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Atomic Scale Formation 
Mechanism of Edge Dislocation 
Relieving Lattice Strain in a GeSi 
overlayer on Si(001)
E. Maras  1,2, L. Pizzagalli3, T. Ala-Nissila1,2,4,5 & H. Jónsson2,6

Understanding how edge misfit dislocations (MDs) form in a GeSi/Si(001) film has been a long standing 
issue. The challenge is to find a mechanism accounting for the presence of these dislocations at the 
interface since they are not mobile and cannot nucleate at the surface and glide towards the interface. 
Furthermore, experiments can hardly detect the nucleation and early stages of growth because of 
the short time scale involved. Here we present the first semi-quantitative atomistic calculation of 
the formation of edge dislocations in such films. We use a global optimization method and density 
functional theory calculations, combined with computations using potential energy functions to 
identify the best mechanisms. We show that those previously suggested are relevant only for a low film 
strain and we propose a new mechanism which accounts for the formation of edge dislocations at high 
film strain. In this one, a 60° MD nucleates as a “split” half-loop with two branches gliding on different 
planes. One branch belongs to the glide plane of a complementary 60° MD and therefore strongly favors 
the formation of the complementary MD which is immediately combined with the first MD to form an 
edge MD.

The formation of a stable and well ordered overlayer on a substrate even when there is a large lattice mismatch is 
of importance in many applications. Thin films of GeSi deposited on a Si(001) substrate are among the most stud-
ied heteroepitaxial systems and have several applications in optoelectronics1,2, photovoltaics3 and microelectron-
ics4. The main experimental challenge is to obtain a high quality film with a very low content of dislocations. 
However, the large difference (about 4%) in lattice constant between Ge and Si induces a large misfit strain in the 
film. For deposition at high temperatures the strain is partially released by growth of islands in the 
Stranski-Krastanow mode5 and no clean film can be obtained. For deposition at low temperatures, continuous 
films can be realized and the strain is released by plastic relaxation (i.e. through nucleation, glide and interaction 
of dislocations). In low to moderate Ge content GeSi/Si(001) films, plastic relaxation has been characterized from 
TEM experiments6. It occurs mainly through the nucleation from the surface of half-loop dislocations with 
Burgers vectors b = a/2<011> (a is the lattice constant) which then progressively release the strain by gliding in 
{111} planes towards the interface. In the end, a straight 60° misfit dislocation (MD) terminated by two threading 
dislocations (TDs) is formed. The TDs, of screw orientation6, can make the MD further grow by gliding. At higher 
Ge contents, it has been shown that plastic relaxation is associated to the formation of edge MDs with Burgers 
vectors = ±b a/2[110] or b = ±a/2[110] belonging to the interface plane. Edge MDs release twice as much misfit 
strain than 60° MDs. For a pure Ge film, a regular array of edge MDs can almost entirely release the film strain7,8. 
Typically this array is, however, not perfect and some TDs are also present which greatly deteriorate the film 
properties. In order to help develop methods for growing Ge films of high quality it is important to understand 
how the edge MDs form. This has been a topic of active research for decades and has been recently reviewed9.
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The challenge is to find a mechanism accounting for the presence of edge MDs at the interface because they are 
not mobile and cannot nucleate at the surface and glide towards the interface. Furthermore, direct experimental 
observations of the nucleation and early stages of growth of edge MDs are not available due to the short time 
scales involved. Several mechanisms have been proposed9. The most credible ones rely on the nucleation of two 
complementary 60° MDs which are then combined to form an edge MD:

+ →a a a/2[011](111) /2[101](111) /2[110](001), (1)

In the so-called induced nucleation mechanism, a 60° MD first forms through the half-loop nucleation then 
favors the formation of a complementary 60° MD, both are combined at the interface10–13. In the cross-slip mech-
anism9,14,15, two orthogonal 60° MDs nucleate independently from each other. When the TD of one 60° MD 
reaches the other 60° MD, a cross-slip mechanism occurs and an edge MD is formed by further TD glide.

Since these mechanisms cannot be observed experimentally, atomic scale calculations can provide valuable 
insights. However such calculations are very challenging. Since the MDs are extended defects and the interaction 
between them is of long range, a very large number of atoms needs to be included in numerical simulations. The 
description of the interaction between the atoms must also be accurate, although unusual bonding configurations 
are present in the MDs core. Finally, the nucleation of MDs is an activated event involving thermal activation over 
a significant energy barrier and thus direct molecular dynamics simulations are not suited to reach the relevant 
time scales. A better strategy is to identify the minimum energy path for the rearrangements of the atoms which is 
optimal in the sense that it involves the lowest activation energy (the activation energy being defined as the differ-
ence in energy between the configuration of highest energy along a transition path and the initial configuration). 
This is also challenging because the number of atoms involved and the number of possible paths are very large.

