD (Shockley partial dislocation), and ND (no dislocations or extended defects).
The symbol L denotes orthogonal dislocations. In parenthesis, we indicate the number of formed dislocations, when there are more than one.

650 K 800 K 900 K 1000 K
. . . . Dislocation half-loop Two L SPDs R
Simulation 1 Dislocation half-loop SPD (x2) Dislocation half-loop Two L 90° MDs
Simulation 2 Dislocation half-loop 60° MD 90° MD 90° MD

Simulation 3 Dislocation half-loop

Dislocation half-loops (x2)

Complex dislocation network

(60° and 90° MDs); FPD; SPD Two 1 907 MDs

Simulation 4 SPDs (x2) FPD Complex dislocation network SPDs (x2)
Dislocation half-loop (60° andl 90° MDs) (Stair rod dislocation)
Simulation 5 ND ND Complex dislocation network 60° MD with TD

(60° and 90° MDs) 90° MD; SPD

3. Characterization of the Ge grown film

During the initial stages of Ge deposition on Si(001), we found that
some Ge atoms randomly replaced Si atoms that were incorporated
within the first deposited Ge layers, leading to Ge-Si intermixing. In
conditions where no dislocations had yet formed, the Ge content in
the original surface layer of the Si substrate ranged from 13 to 25%,
according to experimental observations [37], DFT calculations [38],
and kMC simulations [39], which give Ge-Si intermixing values from
10 to 20%. We noticed that intermixing increased with temperature
because the atomic mobility is enhanced and the ratio between surface
diffusion and intermixing frequencies decreases [28]. When disloca-
tions nucleated and propagated down to the Si/Ge interface, severe
atomic rearrangement was produced. In these cases, we found 35% Ge
atoms in the original surface layer of the Si substrate, and ~10% and
~5% in the following two layers below. This observation agrees with
experiments, where a higher Ge content was found in layers below the
Si surface when formed dislocations reach the Si/Ge interface [40].
For further details on Ge-Si intermixing, see Supplementary Material
Section S1.

The initially grown Ge layers were almost flat and “coherent” with
the underlying Si substrate, until a critical thickness of the Ge film
was reached and defective regions and dislocations formed. For each
temperature, the critical film thickness varied widely from simulation
to simulation, with a tendency to decrease as the temperature increased
(see Supplementary Material Section S2). In our CMD simulations at
1000 K, we obtained critical thickness values between 10 and 20 [o\, in
agreement with theoretical models [41,42] and experiments [43,44].

Table 1 collects the variety of dislocations formed after 40 Ge
MLs were deposited, and illustrates the stochastic nature of disloca-
tion nucleation. Fig. 2 shows side snapshots taken during growth for
representative simulation cases of each temperature. Although there
is a variety of situations, we recognize some general trends. At low
temperatures, the dislocations were in early growth stages or even did
not form at all, due to the slow dynamics. At higher temperatures,
denser dislocation networks formed, composed of TDs, 60° MDs or
90° MDs, in agreement with experimental findings [40]. This behavior
is consistent with dislocation formation being a thermally activated
process [45]. We also observed the formation of PDs, characterized
by the presence of SFs that adopted a hexagonal diamond structure
and tended to cover larger areas as the temperature increased. In some
cases, the threading arms of single MDs were annihilated because of
boundary conditions. The reduction of the stress in the deposited Ge
film is related to the amount, type, and arrangement of the dislocation
network formed (details in Supplementary Material Section S3).

In our CMD simulations, we noticed several ways to generate 90°
MDs. In most cases, 90° MDs formed directly without the prior pres-
ence of 60° MDs. Sometimes (e.g. simulations 4 or 5 at 900 K), 60°
MDs are combined with 90° MDs. In other cases, more frequently at
higher temperatures, 90° MDs are associated with the generation of
SPDs. These formation mechanisms resemble those proposed by other

authors [8,9,17], although they are not as clean and ideal, since they
show great complexity and variability among different simulation runs.

