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Atomic‑scale insights 
on the formation of ordered arrays 
of edge dislocations in Ge/Si(001) 
films via molecular dynamics 
simulations
Luca Barbisan1*, Anna Marzegalli2 & Francesco Montalenti1

Heteroepitaxial films of Ge on Si(001) are receiving wide attention due to several possible 
applications in micro‑ and opto‑electronics. Understanding the dynamic behavior of linear defects, 
such as dislocations, is key. They are unavoidably present in such systems due to the lattice 
mismatch between the two materials, and can directly influence devices performances. It has been 
experimentally demonstrated more than fifteen years ago that a suitable choice of the growth 
parameters allows for the formation of a nicely ordered net of 90◦ dislocations at the Ge/Si interface, 
improving the overall film quality and strain relaxation uniformity. Atomic‑scale details on the set of 
mechanisms leading to such an outcome are however still missing. Here we present a set of classical 
molecular dynamics simulations shedding light on the full set of microscopic processes driving to the 
experimentally observed array of linear defects. This includes simple gliding of 60◦ dislocations and 
vacancy‑promoted climbing and gliding. The importance of the particular experimental conditions, 
involving a low‑temperature stage followed by an increase in temperature, is highlighted.

Due to its compatibility with standard silicon (Si) technology and to several superior properties with respect to Si, 
Germanium (Ge) has attracted widespread attention. We recall that Ge displays high carrier mobility, a small dif-
ference between its direct and indirect band gaps, and a strong absorption band at near-infrared  wavelengths1–5. 
Unsurprisingly then, Ge/Si(001) heteroepitaxial films are appealing for optoelectronic applications such as light 
emission in integrated circuits, as channel materials in field-effect  transistors6–9, and high-speed optoelectronic 
 devices10–12. Moreover, because of the small difference between the gaps in Ŵ and L points, the band-related 
characteristics can be tuned via strain engineering as well as a further improvement of carriers  mobility13–15.

Integration of Ge/Si(001) is not straightforward due to the large lattice mismatch between film and substrate 
(+4.2%). If growth conditions close to thermodynamic equilibrium are maintained, the system follows the 
Stransky–Krastanow growth modality with three-dimensional islands appearing after the formation of a wet-
ting  layer16–18.

As three-dimensional growth, allowing for partial relaxation of the lattice  mismatch16,19,20, is unsuitable for 
most applications, out-of-equilibrium conditions are typically exploited to grow flat films. These can be achieved 
by lowering the growth temperature and/or by using high deposition  rates21–24. Under such conditions, the lat-
tice mismatch is solely released via plastic relaxation following dislocation nucleation. Often (see, e.g.21,22) the 
temperature is kept low only in a first phase, while increased to improve the film quality at a second stage, when 
the strain in the system is sufficiently relieved by defects to avoid island  formation25.

In Ge/Si(001) epitaxial heterostructures, plastic relaxation occurs mainly through the nucleation at the surface 
of dislocation (semi-)loops26, with Burgers vectors �b = a/2�011�—a being the epilayer lattice parameter—gliding 
in {111} planes. As the loop radius increases the dislocation progressively releases the epi-layer lattice compres-
sion, eventually creating a 60◦ misfit dislocation segment at the hetero-interface. Experiments evidenced also 
the presence of edge dislocations at the interface, with their density increasing at the expense of 60◦ dislocations 
when a high temperature or annealing step follows the low-temperature  deposition21–24,27. Actually, it was clearly 
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demonstrated that thermal treatment in the form of annealing leads to a formation of an ordered network of 
90◦ (edge) dislocation segments at the interface, improving film quality and strain relaxation  uniformity28,29. 
Edge misfit dislocations (often called Lomer dislocations) are characterized by Burgers vectors �b = ±a/2[11̄0] 
or �b = ±a/2[110] lying in the interface plane. Two different questions are still under discussion: (i) How are 90◦ 
dislocations formed? (ii) How is lateral ordering of dislocation at the interface reached?

A partial answer to the first question was supplied as different possible mechanisms leading to the formation 
of edge dislocations at the interface were  proposed30,31. Experiments and theoretical  calculations31–34 have high-
lighted the importance of one of them, i.e. preferential nucleation of a “complementary”35 60◦ dislocation: the 
stress field induced in the proximity of the free surface by the presence of a 60◦ dislocation at the Ge/Si interface 
lowers the barrier for nucleation of a second (the “complementary one”) 60◦ dislocation with Burgers vector such 
that the superimposition of the two generates a 90◦ dislocation. In order for this reaction to take place through 
simple dislocation gliding, however, the original dislocation must lay on the glide plane of the complementary 
one. While this can happen in some cases, the most probable configuration leads to close pairs of 60◦ disloca-
tions, clearly observed in low-temperature  experiments27,32. How such pairs evolve into a 90◦ dislocation upon 
annealing is not yet clarified. Similarly, no clear answer to question (ii)—regarding annealing-induced order-
ing—is present in the literature. The possible role of vacancies in influencing gliding/climbing and lateral ordering 
was  invoked21 but only at the speculative level. As reaching defect uniformity is an important requirement for 
applications, we find it of utmost importance to provide a solid atomic-scale explanation.