Previous atomistic simulation studies have predicted activation energies larger than 10 eV for the nucleation 
of MDs in Ge/Si16,17. Such a high barrier cannot be overcome by thermal fluctuation on a short time scale even at 
a temperature close to the melting temperature. However these studies relied on empirical potentials whose accu-
racy for accounting correctly for dislocation core is highly questionable and they considered only a few possible 
mechanisms.

Here, we model and identify several mechanisms by using a state of the art global optimization approach based 
on the nudged elastic band (NEB) method for finding optimal minimum energy paths18. Furthermore, in order to 
have a reliable estimate of activation energy, we combine density functional theory (DFT) and Stillinger-Weber 
(SW) classical potential calculations. By comparison with DFT calculations on a dislocation dipole, we first quan-
tify the error in dislocation core energy arising from using the classical SW potential. The energies calculated with 
SW during global optimization are then systematically corrected by this error after determination of the total 
length of the dislocations involved.

With our combined approach, we are able to identify new mechanisms for the nucleation of MDs which unlike 
those previously described have low enough activation energy to be activated under experimental conditions in 
the case of a pure Ge film. In particular, we find that for a highly strained film, a 60° MD most likely nucleates as 
a “split” half-loop with two branches of the loop gliding on separate planes. The threading dislocation of the 60° 
MD is oriented so as to lower the activation energy and enhance the probability of the nucleation of a comple-
mentary 60° MD. The two 60° MDs are then combined to form a 90° MD at the interface. This mechanism should 
dominate at an early stage of relaxation of the Ge film when the strain is high. The previously proposed cross-slip 
mechanism is more likely to be relevant at a later stage of film relaxation or in GeSi film with a low concentration 
of Ge.

Results
Dislocation core energy error from the SW potential. By comparison with DFT calculations, we 
quantify the error in dislocation core energy from the SW potential. These calculations are based on the assump-
tion that both DFT and SW are able to properly estimate the elastic energy associated with a dislocation while 
only DFT can properly estimate the dislocation core energy. Details of the methods and systems used can be 
found in the Methods section.

The Table 1 shows the SW dislocation core energy error ∆ = −E E Ecore core
SW

core
DFT for different dislocation orien-

tations and strains. We find that the SW potential significantly overestimates the dislocation core energy. While 
the error significantly depends on the orientation of the dislocation, the influence of the strain is small and unless 
stated otherwise will be neglected in further calculations. From this data we can correct the energies given by SW 
for large systems which cannot be modeled using DFT.

Nucleation of a 60° MD. We first discuss the nucleation of a 60° MD. We carried out global optimization of 
the transition path from a commensurate and defect-free pure 19 layers thick Ge film towards a configuration 

strain (%)

ΔEcore (eV/Å)

screw 60 90

0 0.32 0.45 0.36

2 0.29 0.47 0.33

4 0.34 0.55 0.38

Table 1. Differences in dislocation core energy between SW and DFT calculation estimated for several 
orientations of the dislocation and for several uniform compressive strains. The SW potential is found to 
significantly overestimate the dislocation core energies.
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containing a straight 60° MD (with a a( /2)[011] Burgers vector) lying at the interface in the [110] direction. Note 
that the results presented for this specific dislocation can be extrapolated to other dislocations with Burgers vec-
tors of the <101> family by symmetry operations so that equivalent results are expected for any 60° MD.

In the standard nucleation mechanism, a half-loop dislocation forms from the surface in a {111} plane and 
expands by gliding as is illustrated in Fig. 1b. We were able to model this mechanism by using the NEB method 
starting from a linearly interpolated path with a relatively small number of intermediate images. However, it 
should be noted that the transition path obtained does not correspond to a minimum energy path since further 
relaxing the path with a larger number of intermediate images leads to a path where one TD has undergone a 
cross-slip. This cross-slip event is discussed in the next section.

Our calculations indicate that the half-loop dislocation is roughly composed of three straight segments: one 
screw TD, one 60° MD and one 60° TD. The corresponding energy profile is shown in Fig. 1a. Without any dislo-
cation core correction the activation energy is larger than 50 eV.

