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A B S T R A C T

The initial stages of the growth of germanium on the dimer reconstructed Si(100) surface is modelled using
molecular dynamics (MD). Pyramidal island structures are observed to form despite MD being carried out at a
deposition rate faster than experiment. By an examination of transitions that can occur from intermediate
structures that form in the MD simulations, growth mechanisms can be identified. The initial wetting occurs as a
result of Ge atoms diffusing into the trenches between the dimer rows. This results in Ge–Ge or Ge–Si dimer
chains growing in rows perpendicular to the original Si–Si dimer rows on the surface. It is shown how strained
Ge pyramids with square bases can form by diffusing atoms joining together adjacent dimer rows. From these
initial square-based structures, complex concerted motions are observed in which atoms in lower layers ‘climb
up’ to higher layers. Similar structures grown in the pure Si case exhibit much higher energies barriers for the
‘climbing up’ process indicating that the effect of strain is to reduce the energy barriers for pyramid formation. In
addition to the investigation of atomistic growth processes, surface energy effects are also examined, which show
that a germanium-covered Si(100) surface containing shallow-angled pyramids is energetically more favourable
than that grown as a flat monolayer.

1. Introduction

Experiments reporting the growth of quantum dots of germanium
on silicon first appeared in the literature 30 years ago [1,2]. Originally,
hut structures with square (pyramids) and rectangular (wedges) bases
were observed and since then both pyramids and wedges have been
seen dependent on the precise growth conditions [3,4]. Due to a lattice
mismatch of about 4.2% in the Ge/Si system, the Stranski-Krastanow
growth mode is realised [5–8]. Experiments indicate that the nucleation
of large 3D clusters only occurs after the deposition of a wetting layer
(WL) with a critical thickness of typically, 3–5 monolayers [9,10].

There have been numerous experimental and theoretical studies
over the years aiming to understand the precise mechanisms for the
formation of the growth structures which continue to this day. A good
overview of experimental work up to 2013 is given in [11]. Over a
number of years heterostructures with quantum dots have been actively
used for the creation of photodetectors, solar cells and light emitting
devices [12,13]. They have also found application in emerging fast-
speed transistors where the engineered strain induces very high mobi-
lities of the charge carriers [14].

Theoretical models can be broadly categorised in terms of (1) free

energy models [15] (2) Kinetic Monte-Carlo (KMC) models [16,17] (3)
Quantum mechanical (Density Functional Theory, DFT) models.
Whereas the DFT models can give relatively accurate values for the
energies and stresses of the Ge ‘hut’ islands [18,19] they are too ex-
pensive be used in dynamical growth simulations. The KMC models can
predict the growth of pyramids with the observed (105) facets by both
including the effect of strain and by artificially forcing cells that lie
locally on such a face to be less mobile than other cells [16].

Larger scale free energy models have also been used to explain the
growth process such as the effect of the edge energy [20], the transition
from two dimensional to three dimensional growth [21], the influence
of the wetting layer [22] and the role of elastic interactions between
islands [23,24]. Moreover, such models have been successfully used to
describe Volmer-Weber growth of islands directly on the surface of the
substrate in highly-mismatched systems [25,26], as well as the forma-
tion of 2D layers according to Frank-van der Merwe mechanisms in
systems with close lattice parameters [27,28]. However, precise in-
formation about surface diffusion coefficients [29] and thickness-de-
pendent surface energies [18,19] is required for constructing these
models. These are still less well-defined input parameters [30], because
direct experimental measurements of these values are impossible.
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Despite the large amount of theoretical work which we only touch upon
briefly in this introduction, there are still gaps in the theory that make
direct prediction of experimental results quite difficult.