In this work we shall clarify both the mechanism of 90◦ dislocation formation from pairs of complementary 
60◦ dislocations and of lateral ordering at the Ge/Si interface by suitable molecular dynamics (MD) simulations, 
highlighting the key role played by vacancies in influencing defects motion and the importance of the growth/
post-growth conditions.

Methods
All simulation results presented in this work were obtained in the framework of classical molecular dynamics 
as implemented in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)36. The Tersoff 
 potential37 was used to describe interatomic interactions. While obviously not exact, such an approach has 
been widely exploited to model defects in Ge/Si  systems32,38–40, yielding results compatible with experimental 
evidence. Simulations presented in the present article were run in the canonical ensemble, using a Nose–Hoo-
ver  thermostat41 and setting the time step to 1 fs. The latter was calibrated in a set of dedicated microcanoni-
cal simulations where relative fluctuations in total energy lower than 10−5 were observed even at the highest 
( T = 1400K ) sampled temperature.

Orthogonal simulation cells, oriented along the directions determined by the vectors x = [1̄10] , y = [110] , 
z = [001] were used, and periodic boundary conditions (PBCs) were applied in the x and y directions. To model 
a strained epitaxial layer, we created a simulation cell composed of 32 monolayers of Ge atoms on top of other 32 
monolayers of silicon atoms along the z = [001] direction. The lattice parameter was set as the one of pure silicon. 
In this way germanium atoms were strained in the x, y directions εxx = εyy ≈ 4% . To simulate the effect of a thick 
bulk substrate below the Ge layer, the bottom three layers of silicon atoms in the simulation cell were kept fixed to 
bulk positions. The top Ge surface was reconstructed 2× 1 upon forming dimers accordingly. We performed sim-
ulations of dislocation arrays by using three different cell dimensions ( 9.987/14.980/19.973× 1.536× 8.530 nm3 ) 
depending on the explored strain conditions. The cells are made up by replicating the perfect diamond lattice 
unit cell 26/39/52× 4× 16 times.

Atomic trajectories were analyzed using the Open Visualization Tool (OVITO)  software42, which allows for 
a very convenient identification of defects in crystals, e.g., providing dislocation lines along with the associated 
Burgers vectors.

Dislocation modeling. For the sake of simplicity, dislocations were introduced in the system as straight 
segments running along the y direction. Starting from a more realistic (half)loop configuration would have 
required a larger cell in the y direction, making it impossible to reach the remarkable time scales simulated 
when describing climb (see the “Results” section). Instead, we could set the cell length along y as relatively small 
( 1.536 nm ). Shortening the dislocation line further would be critical as it would preclude the formation of kinks 
and jogs, allowing for the natural motion of dislocations. On the other hand, despite being minimal, we veri-
fied that the simulation cell was indeed large enough along y: we repeated a subset of the simulations using a 
three-time larger cell along y without observing any significant dependence of the results on the dimensions (see 
Supplementary Information online).

Dislocation lines were inserted in the simulation cell by shifting each atom by the displacement field vectors 
calculated by dislocation modeling in the framework of the linear elasticity  theory43. The obtained configura-
tions were geometrically optimized using a conjugated gradient minimization algorithm. We recall that, for an 
arbitrary dislocation segment, the field components can be easily calculated by rotating the reference system and 
decomposing the dislocation Burgers vector into a screw ( b‖ ) and an edge component ( b⊥ ). At this, ẑ axis has to be 
oriented along the dislocation line ξ , x̂ axis perpendicular to ξ in the glide plane, and ŷ axis oriented following the 
right hand rule, respectively. In this case, the components of the displacement field vectors are written as follows: 

(1a)ux(x, y, z) =
b⊥

2π

(

arctan(y/x)+
x y

2(1− ν)(x2 + y2)
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 where ν = 0.26 is the Poisson ratio of  Ge26. Equation (1) gives the displacement field associated with an isolated 
dislocation in bulk. Before applying it to the atoms in the simulation cell we found it convenient to also add 
the contribution of the image  dislocation43, introduced by the presence of the free surface. We also added the 
additional contribution induced by the presence of PBCs along the x  direction44 creating a dislocation array out 
of a single defect.