The surface morphology was affected by temperature and dislo-
cation formation as Ge deposition proceeded. The roughness of the
surface film was calculated as follows:

(€8]

Roughness =

where Zi is the Z coordinate of the ith surface atom, Z is the average
height of all surface atoms, and n is the total amount of surface
atoms. Fig. 3 shows, for the simulations of Fig. 2, the evolution of
the roughness as the deposition proceeded at different temperatures
and top views of the samples after depositing 40 Ge MLs. Larger and
higher 3D islands formed on the surface at lower temperatures, while
the surfaces were smoother for higher temperatures. This is consistent
with the enhanced surface diffusivity at higher temperatures, which
favors the movement of atoms on the surface to fill denuded zones
among islands, and with the increased formation of dislocations, which
relax the film strain. The influence of dislocations on surface roughness
is clearly evidenced, for example, in the simulation at 900 K. When a
dislocation formed (after 20 Ge MLs deposited), the surface roughness
decreased. As deposition progressed, the surface roughness increased
and dropped again when a new dislocation nucleated (after 35 Ge
MLs deposited). This cyclic behavior is consistent with experimental
observations [46,47].

We have shown that CMD simulations of Ge deposition on Si, with
Taep = 10® MLs/s at the high-temperature range (900-1000 K), are
capable of reproducing the dislocation typology and the main features
of the grown film (intermixing, critical thickness, and surface rough-
ness), in agreement with experiments under out-of-equilibrium growth
conditions.

4. Atomistic insight into the origin of dislocations

From the inspection of our CMD simulations, we perceived the
significant role of surface roughness in the nucleation of dislocations,
as highlighted by Tersoff and LeGoues [12]. We found that the disloca-
tions nucleated in the surface zones between islands, commonly known
as valleys or depressions that act as stress concentrators. However, the
specific depression site on the surface where the dislocations nucleated
was, in principle, unpredictable. In all our simulations, the region under
the depression where the dislocations originate is characterized by
local structural disorder, since OVITO identified most of their atoms
as other (see Appendix A). Consequently, we will refer to these zones
that preceded dislocations as disordered regions.

Considering the roughness and the large amount of micro-islands
and valleys on the surface, there was a high density of sites where
dislocations could initially nucleate. In fact, we noticed that small
disordered regions often appeared simultaneously in different valleys.
During deposition, one of these regions, usually located in the most
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Fig. 2. Side views of samples during the Ge epitaxial growth process at different temperatures. The corresponding simulated case of Table 1 is indicated in
parenthesis. Only non-cubic diamond atoms are shown. Atoms are colored according to their local structure: cubic diamond up to 1st or 2nd neighbors (m),
hexagonal diamond (=), and other (M). Dark blue and green lines indicate dislocations with (a/2) <110> and (a/6) <112> Burgers vectors (black arrows),
respectively. Horizontal red dashed lines indicate the original position of the Si surface substrate.

extensive valley, evolved to a deeper and larger disordered region with
the shape of a half-loop along a specific crystallographic plane (mostly
(100), (001) or {011}). During the growth of the disordered region, we
found that some of the Ge atoms inside moved towards the surface, thus
generating “vacancies” within that region. This contributed to strain
relaxation and prevented the evolution of other incipient disordered
regions on the surface.

In all of our simulations, we found that valleys in the rough surface
Ge film also played a significant role in the propagation of disloca-
tions. The ends of the threading arms of the dislocation half-loops,
which were also formed by disordered atoms, moved along the surface
through the valleys avoiding islands, thus facilitating the ejection of
more Ge atoms from the film. The presence of islands in the propa-
gation pathway of dislocations forced them to change their expansion
direction or even to split, leading to dislocation multiplication. Thus,
specific surface morphology affects the resulting dislocation network
(see Supplementary Material Section S4).