Table 1 shows that the error in SW dislocation core energy depends on the strain. However, the strain is not 
homogeneous in the film and during the nucleation. It is therefore challenging to take into account the influence 
of the strain on the correction and we therefore neglect it by choosing fixed values for the corrections. The uncer-
tainty arising from this choice is illustrated in Fig. 1a. The dotted, dashed and continuous red lines are obtained 
by applying the correction with the smallest, average and largest values of ∆Ecore

screw  and ∆Ecore
60 , respectively. 

Figure 1a shows that the correction to the energy profile is much larger than the uncertainty. However, the latter 
remains quite large since the activation energy varies from 17 to 22 eV depending on the ΔE values. Furthermore, 
no correction is applied for dislocation kinks. Overall, we obtain a refined estimate of the activation energy which 
has to be considered as semi-quantitative. We find here that for a pure and perfect Ge film, the nucleation of a 60° 
MD is very unlikely to occur through the half loop dislocation mechanism since the activation energy is larger 
than 15 eV.

However, the global optimization procedure allowed us to identify another mechanism having a much lower 
activation energy. Its energy profile is presented in Fig. 2a. This minimum energy path features a large number of 
intermediate minima. Most events connecting two subsequent intermediate minima are associated with either 
a double kink formation or annihilation, or kink diffusion. We will not study in detail these events here since we 
believe that the SW potential is not accurate enough at this scale. However, by correcting the dislocation core 
energy, we can get reliable information about the overall shape of the energy profile and estimate the activation 
energy of the process.

Three configurations (C to E) along the best identified path for the nucleation of a 60° MD are shown in Fig. 2b 
and c. Similarly to the standard half-loop mechanism, the dislocation nucleates from the surface as a half-loop. 
However, this one does not glide in a single plane. Rather, there are two branches gliding in separate planes. We 
call this mechanism the “split” half-loop dislocation nucleation. When the “split” half-loop grows, the leading 

Figure 1. Illustration of the nucleation of a 60° MD through the half-loop mechanism. In (a), the 
corresponding energy profile is shown. The displacement corresponds to the length of the path in the 3 N 
dimensional space, where N is the total number of atoms. The energy is given with and without the dislocation 
core energy correction in red and black, respectively. The dotted, dashed and continuous lines are obtained by 
applying the correction with the smallest, average and largest values of ∆Ecore

screw and ∆Ecore
60 , respectively. The 

correction is applied only when the dislocation is clearly identifiable. The vertical dashed lines indicate the 
position along the path of the configurations A and B shown in (b). In (b), only the atoms in a local 
environment that does not correspond to that of a diamond lattice are shown. The light and dark blue atoms are 
Ge and Si atoms, respectively. The red plane is the (111) plane.



www.nature.com/scientificreports/

4Scientific REPoRtS | 7: 11966  | DOI:10.1038/s41598-017-12009-y

front moves down along the line intersecting both glide planes. Once the half-loop reaches the interface, the MD 
can grow by glide of one TD (see configurations D to E in Fig. 2).

The corrected activation energy associated with this “split” half-loop nucleation is 6 eV. It is 14 eV lower than 
that of the standard half-loop dislocation nucleation. It is however too large to be overcome by thermal fluctu-
ation which means that it must be activated by the presence of a defect. The presence of a step on the film can 
significantly lower the activation energy for the nucleation of a MD. The presence of a step indeed increases the 
volume of the region for which some strain is released by the nucleation of a dislocation, it can also act as a stress 
concentrator19 and finally, the step may be removed by the nucleation of dislocation17. Preliminary calculations 
indicate that the activation energy for the nucleation of a 60° MD can be lowered to 2 eV by the presence of a 
double DB step.

Orientation of threading arms of 60° MDs. The key difference between the standard and “split” 
half-loop mechanisms is the orientation of one threading arm. Indeed, the threading arm which is a screw dis-
location in the standard half-loop mechanism becomes a 60° dislocation in the “split” half-loop mechanism. 
In previous studies, it was often assumed that threading dislocations of 60° MDs were screw dislocations. This 
assumption is based on experimental observation of screw threading dislocations for a Ge0.32 Si0.68/Si(001) low 
strain film6. However, for a pure Ge film with a larger strain our calculations clearly indicate that a 60° orientation 
is more favorable for the TDs.