Simulation of vacancy‑induced dislocation motion. Dislocation climbing requires vacancies to 
migrate to the dislocation core along the whole dislocation  line43. Brute-force runs, where both typical experi-
mental temperatures and physically-sound vacancy concentrations are considered, do not show any significant 
evolution due to the timescale limitations imposed by MD. Even if one disregards experimental conditions, 
observing climbing along the full dislocation line with MD is not trivial. One can attempt to speed up the motion 
by increasing the simulation temperature, raising the vacancies’ diffusion coefficient. However, there exists a 
limit beyond which excessive disorder is introduced in the system (we used up to T = 1400K , high but well 
below the Tersoff-potential Ge melting  temperature45). Instead of manipulating the diffusion coefficient, other 
approaches can be used. For instance, Li et al. pre-positioned an entire row of vacancies on the dislocation path, 
therefore forcing climbing  motion46 once the dislocation reached them. A step forward would require to simu-
late also the motion of vacancies towards the dislocations. To achieve this within reasonable computational time, 
it is required to reduce the path a vacancy must travel to reach the dislocation core. A possible way to accom-
plish this is to consider very high vacancy densities. If vacancies are placed too close to each other, however, the 
formation of slowly-diffusing vacancy complexes precludes observation of migration to the dislocation core. 
After attempting several strategies along the lines traced here-above, we came up with a procedure that we find 
particularly appealing since the system is left sufficiently free to evolve, and climbing of the entire dislocation 
line can be observed. The procedure is the following one: we start by introducing a dislocation (an extension 
to two dislocations is also exploited in the “Results” section) in the simulation cell. We then remove one atom 
of the crystal randomly. We start the MD simulation and track the vacancy motion on the fly by performing a 
Wigner Seitz Defect Analysis using the OVITO software. If the vacancy ends up at the dislocation core or at the 
top free surface, we then randomly insert a second vacancy and start tracking its motion. Otherwise, we keep on 
simulating the system dynamics. The procedure is iterated until the desired number of vacancies are inserted. As 
demonstrated in the “Results” section, the procedure works and allows to observe the vacancy-induced motion 
of a full dislocation line.

In principle, we could have randomly created vacancies within the whole simulation cell. However, to decrease 
the time needed for the vacancy to reach the dislocation core, we defined a smaller “vacancy-spawn” region—
where the point defect was created- composed of the atoms distant less than 3 nm from the dislocation core. 
The 3 nm size of the “vacancy-spawn” region is relevant only for speeding up the simulations. Considering a 
“spawn-region” large as the whole cell along x did not change the ratio of vacancies that effectively migrate to the 
dislocation core. In addition, such a region was restricted to be at a distance from the upper free surface larger 
than the one of the dislocation core as vacancies created between the dislocation core and the free surface were 
observed to annihilate at the latter irreversibly.

Results and discussion
Gliding of pairs of 60◦ misfit dislocation. As already stressed in the introduction, induced nucleation of 
a second complementary 60◦ dislocation by a first 60◦ dislocation at the Ge/Si interface has been recognized as 
the primary cause for the creation of 90◦ dislocation and of 60◦ dislocation  pairs32,47. As no atomic-scale descrip-
tion of further evolution under annealing is present in the literature, we shall start our analysis precisely from 
these pairs. Following Ref.32, the typical initial condition leading to their formation is given by having one 60◦ 
dislocation—called “A” in Fig. 1—at the Ge/Si interface and a second one—“B” in Fig. 1—nucleated close to the 
free surface. If the position of the core of dislocation “A” belongs to the glide plane of dislocation “B” (this glide 
plane is often called mirror glide plane, and is indicated by a red dashed line in Fig. 1) then simple gliding of 
“B” towards “A” can lead to the formation of a 90◦ dislocation. For this case, annealing is not needed to promote 
the existence of such a defect. A close pair of 60◦ dislocations is formed when, instead, dislocation “B” glide 
plane intersects dislocation “A” glide plane not at the interface. Three representative initial configurations are 
displayed in Fig. 1, together with the evolution predicted by molecular dynamics simulations at 1000K . Disloca-
tion “A”, with Burgers vector �b = a/2[011] is placed at the interface (the dislocation core is highlighted in green), 
dislocation “B”, with Burgers vector �b = a/2[1̄01̄] , is placed 1.5 nm below the free surface (the dislocation core 
is highlighted in red). The glide planes of the two dislocations are misaligned (they do not intersect at the inter-
face); therefore, they cannot form a 90◦ dislocation at the interface. The distance dML , between the glide plane of 
the second dislocation (at the interface) and the mirror-like glide plane, is used as a parameter. Three cell sizes 
along the x direction were used to simulate different relaxation of the Ge film: ≈ 10 nm—corresponding to full 
relaxation of the ∼ 4% Ge/Si lattice mismatch in the presence of a 90◦ edge dislocation at the interface per cell, 
≈ 15 nm—i.e., 75% relaxation with a 90◦ edge dislocation at the interface, ≈ 20 nm—i.e., half relaxation with a 
90◦ edge dislocation at the interface.