One type of model that to our knowledge has not been fully ex-
plored is the use of molecular dynamics (MD). MD is generally not so
suitable for atomistic growth modelling because it cannot capture ex-
perimental growth rates. This is because time scales accessible by MD
are usually of the order of microseconds at most and so diffusion be-
tween successive particle impacts is generally not so well captured. This
has led to other methods such as temperature accelerated dynamics
(TAD) [31] and adaptive KMC [32]. In the case of Ge growth on Si, the
adaptive KMC is difficult to implement because the dimer reconstruc-
tion enlarges the search volumes in which transitions are located,
making it too computationally expensive to find a representative set of
transitions. However recent work [33] has shown that in certain cir-
cumstance MD at elevated temperature can be a useful tool in model-
ling growth on surfaces and indeed more than 30 years ago MD at
elevated temperature was used on quite small systems to show how the
first layer of growth of Si on the dimer reconstructed Si(100) surface
occurred [34]. Another potential drawback of MD using classical po-
tentials is that it cannot capture all the electronic details of chemical
interactions. Generally ab initio methods give a better representative
model; for example in the case of the dimer reconstructed Si(100)
surface, ab initio methods can capture the dimer tilting observed ex-
perimentally whereas classical potentials do not. However due to the
computations involved ab initio methods are impractical for growth
simulations and it is expected that because a key feature of the pyr-
amidal growth is the lattice size mismatch between Si and Ge, which
the classical potentials are fitted to, MD should be able to shed some
light on the growth mechanisms on the atomic scale.

Computing power has significantly increased since that initial work
of Si growth on Si [34] allowing for larger systems to be investigated
but the problem of enhanced deposition rates compared to experiment
still exists. Notwithstanding that, elevated temperature MD can be a
powerful tool for analysing complex transitions that occur in atomistic
growth. This is the approach adopted here, combined with an analysis
of some specific transitions which can form the explanation for how the
pyramidal structures grow.

2. Methodology

Depositions were modelled via MD using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [35] package. The
Tersoff potential [36] for Si–Ge was used for simulations. The potential
energy surface for the system is quite rough with a combination of both
very small energy barriers where the atoms change position only over a
distance of fractions of an Å and larger barriers where hops are quite
rare. This makes the speed-up of both TAD and adaptive KMC quite
marginal. In addition because of the dimer reconstruction, quite large
search volumes are required for adaptive KMC which also renders the
method very slow. As a result it was decided to use MD with a de-
position rate faster than experiment to investigate the system.

The largest simulation cell used for the Si substrate had dimension
8.7 × 8.7 × 1.2 nm comprising of 10 layers with 512 atoms in each
layer. The (100) surface was dimer reconstructed. The bottom layer of
the substrate was fixed and the next layer above the fixed zone was
heated to 1000 K with a Berendsen [37] thermostat which scales ve-
locities. The entire system was thermalised to 1000K before deposition.
Ge atoms were deposited normal to the surface and initially placed
randomly 10 Å above the surface beyond the cut-off distance of the
potential. 4900 Ge atoms were deposited equivalent to around 10
added layers. The temperature of 1000 K was chosen to allow for some
diffusion between particle impacts and also so as to be not that much
larger than that used in the experiments (475–875 K as reported in [1]).
The deposition energy was chosen as 1 eV and each deposition was run
0.1 ns before the next deposition started. Throughout the simulation,

because of the thermostat the average temperature remained at around
1000 K.

Simulations at the same temperature but with a smaller cell and 1 ns
between impacts was also studied to allow for more diffusion of atoms
and the identification of new diffusion pathways. Despite the time be-
tween impacts being reduced by a factor of 10, the revised model
cannot capture all the diffusion that takes place between impacts. For
example, if experimentally there was a fast deposition rate of 10
monolayers per second, this would correspond to the impact in our
system of a Ge atom arriving every 200 μs so the simulation is still 2
× 105 faster than experiment. Nonetheless, using MD to identify dif-
fusion mechanisms and then using the nudged elastic band (NEB) [38]
method to determine energy barriers can give valuable insight into the
main processes behind pyramid formation. In addition to the dynamical
simulations, some surface energies ESurf were also calculated following
[39]

=
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where ETot is the total energy of the system, A is the surface area, NSi

and NGe are the number of Si and Ge atoms in the system and ESi and
EGe are cohesive energies of Si and Ge respectively. The energies are all
calculated using the Tersoff potential for which the cohesive energies of
Si and Ge in bulk are −4.63 eV and −3.76 eV respectively.