In order to illustrate the process of dislocation formation, in Fig.
4 we show several snapshots taken during one of the Ge deposition
simulations carried out at 900 K (simulation 2 of Table 1). At t = 400 ns,
~35 MLs deposited, islands (red regions in the upper panels) with a
height of around 1.5 nm with respect to valleys (dark blue regions
in the upper panels) were formed, and an incipient disordered region
(red atoms in the middle and bottom panels) was generated in one

of the valleys. At + = 410 ns, ~35.5 MLs deposited, the disordered
region increased its size along the crystallographic plane (100), aligned
with the valley in which it lay. At z = 415 ns, ~36 MLs deposited, the
disordered zone rearranged with the shape of a half-loop lying on a
plane {111}. Later, the threading arms of the half-loop moved along
the surface through the valleys, avoiding islands, which produced kinks
in the generated 90° MD line. Eventually, both dislocation threading
arms met due to periodic boundary conditions at t+ = 450 ns, ~39 MLs
deposited. Under additional annealing, this line defect transformed into
a perfectly straight 90° MD (see Supplementary Material Section S5).
To study the evolution of stress in the Ge film during the process
of dislocation formation, we have evaluated the atomic stress tensor,
which is calculated for a given atom i with the virial expression:

S = —— Z(m,uauf + D, 2
Vi J#i

where a and b take the values x, y or z. m; and v; are the atomic mass
and velocity of the atom i, respectively. F;; is the interatomic force
applied to the particle i by particle j. r;; is the vector between particles
i and j. V; is the atomic volume, wh1ch is computed using the Voronoi
volume. Since the Voronoi volume cannot be calculated for atoms lying
on a surface, we assumed for simplicity that for film surface atoms V;
is equal to the Voronoi volume of an atom in a perfect diamond lattice
site.
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Fig. 3. (a) Top views of the samples corresponding to the simulations in Fig.
2 after depositing 40 Ge MLs. Atoms are colored according to their height. (b)
Surface roughness as a function of the number of deposited Ge MLs at different
temperatures for the simulation cases of Fig. 2.

Fig. 5 shows the evolution of S;* for atoms within a 17 Asliceina
(100) plane around the disordered region that was generated during the
Ge deposition simulation at 900 K previously described. The sequence
times are the same as those of the snapshots shown in Fig. 4. We
focus here on the xx component of the atomic stress tensor because
the final 90° MD formed along the simulation cell Y axis (S}’ and
S7# are shown in Supplementary Material Section S6). At ¢t = 400 ns,
the Ge film was under compressive stress, except for the atoms that
lay on the surface. The atoms below the disordered region where the
dislocation formed were under compressive stress slightly higher than
that of the rest of the atoms in the Ge film, which suggests a relation
between the local concentration of stress in the surface valleys and the
generation of disordered regions. The release of stress within the Ge
film started with the growth of the disordered region, t+ = 410 ns, due
to the movement of some of its atoms towards the surface (vacancy
generation). The formation of the dislocation half-loop at r = 415 ns
and its subsequent propagation up to t = 425 ns produced a further
release of stress along the Ge film. The final 90° MD, at r = 450 ns,
concentrated the compressive stress of the Ge film below its core up to
the Si substrate, while the Ge atoms above were relaxed, in agreement
with previous observations by other authors [14].

Fig. 6 shows the evolution of the number of disordered atoms
(identified as other atoms in OVITO) and “vacancies” (missing atoms
with respect to the perfect lattice), which have been accounted for
within a parallelepiped region that encompasses the dislocation in the
previously described simulation (dashed rectangle in Fig. 4 indicates its
top surface, its volume goes from the film surface down to the Si/Ge
interface). Three different stages are distinguished:

+ Stage I corresponds to the generation and growth of the initial
disordered region below the surface valley of the Ge film. The
initial number of disordered atoms correlates with the amount
of other atoms which are always present on the film surface.
Along with the increase in the number of disordered atoms, there
is also a sharp increase in the number of vacancies within the
region, which is a natural mechanism that helps to accommodate
mismatch and release strain energy [48-50]. These missing atoms
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were squeezed out from the disordered region, moved upward,
and refilled the valley, thus smoothing the surface.

Stage II corresponds to the formation and propagation of the
dislocation half-loop. Atoms in the core of the disordered region
rearranged according to lattice sites, resulting in a reduction
in the number of disordered atoms. The threading arms of the
dislocation half-loop still contained a large number of disordered
atoms. As the half-loop expanded sideways, more Ge atoms from
the film moved towards the surface through the threading arms,
further releasing strain. This caused an additional increase in the
number of vacancies in the region, although at a slightly slower
pace compared to stage 1.