(1b)uy(x, y, z) = −
b⊥

2π

(

(1− 2ν)log(x2 + y2)
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A wide range of relative arrangements of two complementary dislocations are possible and was observed in 
low-T experiments. Still, the results of their evolution can be grouped in a few categories only: an edge dislocation 
at the Si/Ge interface (see Brunetto et al.32), an edge dislocation few nanometers above the Si/Ge interface, a 60◦ 
dislocation “floating” few nanometers above the Si/Ge interface in the vicinity of its complementary counter-
part, and two complementary 60◦ dislocations both at the interface. MD simulations were able to fully capture 
all these behavior, as seen in Fig. 1. Indeed, different initial positions of the complementary dislocation placed 
at the surface and different stress in the cell (i.e., different cell size) lead to the configurations experimentally 
observed. The evolution reported in panels Fig. 1a–d ends with a 90◦ dislocation above the interface, the ones 
in Fig. 1e–h with the stopping of the complementary dislocation within the layer, and that in Fig. 1i–l with both 
the dislocation at the interface.

To explain the results of the here-above reported molecular dynamics simulations, we find it helpful to show, 
in Fig. 2, the force field experienced by dislocation “B” placed in different positions while keeping dislocation 
“A” at the Ge/Si interface. Such force field can be conveniently computed based on elasticity  theory48, including 
periodic boundary conditions and the effect of the top free surface. Figure 2 allows for an immediate interpreta-
tion of the various configurations obtained at the end of the molecular dynamics simulations of Fig. 1. Note that, 
differently from molecular dynamics, the analytical calculation  assumes48 an isotropic medium. However, it is 
evident from the comparison between Fig. 2 and the final configurations of Fig. 1 that the qualitative behavior 
found by MD and predicted by the analytical model corresponds.

The force field displayed in Fig. 2a is computed for an array of dislocations with a periodicity of 10 nm (ideal 
periodicity of 90◦ dislocations to relax pure Ge on Si). The one shown in Fig. 2b, instead, corresponds to a 20 nm 
periodicity. The force vectors are colored in red/blue to show the intensity and the orientation of the glide com-
ponent of the force in a specific position. A saturated red means a strong glide force towards the Si/Ge interface, 
saturated blue means a strong glide force towards the free surface, pale/white hues indicate a small/zero force. In 
Fig. 2 a star indicates where dislocation “B” will stop its glide for some selected glide planes. The formation of an 
edge dislocation at the Si/Ge interface is achieved when dislocation “B” nucleates and glide along a plane which 

Figure 1.  Evolution of complementary dislocations pairs. Each row corresponds to a different simulation 
performed using different cell sizes to simulate different degrees of relaxation. Light blue spheres represent 
Ge atoms, pink spheres Si atoms, green spheres highlight the core of the dislocation “A,” which starts at the 
interface (Burgers vector �b = a/2[011] ), red spheres highlight the core of the complementary dislocation “B”, 
1.5 nm below the free surface (Burgers vector �b = a/2[1̄01̄] ). The glide planes of the dislocations are shown in 
the first row by colored solid lines; the mirror-like glide plane is shown as a dashed line. (a–d) Complementary 
60◦ dislocations joining above the interface forming the pure edge 90◦ dislocation “C”; the glide plane of the 
second dislocation is 1.5 nm away from the mirror-like glide plane, and the dimension of the simulated cell 
is 10 nm in the direction perpendicular to dislocation lines. (e–h) Complementary 60◦ dislocation blocked 
above the interface; the glide plane of the second dislocation is 3.5 nm away from the mirror-like glide plane, 
and the dimension of the simulated cell is 15 nm in the direction perpendicular to dislocation lines. (i–l) 
Complementary 60◦ dislocations both at the interface; the glide plane of the second dislocation is 3.5 nm away 
from the mirror-like glide plane, and the dimension of the simulated cell is 20 nm in the direction perpendicular 
to dislocation lines.
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is exactly the mirror-like glide plane (double solid line in Fig. 2). In this case, the force acting on the dislocation is 
almost aligned to the glide plane resulting in an easy glide of the dislocation. An edge dislocation above the Si/Ge 
interface can be formed when dislocation “B” nucleates slightly apart from the mirror-like glide plane. Consider 
for reference the single solid line in Fig. 2; in this case, dislocation “B” can move on a glide plane which is 1.5 nm 
away from the mirror-like glide plane. The projection of the force acting on dislocation “B” on its glide plane 
(i.e., the glide component of the force) changes in sign a few nanometers above the Si/Ge interface (see red/blue 
color-changing). Therefore the dislocation, in this case, will glide towards the Si but will stop in the vicinity of 
its complementary dislocation (a star indicates the position where the dislocation will stop in Fig. 2). It clearly 
corresponds to what happen in the molecular dynamics simulation of Fig. 1a–d. At that height dislocation “B” can 
attract dislocation “A”, making it gliding upward to merge and form a 90◦ dislocation at their junction (Fig.1d).

A qualitatively different result is obtained by placing dislocation “B” further away from the mirror-like glide 
plane. Indeed, when the distance between the glide plane of “B” and the mirror-like glide plane ( dML ) is 3.5 nm 
(dashed black line in the Fig. 2a) we can notice that at a certain height the force acting on the dislocation is 
directed for the most outside its glide plane. This can result in an evolution which is analogous to that repro-
duced via molecular dynamics and shown in Fig. 1e–h: dislocation “B” migrate from the free surface towards 
the Si/Ge interface, but in the middle of the film it stops in a local minimum position because of the small glide 
component of the Peach and Koehler force. Dislocation “B” remains floating in the Ge film, too far away from 
dislocation “A” to make it glide towards it.