3. MD deposition results

3.1. Simulations using a ten layer Si substrate with an area 8.7 nm ×
8.7 nm and a Ge deposition every 0.1 ns

Before discussing individual diffusion pathways and mechanisms we
first present the results from the fast deposition of about 10 added Ge
layers under the conditions as described above. The results are shown in
Fig. 1 after the deposition of 400 Ge atoms in Fig. 2 after 2174 atoms.

Fig. 1 shows clearly dimer rows of Ge and mixed Ge–Si atoms

Fig. 1. The spatial distribution of 400 Ge atoms that have been deposited every
0.1 ns, normal to the surface with an energy of 1 eV at 1000 K. The larger
spheres represent Si atoms and the smaller, spheres, the added Ge. Note that the
highlighted dimer rows contain both Ge–Ge and Si–Ge dimers.
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Fig. 2. The structure after the addition of atoms equivalent to 4 added layers The atoms are deposited every 0.1 ns, normal to the surface with an energy of 1 eV. (a)
The first monolayer showing complete coverage of the surface; (b) The second added layer; (c) the third added layer; (d) Atoms added in layer 4 and above.

Fig. 3. The formation of small Ge islands after 4900 deposited Ge atoms at 1000 K. The atoms are deposited every 0.1 ns, normal to the surface with an energy of
1 eV.
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perpendicular to the original Si–Si dimer rows together with some re-
gions where clustering has started to occur. The Si–Ge dimers have a
spacing between 2.42 and 2.43 Å whereas the Ge–Ge dimer spacing is
2.49–2.50 Å. This compares with the Si–Si dimer spacing of 2.37 Å. It
can be seen that there are some areas of the surface that remain un-
covered by Ge atoms and some small island clusters which form the
basis of the pyramidal island structures that ultimately form. The first
added layer consists mainly of Ge adatoms with a few Si atoms that are
produced by a replacement mechanism described later. Atoms in the
second added layer are coloured yellow and in the third added layer,
red. After the deposition of about 10 monolayers as shown in Fig. 3
islands have clearly started to form.

Fig. 2 shows that after the addition of 4 layers the surface is com-
pletely wetted by the first monolayer that consists of a mixture of Ge
and Si atoms displaced from the substrate in perfect crystalline form.
The second layer is almost complete and the third layer has a few
patches of missing atoms but island structures. In Fig. 2(d) clustering on
the surface has occurred which form the seed points for the nucleating
island structures.

3.2. Simulations using a ten layer Si substrate with an area 1.1 nm ×
1.1 nm and a Ge deposition every 1 ns.

Fig. 3 shows the surface topography after 4900 atoms have been
deposited, equivalent to about 10 added layers. By this stage clear is-
land structures have begun to form on top of the completed wetting
layers.

To understand the clustering and surface diffusion processes in more
detail some simulations were also carried out at a deposition rate ten
times slower where a Ge atom was deposited every nanosecond onto a
smaller surface. In this case more uniform clusters form as shown in
Fig. 4. The cluster that has formed in Fig. 4 has a rectangular base
where the outer part consisting of dimerised Ge atoms. The central part
has second layer dimerised Ge atoms, shown coloured yellow and other
Ge atoms that have split the added dimers to form a more bulk-like
structure (atoms coloured cyan and green). In the next section the

surface diffusion mechanisms and growth processes that can produce
such a structure will be examined in more detail.