Stage III corresponds to the situation where the final 90° MD
dislocation was already formed. The number of disordered atoms
restores to the typical value of the film surface within the region,
and the final number of vacancies correlates to the number of
atoms of the missing plane above the dislocation.

Given the relevance of disordered regions in the origin and prop-
agation of dislocations, we characterized their nature. In particular,
we calculated the coordination number and the radial distribution
function, g(r), of the atoms in the disordered region after depositing
36 Ge MLs at 900 K (the same sample shown in Fig. 4 at r = 415 ns,
corresponding to the maximum size of the disordered region).

The coordination number (CN) of a given atom is defined as the
number of nearest-neighbor atoms surrounding it. In our simulations,
we defined nearest neighbors as atoms separated by a distance of
less than 3.1 A. This choice was based on the distance where g(r)
approaches zero beyond its first peak (i.e. the distance at which nearest
neighbors are commonly found in the perfect crystal). Fig. 7 shows
atoms with a coordination number different from four, in a perspec-
tive view of the analyzed sample. The surface atoms were under-
coordinated, while the atoms with CN = 5 were abundant in the
disordered region, and even some atoms with CN = 6 were identified.
The shape of this region with over-coordinated atoms resembles that of
Fig. 4 at t = 415 ns. However, they are not identical since fewer atoms
are displayed here (many atoms classified as cubic diamond up to 1st
or 2nd neighbors and some of the other atoms have CN = 4). We found
that approximately 80% of the atoms in the disordered region had CN
= 4, 15% had CN = 5, and 5% had CN = 6, which is typical of the
amorphous Ge phase, a-Ge [51,52].

Fig. 8 compares the g(r) of the disordered region identified by non-
cubic diamond atoms together with the g(r) extracted from samples of
ideal a-Ge at 900 K, crystal Ge (c-Ge) at 900 K, and liquid Ge (/-Ge)
at 3000 K. The g(r) of the disordered region is very similar to that
of ideal a-Ge (it does not asymptotically go to one with r due to the
limited volume used for its calculation), which confirms its amorphous
phase nature. Therefore, the disordered structure identified prior to
dislocation formation is compatible with the a-Ge phase.

We also quantified the atomic local density in a parallelepiped vol-
ume encompassing the disordered structure (excluding surface atoms).
In a coherently grown Ge thin film on Si, this volume should contain
a total of 1550 atoms, but we found that 162 atoms were missing,
which corresponds to a local atomic density ~10% below that of ¢-Ge.
We also analyzed the disordered regions that preceded dislocations in
the rest of our simulations and found that missing atoms corresponded
to local atomic densities ranging from 5% to 15% below that of c-
Ge. Since ideal a-Ge has a local density only 5% lower than c¢-Ge, our
results indicate that the disordered regions actually correspond to a
low-density a-Ge phase.

5. Conclusions
We studied the heteroepitaxial growth of Ge on Si(001) 2 x 1

using CMD simulations with the SW potential, paying special attention
to dislocation formation. We showed that feasible deposition rates in
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Height (A)

Fig. 4. Sample snapshots taken at different times during one of the deposition simulations carried at 900 K (simulation 2 of Table 1). Upper panels are top views
where atoms are colored according to their height. Middle panels are also top views where atoms are colored according to their local structure: cubic diamond
up to 1st or 2nd neighbors (m), hexagonal diamond (m), and other (M) (perfect cubic diamond atoms are not shown). Bottom panels are perspective views of
atoms shown in middle panels. Dashed ovals indicate the valley and disordered region where the dislocation starts to form. Full circles highlight the position of
dislocation threading arm ends. Dashed rectangle indicates the top surface of the parallelepiped region where the number of disordered atoms and vacancies are
computed (shown in Fig. 6). Dark blue lines are dislocation lines as identified by OVITO.

CMD (from 10° to 10® MLs/s) at elevated temperatures (between 700
and 1100 K) allow simulation of the growth process under conditions
analogous to those of experiments under out-of-equilibrium conditions
(high deposition rates and low temperatures), where strain relaxation
occurs through dislocation nucleation. In particular, we found that
CMD simulations with deposition rates of 108 MLs/s and temperatures
of 900 and 1000 K offer a good compromise between computational
cost and accuracy. We tested that the features of the simulated grown
film (critical thickness, intermixing and surface roughness) and the
dislocation typology are in agreement with experiments.