This behavior can be expected to change in the case of a much higher strain. Indeed using a periodicity of 
20 nm instead of 10 nm , as shown in Fig. 2b, the glide component of the Peach and Koehler force is much higher, 
and dislocation “B” is pushed towards the Si/Ge interface with almost the same force intensity throughout all 
the Ge film. In this latter case dislocation “B” will reach the interface, exactly as reproduced via the molecular 
dynamics simulations illustrated in Fig. 1i–l. We have checked that in the intermediate strain condition ( 15 nm 
periodicity), the final dislocation configuration is similar to those reported in the 10 nm map.

In many low-temperature growth experiments, proofs of the presence of these particular arrangements of 
complementary dislocations are commonly  observed27,32, but when the successive annealing at high temperature 
is performed, most of the defects are found at the interface, they are ordered, and most of them are 90◦ edge 

Figure 2.  Map of the Peach and Koehler force acting on dislocation “B” with Burgers vector �b = a/2[1̄01̄] as 
a function of its position in a Ge film. The complementary dislocation “A” with Burgers vector �b = a/2[011] 
is fixed at the interface in x = 0 . The total (i.e., glide and climb together) force vectors are colored in blue-red 
scale to represent the projection of the Peach and Koehler force along the glide plane. Black lines are inserted to 
show some possible glide planes of dislocation “B”: double line—mirror-like glide plane, solid line—glide plane 
at dML = 1.5 nm , dashed line—glide plane at dML = 3.5 nm . For each glide plane, a star indicates the position 
where the dislocation will stop following the force gradient. Panel (a) cell size 10 nm , panel (b) cell size 20 nm.
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 dislocations21,27,29. The pure glide motion of 60◦ misfit dislocations cannot explain either the formation of 90◦ 
misfit dislocation to a large extent or the ordering of the 90◦ dislocation arrays. Climbing processes are often 
evoked to explain that experimental evidence, but no atomic-scale description based on simulations was given. 
Here we present our analysis filling the gap.

Climbing of 90◦ misfit dislocation. We analyzed the role of the climbing mechanism in the formation 
and ordering of 90◦ edge dislocations starting from the configuration found as the final state reached by glide 
motion. In particular, we first considered the configuration of dislocations in Fig. 1d—i.e. a 90◦ Lomer dislo-
cation formed above the Si/Ge interface. Climbing of an edge dislocation is the simplest case of dislocation 
climbing motion and is often used in the literature as a prototypical  example43. We have already described in 
the “Methods” section how we triggered climbing by inserting vacancies one at the time, removing atoms of the 
crystal randomly within a “vacancy spawn region,” before simulating the system evolution at T = 1400K and 
checking whether the conditions to insert a new vacancy are met. Here we shall illustrate the procedure further 
by analyzing the actual simulation where climbing of the 90◦ edge dislocation is tackled (Fig. 3). As shown in 
Fig. 3e, the first vacancy, which is represented by the large blue sphere, is observed to diffuse through the Ge 
film (blue trajectory in the same Figure) while the edge dislocation stays immobile. After few hundred ps, the 
vacancy reaches the dislocation core. At this point another vacancy is inserted (red sphere in Fig. 3e) and the 
system is evolved until also the second vacancy reaches the dislocation core (see Fig. 3f, this time its trajectory is 
highlighted in red). The simulation is iterated, and a new vacancy is created in the “vacancy spawn” region every 
time there are no vacancies in that region, i.e., the vacancy has reached the dislocation core or is lost towards 
the free surface. The third vacancy (green sphere) reaches in turn the dislocation core (Fig. 3g), and thereafter, 
in few hundreds of ps, is followed by the fourth vacancy (yellow sphere, Fig. 3h). With four vacancies, there is a 
section of the dislocation line that is one layer below its original position, i.e., a jog has formed. A fifth vacancy 
is inserted and it migrate to the dislocation core (tile sphere, Fig. 3i). The successive vacancy is the sixth one, 
and it also reaches the dislocation core that now is almost completely one glide plane below its starting position 
(purple sphere, Fig. 3j). The seventh vacancy (gray sphere, Fig. 3k) does the same, and finally the last vacancy 
migrates to the dislocation core, achieving the complete climb of the dislocation (orange sphere, Fig. 3l). The 
starting and final configuration are shown them Fig. 3a, c, respectively. A black arrow show the displacement of 
the dislocation core from its starting position. The top views of the dislocation core with and without vacancies 
are shown in Fig. 3d, b, respectively.