4. Diffusion pathways and growth mechanisms

4.1. Mechanisms in the first added layer

Growth occurs by Ge atoms diffusing over the surface to two fa-
voured sites. These sites are where the Ge atom attaches to an Si dimer
or resides in the trench between adjacent dimers, pulling the adjacent Si
atoms towards it. Fig. 5a shows a typical diffusion path seen in MD with
the associated energy barriers determined by the nudged elastic band
(NEB) method shown in 5 b. The final state is the equilibrium structure
in the trench between dimer rows and the intermediate structure with
the local minimum of −0.5 eV is the atom attached to the dimer row.
The final state referred to as the ‘long bridge site’ has already been
noted as the global minimum site on the surface by Srivastava and
Garrison [40]. The initial site over the bulk-terminated first-layer atom
is called the ‘dangling bond’ or ‘radical’ site and was identified in [40]
as the most probably site at which an arriving Ge atom would first bind
to the surface. The energy barrier for diffusion between adjacent ‘long
bridge’ sites is 1.05 eV and the barrier to jump out of this site to the
flatter part of the surface is 1.2 eV as was also calculated in [40] but can
also be seen from Fig. 5a. The reason why the Ge dimer rows are per-
pendicular to the original Si surface dimer rows is because surface Ge
atoms migrate to the ‘long bridge sites’ and when another Ge atom
arrives at an adjacent ‘long bridge site’ the bond between them is
shortened due to their mutual attraction forming a Ge surface dimer
whose axis is perpendicular to that of the surface Si dimers.

In some cases split Ge–Si dimers can form as shown in Fig. 6. The
formation of such mixed dimers was previously found experimentally
[42]. In this case the split dimer forms by a replacement mechanism
whereby an Si atom in the substrate is pushed up and is replaced by the
diffusing Ge atom as shown in Fig. 6.

The obtained mechanism of silicon and germanium atoms replace-
ment coincides with the experimentally observed picture of Si–Ge in-
termixing in strained quantum dots and 2D layers [43–45]. The ex-
perimental composition profiles across the islands show how the
concentration of germanium atoms gradually increases from the base of
an island, reaching its maximum at the top of an island, due to in-
corporation of Si material into an island. Moreover, experimental data
clearly demonstrate the penetration of germanium atoms into the si-
licon substrate, which is confirmed by our results.

Atoms can diffuse over the surface and form links between adjacent
dimer rows as shown in Fig. 7. Fig. 7 shows a typical mechanism as to
how the bases of the pyramidal structures form, whose sides are parallel
and perpendicular to the original Si dimer rows. These structures attract
other diffusing atoms to form base layer seeds onto which the pyramids
can grow. This mechanism and alignment of islands along two ortho-
gonal directions defined by dimer rows orientation are confirmed by in
situ and ex situ STEM observations in numerous experiments [3,11,24].
In Fig. 7 the sites between the two parallel Ge dimer rows are favour-
able sites for bonding but the internal sites are difficult to access by
diffusing Ge atoms so the edges of the pyramidal bases are first formed.
The internal sites can be accessed by concerted motions involving
mechanisms such as those as shown in Fig. 8.

4.2. Mechanisms for pyramidal growth

Fig. 8 shows a concerted mechanism, identified from the MD si-
mulations, by which an atom can attach itself to an existing island and
push atoms up into the next layer. The relative energies along the
pathway for this mechanism are shown in Fig. 9. The energy barrier for
this mechanism is 1.3 eV but the final state is 2.4 eV lower in energy
than the initial state. It can be seen that the mechanism for this tran-
sition is complex involving at least 3 atoms whose movements are

Fig. 4. An example of a small Ge island grown on Si(100) when the deposition
rate is one Ge impact every nanosecond. Colouring is by height on a scale 0 to
6 Å. The larger spheres are Si atoms and the smaller spheres Ge. The letter X
represents a Ge atom that has become incorporated in the substrate and Y the Si
adatom from the same substrate site.
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shown by the arrows in Fig. 8. In the final part of the transition from (c)
to (d) the Ge atoms marked with the black crosses are pushed up into
their final position due to the motion of the atom marked with the
arrow in (c).

Another example of a transition in which atoms diffuse upwards is

shown in Fig. 10. In this example atoms in the second added layer re-
arrange themselves with one atom pushed up into the third added layer.
The rearrangement also affects an atom in the first added layer as
shown in (c) and (d). For this transition the energy barrier is 1.8 eV
with the final state being 1.6 eV lower than the initial state. Note that