In order to study the influence of the strain on the orientation of the TDs we consider the two configurations 
shown in Fig. 3b with a 60 Å long straight dislocation at the interface oriented in the [110] direction. For both 
configurations the TD going from the free surface to the interface is oriented in the [101] direction. The other TD 
is a 60° one (i.e. oriented in the [101] direction) in one configuration, and a screw one (i.e. oriented in [011] direc-
tion) in the other as shown in Fig. 3b. We apply a uniform biaxial strain to the system by varying the supercell size 
in directions parallel to the film. The difference in energy between both configurations is shown in Fig. 3a as a 
function of the film misfit strain (where the film misfit strain is defined as the strain in the film in the absence of 
dislocation). This energy difference is calculated without relaxing the system because upon relaxation, the [101] 
orientation is stable only for a strain larger than 2.2% whereas the [011] orientation is stable only for a lower strain 
(note that this threshold would most probably be shifted to a lower value if the dislocation core correction could 

Figure 2. Illustration of the nucleation of a 60° MD from the “split” half-loop mechanism. In (a), the energy 
profile for the best transition path found for the nucleation of a 60° MD is shown. The energy is given with and 
without the dislocation core energy correction in red and black, respectively. The correction is applied only 
when the dislocation is clearly identifiable. The vertical dashed lines indicate the position along the path of the 
configurations shown in (b,c). In (b) the configurations are shown schematically. In c, only the atoms in a local 
environment that does not correspond to that of a diamond lattice are shown. The light and dark blue atoms are 
Ge and Si atoms, respectively.
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be applied during the relaxation and not only as a post-treatment). The 60° orientation is more favorable at high 
and less favorable at low strains than the screw orientation.

We attribute this change of orientation to a competition between dislocation core energy and strain release. 
The TD changes its orientation from screw to 60° by glide in the (111) plane thereby releasing extra strain. A 60° 
orientation of the TD is thus more efficient in releasing the film strain and is favoured for large film strain while 
at low film strain the screw orientation which must have a lower core energy is favoured.

Nucleation of a 90° MD. Cross-slip mechanism. While expanding by gliding of its threading arm, a 60° 
MD may meet an orthogonal and complementary 60° MD. A screw threading arm can undergo cross-slip such 
that it thereafter glides in the glide plane of the complementary MD, which leads to the formation and growth of 
a 90° MD. This mechanism is known as the cross-slip mechanism. Although we did not model this mechanism, 
our study on the orientation of the TDs of 60° MDs provide valuable insights on the likelihood of this mechanism

At large strain, we found that the TDs of a 60° MD have a 60° orientation. Since a cross-slip can only occur for 
a screw dislocation, the TDs should first change their orientation to screw. According to Fig. 3 such a process has 
a high energy cost. Therefore, the cross-slip mechanism should be active only when the film strain is relatively low 
(i.e. for a Ge-poor GeSi film or at a later stage of relaxation of a Ge-rich GeSi film).

Induced nucleation of a complementary dislocation. Previous studies have suggested that the presence of a 
straight 60° MD favors the nucleation of a complementary MD9,11. We carried out a global optimization of the 
transition path from a straight 60° MD with a a/2[011] Burgers vector to a straight 90° MD. As illustrated in Fig. 4, 
a complementary dislocation with Burgers vector a/2[101] can nucleate from the surface, glide in the (111) plane 
and can be combined with the straight MD to form an edge MD according to Eq. (1). However, the corresponding 
activation energy is 7 eV which is similar to the activation energy for the nucleation of an isolated 60° MD. For a 
pure Ge film, a straight 60° MD at the interface does not favor the nucleation of a complementary MD.

However, it turns out that a “split” half-loop dislocation can act as an efficient seed for nucleating a 90° MD. 
Such a dislocation, shown in configuration E in Fig. 2, has a a/2[011] Burgers vector. It can be combined with a 
complementary dislocation having a a/2[101] Burgers vector to form an edge MD following Eq. (1). This comple-
mentary dislocation glides in the (111) plane. The “split” half-loop as shown in configuration E can strongly favor 
the nucleation of this complementary dislocation because one of its threading arms is oriented is the [101] direc-
tion and belongs to the glide plane of the complementary dislocation. Therefore, as illustrated in Fig. 5b and c, the 
complementary dislocation can nucleate close to the junction between the TD and the MD and is directly com-
bined with the first MD to form an edge dislocation. The corresponding energy profile is shown in Fig. 5a. We 
cannot provide a quantitative estimate of the corresponding activation energy since the correction to dislocation 
core energy can be applied only when the dislocations are clearly identifiable and since the corrected energy is 
already lower than the initial energy once the dislocation is clearly identifiable. However, it is clear that the acti-
vation energy should be either very small or that this transition might even be spontaneous. It is then very likely 
that a 90° MD may be created spontaneously when a 60° MD forms by the “split” half-loop mechanism.