The analysis of vacancy trajectories clearly shows that the motion of a single vacancy is random-like at the 
beginning, while in the proximity of the dislocation core, the attraction between the point and the linear defect 
leads to the irreversible capture of the former at the core of the latter. A video animation of the climb of an edge 
dislocation on a three times larger cell can be found as Supplementary Video S1 and Supplementary Fig. S1 

Figure 3.  Simulation of edge dislocation climb. Light blue spheres represent Ge atoms, pink spheres Si 
atoms, yellow spheres highlight the core of an edge dislocation 2.0 nm above the interface (Burgers vector 
�b = a/2[1̄10] ). Larger spheres show the position of the vacancies as identified by Wigner–Seitz defect analysis 
in OVITO. A trajectory is provided for each vacancy by a colored line. (a) Starting configuration: a Lomer 
dislocation 2.0 nm above the Si/Ge interface, the “vacancy spawn” region is shown by the dashed purple line. 
(b) top view of the dislocation core. (c) final snapshot after eight vacancies has been inserted in the cell (a black 
arrow shows the displacement of the dislocation), with the corresponding top view (d). Simulation snapshots are 
provided in sequence; the corresponding simulation time is shown in the inset (e–l).
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online. It is also evident that vacancies are attracted by the compressive deformation below the dislocation core. 
Indeed, a relevant trend, which can be easily observed by considering trajectory lines, is that once vacancies are 
close to the dislocation core, they start to move towards the dislocation preferentially along {111} planes. Note 
that the dislocation’s climb movement turns to be a step towards the interface along a 〈111〉 direction.

Climbing motion involving pairs of 60◦ misfit dislocation. The configurations that we have found 
by pure gliding (Fig. 1) and considered for the formation of purely 90◦ edge dislocation at the interface were 
grouped into three classes. The first set was made up by an edge dislocation a few nanometers above the interface, 
and its evolution was described in the preceding section. Then two other sets were possible, both composed of 
complementary 60◦ misfit dislocation pairs. Being clarified that, when we follow the evolution from the first con-
figuration, 90◦ dislocation can be found at the Si/Ge interface because of climbing motion activated by vacancies; 
it remains to be understood if the same stems for pairs of complementary 60◦ misfit dislocations. Two configu-
rations are possible: two 60◦ complementary dislocations spatially separated at the interface (see Fig. 1i–l for 
reference) or a 60◦ dislocation blocked in the film above the interface in the vicinity of its complementary pair 
(such as in Fig. 1e–h). After having demonstrated that the introduction of one vacancy at a time in the simula-
tion cell allows one to conveniently simulate climbing of an edge dislocation, we extended the same procedure 
for investigating vacancy-induced motion of 60◦ pairs. In particular, we started by investigating the evolution 
of a 60◦ dislocation blocked a few nanometers above its complementary pair at the interface. Dislocations are 
positioned as shown in Fig. 1h, and we will refer to dislocation “A” and “B” in the same way. MD simulations 
(not reported here) showed us that dislocation “B” remains immobile (stuck in a local minimum) until enough 
vacancies make it climb by a single glide plane. After that, the dislocation glides again, eventually reaching the 
interface. Notably, the response of a 60◦ misfit dislocation, which is glissile, to the interaction with vacancies is 
not a pure climb motion. The formation of a 90◦ Lomer at the interface can still be achieved by the motion of two 
complementary 60◦ dislocations alongside the Si/Ge interface. The situation where two complementary 60◦ mis-
fit dislocations are located nearby at the interface has been revealed in many experiments, in particular before 
 annealing23,47. Annealing can cause vacancy migration towards dislocations, making them climb one towards 
the other, eventually leading to dislocation joining, forming an edge dislocation. To check this hypothesis, we 
studied the interaction of vacancies with two complementary 60◦ dislocations already at the Si/Ge interface as in 
Fig. 1k, separated by a distance of 3 nm . We inserted a vacancy at a time, randomly deleting an atom in a region 
below the dislocation cores, excluding the cores themselves by the region (excluding a cylindrical area with axis 
along the y direction, a radius equal to 0.7 nm , centered in the middle point of the two dislocations).

In Fig. 4 we show snapshots of MD simulations of the evolution of vacancies in the presence of the two com-
plementary 60◦ dislocations. In particular, in Fig. 4a the initial position of the two dislocations is shown. The 
simulated time and the total number of vacancies inserted so far in the cell are shown in the insets. Each disloca-
tion core is highlighted in a different color, we will refer to them following the same convention used in Fig. 1, 
dislocation “A” for the one with Burgers vector �b = a/2[011] (colored in green) and dislocation “B” for the one 
with Burgers vector �b = a/2[1̄01̄] (colored in red). Dashed lines, colored accordingly, also show their glide planes.