Fig. 5. (a) A typical diffusion pathway for an
isolated Ge atom moving over the dimer-re-
constructed Si(100) surface. The Ge atom is
deposited in the right-hand part of (a), even-
tually resting in its preferred site in the trench
between two Si dimer rows on the surface, in
line with the Si dimers which are pulled
slightly apart by the Ge atom and marked by
the pink arrowheads. The X’s mark the original
dimer rows on the surface and the dotted white
line, the trench between the dimer rows. In (b)
the pathway is shown with the curve through
the points being produced by Stineman inter-
polation [41] (a well behaved method of in-
terpolation based on piecewise rational func-
tions) and the turning points on the pathway
joining the initial and final image represent the
metastable local minima on the energy

pathway curve.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. A typical concerted mechanism that occurs in the formation of the surface dimer rows in the first added layer. In (a) a dimer row in the original surface is
marked for clarity by the X’s. The smaller circles represent Ge atoms. The lighter colour represents the first added later. The yellow arrows mark the atom movement
that occurs to form a split Si–Ge dimer by a replacement mechanism; (b) the reaction pathway for the transition determined by NEB.(For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the two red coloured atoms in Fig. 10(d) form a dimer in the same
orientation as the Si dimers on the original Si (100) substrate.

There are many other examples from the MD simulations where
atoms can diffuse upwards into more stable positions which allow the
island structures to increase in height but these are too numerous to
mention here. The two that are shown in Figs. 8 and 10 are re-
presentative to illustrate the complexity of the processes involved but
the MD simulations show many other complex transition involving
multiple atom movements in which islands can increase in height, some

of these are shown as movies in the supplementary material.
It is instructive to investigate what would happen if instead of the

Ge islands, the initial structures shown in Figs. 8, 10(a) had been Si. The
corresponding barriers between the initial and final states were also
determined. In the case of Fig. 8 the barrier height increased from
1.3 eV to 1.8 eV and in the case of Fig. 8 from 1.8 eV to 2.8 eV. Al-
though we have not tested to see of the initial structures shown in the
two figures would form in the case of Si grown on Si, the results suggest
that energy barriers that need to be overcome for Si to form islands are

Fig. 7. Illustration of how the bases of the
square pyramids can form by concerted me-
chanisms. In this case there are two processes
with barriers of 0.5 eV (a) to (b) and 1.2 eV (b)
to (c). In (a) and (b) the arrows mark the mo-
tion of the atoms in the surface that have
moved the most. The lighter colours indicate
that the atoms lie above the level of the other
adatoms on the surface.

Fig. 8. Stages in the growth Ge islands on Si. (a) the initial structure showing an atom diffusing towards the base structure, with the red arrows indicating the ensuing
motion. In (b) an atom in the edge row is pushed up into the next layer by the diffusing atom which dimerises with an existing second layer atom in (c). These two
atoms are pushed up further as the arriving atom joins the edge of the cluster.(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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much higher than in the case of Ge.
As a final calculation, it is noted from the literature that experi-

mentally grown pyramids have facetted sides who surface orientation is
(105) i.e. 11∘ to the horizontal. We determined the surface energies of
Ge pyramids formed from (105) planes on Si(100) with the addition of
Ge layers. On the (100) Si surface without an added Ge monolayer the
surface energy was determined as 2.09 Jm−2 with values of 1.90, 1.85,
1.80 Jm−2 after the addition of 1, 2 and 3 monolayers. The value for Si
and Ge (100) surfaces in the pure crystal states are 2.27 and 1.87 Jm−2

respectively. For a single Ge monolayer on Si the value is 1.97 Jm−2 and
for 2 monolayers 1.93 Jm−2.

In addition if one considers a two-dimensional wedge of unit length
whose sides are planes of angle 11∘ the surface area A of the sloping
sides is greater than the surface area of the base by a factor ∘sec 11 , i.e.
1.019. Taking the value of 1.80 Jm−2 for the surface energy these
planes, the total surface energy per unit length is 1.80A. The corre-
sponding energy of the (100) base would be =A A1.87 /1.019 1.84 , de-
monstrating that after the addition of 3 monolayers the total surface
energy is less for a wedge than for the flat surface. This therefore in-
dicates that the (105) facets would be energetically more favourable to

Fig. 9. The energy variation along the pathway for the transition shown in
Fig. 8. The energy barrier is 1.3 eV and the final state is 2.4 eV more stable than
the initial state.