Summary and Discussion
We have studied several mechanisms for the formation of 60° and 90° MDs. We find that depending on the ori-
entation of TDs of 60° MDs different mechanisms should govern the plastic relaxation of a GeSi/Si film. Since the 
orientation of TDs depends on the strain, we can conclude that the mechanisms governing plastic relaxation will 
also depend on the film strain. Overall, our calculations indicate that plastic relaxation in GeSi/Si(001) should 
follow the following scenario:

Figure 3. In (a), the difference in energy between a dislocation with a 60 (i.e. [101]) and screw (i.e. [011]) 
orientation for the TD is given as a function of the film strain. Filled and open circles are results without 
and with the dislocation core energy correction, respectively. The yellow and pink colors indicate region for 
which the 60 and screw are stable upon relaxation, respectively. In (b), the two orientations considered for the 
threading dislocations are illustrated.
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At high film strain (i.e. at an early stage of the plastic relaxation of a Ge rich GeSi/Si(001) film), plastic relax-
ation starts with the nucleation of a 60° MD by the “split” half-loop mechanism with both branches of the half 
loop gliding in different planes. This nucleation is activated by the presence of steps. Since during the growth of 
the film, steps should be moving on the surface these “split” half-loops can nucleate all over the film. At an early 
stage of the expansion of the “split” half-loop, they induce the nucleation of complementary dislocations which 
immediately lead to the formation of an edge MD as illustrated in Fig. 5.

At lower film strain (i.e. at later stages of the plastic relaxation of a Ge rich GeSi/Si(001) film or during the 
relaxation of a Ge poor GeSi/Si(001) film), TDs of 60° MD are screw dislocations and 60° MDs nucleate through 
the half-loop mechanism. This nucleation is also activated by the presence of defects. At low strains, steps are 
apparently not sufficient to initiate the formation of 60° MDs since TEM experiments clearly show that 60° MDs 
nucleate relatively sparsely6. The presence of a 60° MD may help but is not sufficient to induce the nucleation of a 
complementary dislocation. The main mechanism for the formation of edge MDs is then probably the cross-slip 
mechanism, possible in that case since TDs are screw dislocations.

Overall, this study provides the first explanation of why the proportion of 90° MDs increases with Ge con-
tent20–22. Hopefully, this theoretical study will stimulate additional experimental works. Our prediction could be 
experimentally confirmed by observing the change in orientation of TDs of 60° MDs. This is however a challeng-
ing task since this change of orientation at high film strain strongly favours the nucleation of a 90° MD so it would 
only be transitional and hard to observe. The key might be to work at intermediate strain (large enough to activate 
the cross-slip but small enough so that the induced nucleation of 90° MD would not be spontaneous).

Method
System. A strained layer of Ge on a Si(001) substrate is modeled atomistically. In order to take into account 
the long range strain field of dislocations we consider a system containing 80 000 atoms. The dimensions of the 
supercell along the x ([110]) and y ([110]) directions are 153.6 × 153.6 Å2 and are set according to the Si lattice 
constant. Periodic boundary conditions are applied along both the x and y directions. The influence of the super-
cell size is discussed in detail in the supplementary material. We find that further increase of the system size 
would not change significantly the results shown. For instance, the difference in activation energy for the “split” 

Figure 4. Illustration of the nucleation of a complementary dislocation in the presence of a straight 60° MD 
which ultimately leads to the formation of an edge dislocation. In (a), two successive configurations are shown 
schematically. In (b), the same configuration are shown by rendering only the atoms in a local environment 
that does not correspond to that of a diamond lattice. The light and dark blue atoms are Ge and Si atoms, 
respectively. The dark blue, light blue and green lines are the initial 60° MD, the complementary dislocation and 
the edge MD.
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half loop mechanism is less than 0.3 eV when doubling the system size along both the x and the y directions. The 
substrate contains 31 layers of Si in the z ([001]) direction. The two bottom layers are kept fixed to represent con-
straints due to the bulk which is not explicitly included in the simulations. The coherent Ge film is 19 layers thick 
with a p(2 × 1) dimer reconstruction of the surface.

Calculating the SW dislocation core energy error. The first challenge for carrying out atomistic cal-
culations is to correctly describe the atomic interactions within a large system containing a very large number of 
atoms. Our calculations rely on the Stillinger-Weber (SW) potential16,23,24, which efficiently reproduces the elastic 
properties of Ge and Si. However, this potential was not parameterized using dislocations in the training set and 
although it was found to reproduce most of the dislocation core configurations predicted by DFT25,26, for Si, it was 
shown to be qualitatively wrong when predicting the relative energies of known core configurations26,27.