After 13 vacancies have been inserted in the cell and a simulated time of more than 14 ns , dislocation “A” 
climbs, moving outside its original glide plane (the dotted green line) towards the next glide plane (dashed green 
line), see Fig. 4b. Now dislocation “A” has climbed inside the Si/Ge interface, and therefore it glides along its 
glide planes back to the Ge film, moving towards dislocation “B” (Fig. 4c). After that, in the successive two ns, 
dislocation “A” climbs and glide again, as displayed by the arrows in Fig. 4d. The former glide planes are shown 
for reference as dotted green lines, with the thinner being the original one. Also dislocation “B” climbs, as shown 
in Fig. 4e, reducing the distance between the two dislocations. Actually, at such limited distance, the attraction 
between the two dislocations becomes so intense that dislocation “B” glides along its glide plane and reaches 
the same height above the interface of dislocation “A.” Still, some more vacancies are needed to make the two 
dislocations climb and react. Enough vacancies eventually arrive at the dislocation cores after 41.2 ns , as shown 
in Fig. 4g (old glide planes are shown by dotted lines for reference). The glide plane of the newly formed 90◦ edge 
dislocation is 2 mono-layers above the Si/Ge interface (see Fig. 4h). Additional migration of the newly formed 
90◦ edge dislocation (which core is highlighted in yellow) happens. It climbs to the Si/Ge interface adding more 
vacancies in the cell, as shown in the last snapshot (Fig. 4i). The new glide plane is shown by a dashed yellow 
line, and the former one by a dotted yellow line, an arrow indicates the displacement of the edge dislocation.

In Fig. 4 we have chosen to present a section of the whole-cell taken by slicing the cell perpendicularly to 
the dislocation lines to ease the view. In effect, there is some disorder at every step of the present simulation 
because we are simulating the evolution of 60◦ dislocations that are not sessile, as in the case of an edge disloca-
tion. Therefore dislocation segments move easily and not as a whole. As a result, we observed kink formation 
along the dislocation lines. In order to obtain as final configuration a straight perfect edge dislocation at the 
interface long as the whole simulation cell, we had to add a 50ns equilibration phase during which the frequency 
of vacancy insertion was decreased. While not the main aim of this work, we notice how the present simulations, 
see Fig. 4i, naturally predict the presence of Ge/Si intermixing around dislocation cores and in the surrounding 
areas, as observed in experiments and justified theoretically based on elastic-energy  minimization23,49. In such 
references, the actual microscopic kinetic mechanism was not described. The present simulations seem to show 
that mixing can be naturally produced by the motion of the vacancies towards dislocation cores. Our simulations 
also partially reproduced this mixing of Ge atoms in the substrate and vice-versa (note Ge atoms colored in blue 
in the Si region and vice-versa in Fig. 4f–i).

Glide of 90◦ misfit dislocation. In the former two sections, we investigated the role of vacancies in dis-
location climb. As expected, simulations showed that vacancies are attracted by dislocations, eventually pro-
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ducing their climbing motion. As a result, edge dislocations from the Ge film can migrate to the Si/Ge inter-
face, and pairs of complementary 60◦ dislocations can migrate alongside the interface and there join to form 
edge dislocations. Based on our results, we can therefore provide the following explanation of the experimental 
 findings21,29,32: during low-T growth, a large density of vacancies is introduced in the system as a direct con-
sequence of out-of-equilibrium growth. However, their mobility is limited once again due to the low T. The 
situation changes when a second stage involving either annealing or high-T growth follows. Vacancies can now 
quickly diffuse, enabling the interaction of complementary 60◦ misfit dislocation, originally grouped into pairs, 
eventually forming edge dislocations.

Having provided an answer to the first open question regarding the annealing-induced abundance of 90◦ 
versus 60◦ dislocations, we can now address the second, i.e., how such edge dislocations can move laterally, 
producing an ordered distribution as observed  experimentally21,29.

To answer, we considered the situation where an array of non-equidistant 90◦ is present at the Si/Ge interface. 
We considered a simulation cell 20 nm wide. We inserted two edge dislocations distanced by only 3 nm (as we 
use PBCs, this actually corresponds to an array of dislocations where each defect has a distance of 3 nm with 
the closest defect and of 17 nm with the next one) checking whether mechanism leading to an increase of such 
distance towards the 10 nm ideal value was occurring.

A Lomer dislocation has Burgers vector �b = a/2[110] or �b = a/2[1̄10] , and its glide plane is the (001) plane, 
that coincides with the Ge/Si interface. That plane does not belong to the primary slip system of the zinc-blende/
diamond structure. Hence, the glide motion of such a dislocation is not as easy as for 60◦ dislocations. Even if 
vacancies are not necessarily required for the glide motion of edge dislocations, we will show that their pres-
ence is of fundamental importance in accelerating dislocation movement, enabling Lomer dislocation glide on 
a reduced timescale.