Fig. 10. An example of concerted atomic motions in which a first layer atom in an island structure can be pushed up into a second layer position to form a second
layer dimer. The red arrow indicate the direction of motion at each stage. The energy variation involved in this transition is shown in Fig. 11. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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form after the addition of 2 Ge monolayers on the Si surface.

5. Discussion

For many simple crystalline systems, whether island growth or layer
by layer growth occurs can be roughly estimated from the Ehrlich-
Schwoebel (E-S) barriers, i.e. the energy barrier for an adatom to climb
up or drop off a step edge. See for example [46]. The Si(100) surface
and the subsequent islands that form have complex structures with the
simulations showing that addition of atoms to islands occurs by various
multi-atom movements, so the concept of an E-S barrier involving
single atom diffusion in our case makes no sense. Similarly the use-
fulness of defining a diffusion coefficient for a Ge atom moving over the
surface is limited because of the presence of other Ge adatoms and as
more Ge is added, the underlying Si reconstructs to a more bulk-like
form.

Results from the static energy calculations show clearly that the
surface energies of the Ge(100) and Ge(105) facets decrease with the
increase in the number of the deposited germanium layers. This is often
regarded as the key for understanding the mechanisms of germanium
islands growth on the silicon substrate. As a standard picture, based
purely on thermodynamic considerations, one might expect that at the
first stage a flat germanium 2D wetting layer would be formed. Then,
with the increase in the wetting layer thickness, the surface energy of
the Ge(105) facet decreases so that the formation of this facet becomes
thermodynamically possible. Once the small nuclei of the future 3D
island occurs, the further growth of this island in size would become
even more energetically favourable, as adatoms hop onto the higher
layers to reduce the total energy of the substrate-WL-islands system.

The simulations however show that this is not the full story as small
islands can begin to nucleate before a full wetting monolayer is
achieved since kinetics plays an important role in the growth process.
However once the equivalent of 4 monolayers are deposited the original
surface is covered by 2 almost complete monolayers.

Once atoms have migrated to stable sites in higher layers the energy
barriers for them to drop to lower layers are quite high, in the two cases
discussed above in Figs. 8 and 10, the reverse energy barriers were over
3 eV.

From a macroscopic point of view the explanation of the growth of
the pyramids is usually given in the following terms. i.e. that higher
islands form despite the formation of the pyramids increasing the sur-
face energy, due to the increase in the total surface area, as the shallow
(105) facets on the strained pyramids have a lower surface specific
energy than the (100) surface. This effect gradually diminishes as more

layers are added due to the decrease in strain.
From an atomistic point of view the explanation is that the strain in

the added Ge layers reduces the energy barriers for Ge atoms to jump up
into stable sites in higher layers. Without this strain as shown above for
equivalent Si islands the barriers are much higher and atoms prefer to
remain at a lower level.

This conclusion coincides well with the results obtained by other
theoretical methods, including DFT calculations, KMC simulations and
thermodynamic models [17–19,23,47–49].

6. Conclusion

Although the MD methodology used is too fast to capture all the
diffusion processes that would occur experimentally between successive
particle impacts, it gives a qualitatively accurate description of how
deposited Ge atoms can develop into pyramidal structures as observed
experimentally. Moreover, diffusion pathways and their associated
energy barriers identified from MD calculations were used in NEB cal-
culations to determine activation energies. The results have shown that
the growth processes are complex with no single mechanism dom-
inating with many transitions involving several atoms in concerted
atomic motions.

Although the methods described above have estimated the activa-
tion energies of adatom diffusion on the surface of the substrate, values
which are often input into larger scale models, the results show that the
mechanisms involved are too complex to provide a well-defined set of
values that can be used with confidence in such models. However the
values of surface energies determined above from static calculations
can be used in the parameterisation of larger scale models.

Although lower deposition rates could be achieved by using a
method such as parallel trajectory splicing to determine more diffusion
processes that can occur between impacts, the simpler direct MD
method together with NEB have been able to determine a number of
mechanisms for the early stages of growth of Ge on Si and explain
qualitatively how the facetted pyramids can form.
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