We consider model systems containing a dislocation dipole (i.e. a pair of straight dislocations with opposite 
Burgers vector) with full periodic boundary conditions. The energy of the dipole can be written as:

= + +E n E lE E2 , (2)dipole at coh core strain

where nat is the number of atoms in the system, Ecoh is the cohesive energy, l is the length of one dislocation, Ecore 
is the dislocation core energy, and Estrain is the energy due to the strain deformation induced by the dislocation 
dipoles and its elastic interaction with periodic images. We assume that Estrain is estimated accurately by both the 
SW potential and by DFT such that =E Estrain

SW
strain
DFT , where the superscript indicates the method used for calculat-

ing the energy. By calculating the dipole energy and the cohesive energy with both SW and DFT and using Eq. (2), 
we can estimate the error in the dislocation core energy given by SW as:

∆ = − = − − − .( )E E E
l

E E n E E1
2

( ) (3)core core
SW

core
DFT

dipole
SW

dipole
DFT

at coh
SW

coh
DFT

Figure 5. Illustration of the induced nucleation of an edge dislocation from a “split” half-loop dislocation. 
In (a), the energy profile for the best transition path found for the nucleation of a 90° MD starting from 
configuration E is shown. The energy relative to the energy of configuration E is given with and without 
the dislocation core energy correction in red and black, respectively. The correction is applied only when 
all dislocations are clearly identifiable. The vertical dashed lines indicate the position along the path of the 
configurations E, F and G shown in (b,c). In (b) the configurations are shown schematically. In (c), only the 
atoms in a local environment that does not correspond to that of a diamond lattice are shown. The light and 
dark blue atoms are Ge and Si atoms, respectively. The dark blue, light blue and green lines are the initial 60° 
MD, the complementary and the edge dislocations.
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More details about the calculations are given in the supplementary material. We also check the effect of impos-
ing a biaxial strain. The error in the dislocation core energy is found to be only slightly dependent on the strain. 
The estimated error is shown in Table 1.

DFT correction to SW energy. The SW energy of a configuration containing dislocations of length lx  with 
a x° orientation is corrected using:

∑= + ∆


E E l E
(4)x

x
x

corrected
SW

core

In our calculations, most dislocations either have a screw, 60° or edge orientation such that we can directly use 
values given in Table 1. For other orientations, we use a linear interpolation as follows:

∆ =







∆ +
−

∆ <

−
∆ +

−
∆ > .



 

E

x E x E x

x E x E x

60
60

60
, 60;

60
30

90
30

, 60
(5)

x
core

core
60

core
screw

core
90

core
60

We neglect the influence of the strain for ΔEcore and unless stated otherwise use the average value.
Note that the DFT correction cannot be made in the very early stage of the dislocation nucleation but only 

once the dislocation is clearly identifiable.

DFT calculations. DFT calculations are carried out using GPAW28,29, with the PBE exchange-correlation 
functional30 and a real-space grid with a 0.2 Å spacing. Six k-points are used in the direction parallel to the dis-
location line. The supercell length in that direction is equal to the Burgers vector length. The configurations are 
relaxed until the maximum force on an atom is smaller than 0.02 eV/Å.

Global optimization of transition path. We carried out a global optimization of the transition path for 
the formation of 60° and 90° MDs. In semi-conductor materials, the transition path corresponding to the nucle-
ation of a dislocation contains several local energy minima separated by energy barriers18. The key is then to find 
the good intermediate minima.

Our strategy which was described in18 aims at finding the best transition path by finding the best intermediate 
states for the path. New intermediate configurations are generated using heredity transformations from known 
configurations. Such a transformation consists in selecting coordinates of some of the atoms from one of the par-
ent configurations (for instance by taking all the atoms which are inside a region defined by specifying two planes) 
while the coordinates of the remaining atoms are selected from the other parent configuration. Paths between 
newly generated configurations are relaxed with the help of a stabilized nudged elastic band (SNEB) method until 
the norm of the 3N-dimensional force vector for each image has dropped below 0.02 eV/Å. The SNEB method is 
a variant of the nudged elastic band method31–33 with improved efficiency when working with many replicas and/
or a poor resolution. It is introduced in detail in the supplementary material document.

A large number of continuous transition paths between an initial and a final configurations are obtained by 
connecting the intermediate configurations found. We then select the intermediate configurations which give the 
lowest activation energy for the overall transition.

The energy profiles of the transition paths obtained by global optimization on the SW potential energy profile 
are then corrected by determining the dislocation length and rectifying the dislocation core energy as described 
in the core of this study.

Data availability. The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.