Indeed, we ran an MD simulation at 1400K without any vacancy in the Ge film, and we observed a single 
gliding event (i.e., lateral motion leading to an increase in lateral distance) after an extremely long simulation 
time ( ∼ 90 ns ). At a lower T of 1200K, no events at all were witnessed in as long as 100 ns , the maximum time we 
reached with our simulations. We conclude that lateral motion can occur but on quite long time scales. Interest-
ingly, however, we noticed that a single vacancy could lead to a noticeable increase in gliding velocity. In Fig. 5, 
indeed, we show the results of a simulation where a single vacancy is inserted a few lattice sites to the right of 
Lomer dislocation “C”, in Fig. 5a. The vacancy, represented by a purple sphere, is attracted by the dislocation and 
reaches its core in a relatively short timescale (Fig. 5b). No vacancy is present near the other edge dislocation 

Figure 4.  Simulation of a pair of 60◦ dislocations climb. Along all three rows, relevant snapshots of the 
evolution are shown. Light blue spheres represent Ge atoms, pink spheres Si atoms, green spheres highlight the 
core of the dislocation “A” (Burgers vector �b = a/2[011] ), red spheres highlight the core of the complementary 
dislocation “B” (Burgers vector �b = a/2[1̄01̄] ). The glide planes of the dislocations are shown by dashed lines 
colored accordingly to which dislocation they belong. Simulation snapshots are provided in sequence (a–i), the 
number of vacancies inserted in the cell and the corresponding simulation time are shown in the inset. Black 
arrows show the displacement of the dislocations.
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“D.” The presence of a vacancy in the dislocation “C” core enables the formation of a kink as shown in Fig. 5c 
(the top view of the defect, together with the corresponding dislocation line, is provided).

Once the kink has formed, the completion of the glide step is relatively fast; indeed, only ≈ 100 ps are needed 
to move the whole dislocation line (see Fig. 5d–e). The vacancy is still around the dislocation core so that it can 
enhance the glide motion of dislocation “C” again. Indeed, after ≈ 50 ns dislocation “C” glides on the right again 
as shown in Fig. 5f (the black arrows are inserted for reference). A third and a fourth glide jumps to the right 
are observed in the next ≈ 30 ns (Fig. 5g–h). Notably, we also observe dislocation “D” glide on the left, but after 
92.3 ns of simulation time. The video animation of the activation of the lateral glide of a 90◦ edge dislocation 
via vacancy absorption on a three times larger cell along y can be found as Supplementary Video S2 and Sup-
plementary Fig. S2 online.

In the presence of the vacancy, a single glide step was also observed in a simulation run at 1200K.

Conclusions
In this work, we exploited molecular dynamics simulations to shed light on the atomic-scale mechanisms leading 
to the experimentally observed formation of a laterally-ordered array of 90◦ dislocations at the interface of Ge/
Si(001)  films21–23,29. Notably, such arrays are typically obtained in experiments where a first low-T deposition 
stage is followed by a rise in  temperature21,29. In the former stage, pairs of 60◦ dislocations are formed by pure 
gliding motion, which can occur even in the absence of fast-moving vacancies. And, indeed, we could observe the 
formation of such pairs in MD simulations where no point defects at all were present. Explaining the complete 
transition of the pairs into 90◦ dislocations required climbing motion to be activated at the higher temperature 
following the low-T stage. After having introduced a convenient procedure to introduce vacancies in the simula-
tion cell, we were able to observe full vacancy-induced dislocation climbing leading to the transformation of the 
60◦ pairs into 90◦ dislocations and/or climbing of 90◦ dislocations at the Ge/Si(001) interface. At this point, we 
tackled lateral ordering of 90◦ dislocations at the interface. While lateral gliding motion was also observed in the 
absence of point defects, our simulations revealed how even the presence of a single vacancy could significantly 
speed up the process, ultimately leading to an ordered array. With this respect, we find it interesting to point out 
that the final stage of lateral ordering can also be reached without imaging an excess of vacancies in the system, 
at variance with the transformation of 60◦ into 90◦ in the likely situation where nucleation of the second 60◦ 
dislocation does not occur on the mirror glide plane.

In conclusion, our simulations reproduced experimental findings and, in doing so, helped in understanding 
the different phases needed to achieve the limit of a unimodal distribution of laterally-ordered dislocations in 

Figure 5.  Simulation of 90◦ edge dislocation vacancy-assisted glide. Relevant snapshots of the evolution are 
shown. Light blue spheres represent Ge atoms, pink spheres Si atoms, yellow spheres highlight the core of the 
dislocation “C” on the right (Burgers vector �b = a/2[1̄10] ), orange spheres highlight the core of the identical 
dislocation “D” on the left (Burgers vector �b = a/2[1̄10] ). The vacancy, as identified by Wigner–Seitz defect 
analysis in Ovito, is depicted as a big purple sphere. For each configuration, a top view of a slice around the 
defects is provided below each snapshot. Thin black lines indicate the sliced region of each snapshot. Simulation 
snapshots are provided in sequence (a–i), and the corresponding simulation time is shown in the inset. Black 
arrows indicate the displacement of the dislocations.
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Ge/Si(001), highlighting when the role played by vacancies is crucial and when it is not. This can help to devise 
new growth strategies where alternating close-to-equilibrium and far-from-equilibrium conditions are exploited 
to influence the dislocation distribution.
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