We analyzed, at atomic level, the origin of dislocations and showed
the interplay between surface roughness and dislocations. We observed
that dislocations nucleated preferentially in valleys among islands on
the surface of the Ge film, although the exact nucleation region where
they appeared was, in principle, unpredictable. In all cases, regions
where the dislocations nucleated had low atomic density and were of
an amorphous nature. These amorphous regions grew as the deposition
proceeded until they reached a critical size. The high stress in the
surface valleys, along with the low density and amorphous nature of
these regions, favored a local increase in atomic mobility. Some of their
atoms moved towards the surface (generation of “vacancies”), thus
releasing the stress accumulated in the growing Ge film. At some point,
these regions recrystallized and propagated through the Ge film in the
shape of a dislocation half-loop. The rough surface also played a role
in the propagation of the dislocation half-loop as its ends moved along
the valleys, avoiding islands on the surface, forcing the dislocation
line to change directions or even splitting. In turn, the formation of
dislocations modified the roughness of the surface as climbing atoms
filled the valleys, and the released strain favored smoother surfaces
during further deposition.

In our simulations with the SW potential at lower temperatures (650
and 800 K), even though the dislocations were in an early stage of
development, we also observed the formation of amorphous regions
prior to the generation of the dislocation half-loops. We also tested
deposition simulations with the Tersoff potential at elevated tempera-
tures and obtained analogous results concerning the amorphous nature
of the nucleation region and its evolution (see Supplementary Material
Section S7). These findings indicate that the described mechanism is not

related to the specific empirical potential nor to the high temperatures
used in the simulations, but it is an intrinsic feature of the early stages
of dislocation formation in stressed and rough Ge films.
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Appendix A. Terminology used for the atomic identification of
crystal structures

Following OVITO’s terminology, we classify atoms in our CMD
simulations as:

+ Cubic diamond: atom that has all of its 1st and 2nd nearest
neighbors positioned on cubic diamond lattice sites.

+ Cubic diamond up to 1st neighbors: atom that is a 1st neighbor of
an atom that was classified as “cubic diamond”. Its four nearest
neighbors are positioned on lattice sites, but at least one of its
2nd nearest neighbors is not.
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400 ns

S (GPa)
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Fig. 5. Snapshots showing atoms within a 17 A slice in a (100) plane around
the disordered region whose evolution was shown in Fig. 4. Atoms are colored
according to the xx component of the atomic stress tensor (blue means

compressive and red tensile).
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Fig. 6. Evolution of the number of other atoms and vacancies in a paral-
lelepiped region encompassing the dislocation formed after deposition at 900
K (simulation 2 of Table 1). Stars indicate the times corresponding to the

snapshots shown in Fig. 4.

+ Cubic diamond up to 2nd neighbors: atom that is a 2nd nearest
neighbor of an atom that was classified as “cubic diamond”. The
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Coordination

A

Fig. 7. Perspective view of the sample after depositing 36 Ge MLs at 900 K,
where atoms are colored according to their CN. Only atoms with CN different
from 4 are shown.
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Fig. 8. Radial distribution functions of the disordered region shown in Fig. 4,
and of ideal a-Ge (at 900 K), c-Ge (at 900 K) and /-Ge (at 3000 K) samples.

atom itself is positioned on a lattice site, but at least one of its
neighbors is missing or is not positioned on a lattice site.

+ Hexagonal diamond: here we encompass atoms that have all of its
1st and 2nd nearest neighbors positioned on hexagonal diamond
lattice sites, and also those that are 1st or 2nd neighbors to them.

» Other: atom, with unknown coordination structure, that does
not belong to any of the previous categories. This atom has a
disordered local environment and is typically located inside or
close to lattice defects (e.g. vacancies, interstitials, dislocations,
...), the surface or amorphous regions.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apsusc.2025.164547.

Data availability

Data will be made available on request.
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