References
 1. Chaisakul, P. et al. Integrated germanium optical interconnects on silicon substrates. Nature Photon. 8, 482–488 (2014).
 2. Liu, K., Ye, C. R., Khan, S. & Sorger, V. J. Review and perspective on ultrafast wavelength-size electro-optic modulators. Laser 

Photonic Rev. 9, 172–194 (2015).
 3. Carlin, J. A., Ringel, S. A., Fitzgerald, E. A. & Bulsara, M. High quality GaAs growth by MBE on Si using GeSi buffers and prospects 

for space photovoltaics. Prog. Photovoltaics 8, 323–332, https://doi.org/10.1002/1099-159X(200005/06) (2000).
 4. Friedman, D. J. et al. SiGe bicmos integrated circuits for high-speed serial communication links. IBM J. Res. Dev. 47, 259–282 (2003).
 5. Stangl, J., Holý, V. & Bauer, G. Structural properties of self-organized semiconductor nanostructures. Rev. Mod. Phys. 76, 725–783 

(2004).
 6. Bolkhovityanov, Y. B., Deryabin, A. S., Gutakovskii, A. K., Revenko, M. A. & Sokolov, L. V. Direct observations of dislocation half-

loops inserted from the surface of the GeSi heteroepitaxial film. Appl. Phys. Lett. 85, 6140–6142 (2004).
 7. Kvam, E. P., Maher, D. M. & Humphreys, C. J. Variation of dislocation morphology with strain in GexSi1- x epilayers on (100)Si. J. 

Mater. Res. 5, 1900–1907 (1990).
 8. Liu, Q., Zhao, C., Xing, Y., Su, S. & Cheng, B. Quantitative strain analysis of misfit dislocations in a Ge/Si heterostructure interface 

by geometric phase analysis. Opt. Laser Eng. 50, 796–799 (2012).
 9. Bolkhovityanov, Y. B. & Sokolov, L. V. Ge-on-Si films obtained by epitaxial growing: edge dislocations and their participation in 

plastic relaxation. Semicond. Sci. Technol. 27, 043001 (2012).
 10. Matthews, J. W. Defects associated with the accommodation of misfit between crystals. Journal of Vacuum Science & Technology 12, 

126–133 (1975).
 11. Gosling, T. J. Mechanism for the formation of 90 dislocations in high-mismatch (100) semiconductor strained-layer systems. J. Appl. 

Phys. 74, 5415–5420 (1993).

http://dx.doi.org/10.1002/1099-159X(200005/06)


www.nature.com/scientificreports/

9Scientific REPoRtS | 7: 11966  | DOI:10.1038/s41598-017-12009-y

 12. Fitzgerald, E. Dislocations in strained-layer epitaxy: theory, experiment, and applications. Materials Science Reports 7, 87–142 
(1991).

 13. Marzegalli, A. et al. Unexpected dominance of vertical dislocations in high-misfit Ge/Si(001) films and their elimination by deep 
substrate patterning. Adv. Mater. 25, 4408–4412 (2013).

 14. Beanland, R. Dislocation multiplication mechanisms in low-misfit strained epitaxial layers. Journal of Applied Physics 77, 6217–6222 
(1995).

 15. Bolkhovityanov, Y. B., Deryabin, A. S., Gutakovskii, A. K. & Sokolov, L. V. Mechanisms of edge-dislocation formation in strained 
films of zinc blende and diamond cubic semiconductors epitaxially grown on (001)-oriented substrates. J. Appl. Phys. 109 (2011).

 16. Ichimura, M. & Narayan, J. Atomistic study of dislocation nucleation in Ge/(001)Si heterostructuses. Philos. Mag. A 72, 281–295 
(1995).

 17. Trushin, O. et al. Minimum energy path for the nucleation of misfit dislocations in Ge/Si(0 0 1) heteroepitaxy. Modell. Simul. Mater. 
Sci. Eng. 24, 035007 (2016).

 18. Maras, E., Trushin, O., Stukowski, A., Ala-Nissila, T. & Jónsson, H. Global transition path search for dislocation formation in Ge on 
Si(001). Comput. Phys. Commun. 205, 13–21 (2016).

 19. Hirel, P., Brochard, S., Pizzagalli, L. & Beauchamp, P. Effects of temperature and surface step on the incipient plasticity in strained 
aluminium studied by atomistic simulations. Scripta Materialia 57, 1141–1144 (2007).

 20. Houghton, D. C., Perovic, D. D., Baribeau, J. M. & Weatherly, G. C. Misfit strain relaxation in GexSi1-x/Si heterostructures: The 
structural stability of buried strained layers and strained-layer superlattices. Journal of Applied Physics 67, 1850 (1990).

 21. Hull, R. & Bean, J. C. Germanium Silicon: Physics and Materials, vol. 56 of Semiconductors and semimetals (Academic press, 1999).
 22. Bolkhovityanov, Y., Gutakovskii, A., Deryabin, A., Pchelyakov, O. & Sokolov, L. Potentialities and basic principles of controlling the 

plastic relaxation of GeSi/Si and Ge/Si films with stepwise variation in the composition. Semiconductors 42, 1–20 (2007).
 23. Stillinger, F. H. & Weber, T. A. Computer simulation of local order in condensed phases of silicon. Phys. Rev. B 31, 5262–5271 (1985).
 24. Laradji, M., Landau, D. P. & Dünweg, B. Structural properties of Si1−xGex alloys: A monte carlo simulation with the stillinger-weber 

potential. Phys. Rev. B 51, 4894–4902 (1995).
 25. Pizzagalli, L., Godet, J., Guénolé, J. & Brochard, S. Dislocation cores in silicon: new aspects from numerical simulations. Journal of 

Physics: Conference Series 281, 012002 (2011).
 26. Pizzagalli, L. et al. A new parametrization of the Stillinger–Weber potential for an improved description of defects and plasticity of 

silicon. Journal of Physics: Condensed Matter 25, 055801 (2013).
 27. Pedersen, A., Pizzagalli, L. & Jónsson, H. Finding mechanism of transitions in complex systems: formation and migration of 

dislocation kinks in a silicon crystal. Journal of Physics: Condensed Matter 21, 084210 (2009).
 28. Mortensen, J. J., Hansen, L. B. & Jacobsen, K. W. Real-space grid implementation of the projector augmented wave method. Phys. 

Rev. B 71, 035109 (2005).
 29. Enkovaara, J. et al. Electronic structure calculations with gpaw: a real-space implementation of the projector augmented-wave 

method. J. Phys.: Condens. Matter 22, 253202 (2010).
 30. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).
 31. Mills, G., Jónsson, H. & Schenter, G. K. Reversible work transition state theory: application to dissociative adsorption of hydrogen. 

Surf. Sci. 324, 305–337 (1995).
 32. Jónsson, H., Mills, G. & Jacobsen, K. W. Nudged Elastic Band Method for Finding Minimum Energy Paths of Transitions, in Classical 

and Quantum Dynamics in Condensed Phase Simulations (World Scientific, 1998).
 33. Jónsson, H. Simulation of surface processes. Proceedings of the National Academy of Sciences 108, 944–949 (2011).

Acknowledgements
This work has been supported in part by the Academy of Finland through its COMP CoE (T.A.-N., nos 251748 
and 284621) and FiDiPro (E.M. and H.J., no. 263294) grants. We acknowledge computational resources provided 
by the Aalto Science-IT project and CSC IT Center for Science Ltd in Espoo, Finland. E.M. wishes to thank Oleg 
Trushin, David Rodney and Emmanuel Clouet for helpful discussions.

Author Contributions
E.M. performed the calculations and wrote the manuscript. L.P., T.A.-N. and H.J. provided critical advice, assisted 
interpretation of results and critically revised and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12009-y.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-12009-y
http://creativecommons.org/licenses/by/4.0/

	Atomic Scale Formation Mechanism of Edge Dislocation Relieving Lattice Strain in a GeSi overlayer on Si(001)
	Results
	Dislocation core energy error from the SW potential. 
	Nucleation of a 60° MD. 
	Orientation of threading arms of 60° MDs. 
	Nucleation of a 90° MD. 
	Cross-slip mechanism. 
	Induced nucleation of a complementary dislocation. 


	Summary and Discussion
	Method
	System. 
	Calculating the SW dislocation core energy error. 
	DFT correction to SW energy. 
	DFT calculations. 
	Global optimization of transition path. 
	Data availability. 

	Acknowledgements
	Figure 1 Illustration of the nucleation of a 60° MD through the half-loop mechanism.
	Figure 2 Illustration of the nucleation of a 60° MD from the “split” half-loop mechanism.
	Figure 3 In (a), the difference in energy between a dislocation with a 60 (i.
	Figure 4 Illustration of the nucleation of a complementary dislocation in the presence of a straight 60° MD which ultimately leads to the formation of an edge dislocation.
	Figure 5 Illustration of the induced nucleation of an edge dislocation from a “split” half-loop dislocation.
	Table 1 Differences in dislocation core energy between SW and DFT calculation estimated for several orientations of the dislocation and for several uniform compressive strains.




