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Si/Ge (111) Semicoherent Interfaces: Responses to an
In-Plane Shear and Interactions with Lattice Dislocations

Shuozhi Xu, Yang Li, and Youping Chen*

Concurrent atomistic—continuum simulations are employed to study Si/Ge (111)
semicoherent interfaces in terms of their responses to an in-plane shear and
interactions with lattice dislocations. Three types of Si/Ge interfaces, differing in
interfacial structures and energy, are considered. Type | interface coincides with
the shuffle-set slip plane and contains a hexagonal network of edge dislocations.
Type Il and Type Ill interfaces both coincide with the glide-set slip plane, yet they
contain, respectively, a triangular and a hexagonal network of Shockley partial
dislocations. The simulations show that among the three types of interfaces,
1) Type | interface is the least stable subject to an in-plane shear and 2) Type IlI
interface impedes the gliding of lattice dislocations the most significantly.

1. Introduction

Multilayered crystalline materials containing semicoherent
interfaces usually possess ultra-high strength and hardness.™
Their superior mechanical properties are mainly attributed to
the misfit dislocation networks formed at the interfaces to accom-
modate the lattice mismatch-induced strain between the two
materials, as the layer thickness exceeds a critical value.”! The
heterostructures containing misfit dislocation networks can be
obtained by a variety of techniques, including chemical vapor
deposition, molecular beam epitaxy, and surfactant-mediated
epitaxial growth.’! The misfit dislocation networks play an
important role in the mechanical responses of the multilayered
materials.! When a ferrite/cementite interface is subject to an
in-plane shear, recent atomistic simulations showed that the spe-
cific inelastic deformation mode, e.g., dislocation nucleation or
intergranular fracture, depends on the structures® and spac-
ings'® of the misfit dislocation network. Besides the in-plane
shear, another common phenomenon that occurs in strained
multilayered materials is the interactions between lattice disloca-
tions and interfaces. In most, if not all, cases, the interfaces act as
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barriers to the gliding of lattice disloca-
tions, resulting in an increase in the yield
strength. Based on the Peierls model and
atomistic simulations, Anderson et al.l”
found that the misfit dislocations at an
Al/Ni interface contribute to ~50% of the
total impedance of the lattice dislocations
by the interface. A Peierls—Nabarro model-
based simulation by Shehadeh et al.l®
revealed that in a Cu/Ni bicrystal, the com-
petition between the dislocation spreading
within the interface and the dislocation
transmission across the interface depends
on the characteristics of the excess energy
landscape associated with the interface.
Using atomistic simulations, Cheng et al.””
showed that when a Cu/Ni bilayer is subject to nanoscratching
with an intermediate normal load, the misfit dislocation
network becomes a significant barrier to the scratching-induced
lattice dislocations, hence decreasing the frictional coefficient.
More recently, Zhu et al.'% conducted atomistic simulations
in a Ni/Ni;Al system. They found that the interfacial Lomer—
Cottrell locks and dislocation junctions prevent lattice disloca-
tions that originate in Ni from gliding into Ni;Al directly.
Compared with those in metals, semicoherent interfaces in
semiconductors are much less studied. An example is the Si/Ge
multilayer, a common semiconductor.M It is known that Ge can
grow epitaxially on Si {100}, {110}, {111}, and {112} surfaces.!'”
The Frank-Bilby theory!'>'* provides a way to determine the
continuous distribution of interface Burgers content. However,
atoms within the actual interface tend to form discrete disloca-
tions to minimize the interfacial energy."> The characters of the
interface discrete dislocations, such as the line sense, Burgers
vector, and spacing, cannot be determined by the Frank-Bilby
theory.'! Therefore, experiments using electron microscopy
and/or atomistic simulations are usually employed."”’ Among
the four main crystallographic orientations of the Si/Ge interfa-
ces, the {111} interface is unique in that three types of misfit
dislocation networks have been identified in experiments.®!
We elect to investigate the Si/Ge {111} interfaces, because it
would be interesting to explore the responses of different misfit
dislocation networks to the same in-plane shear and their inter-
actions with the same lattice dislocations, whereas the crystallo-
graphic orientations of the interfaces are the same.
Furthermore, the three types of Si/Ge {111} interfaces are
termed Types I, II, and III, respectively. Type I interface involves
a network of perfect edge dislocations,!” in agreement with the
prediction by the O-lattice theory.”” Type II and Type I1I inter-
faces, respectively, contain a triangular network®! and a hexag-
onal network?? of 90° Shockley partial dislocations. All three
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types of dislocation networks have been reproduced by atomistic
simulations in Si/Ge bilayers.”>**) However, behaviors of these
interfaces in strained Si/Ge systems have not been studied, to the
best of our knowledge. As a result, the mechanical properties of
Si/Ge multilayers are not well understood. A prior atomistic sim-
ulation investigated the transmission of lattice dislocations
across a Si/Ge (100) coherent interface,*! but not a (111) semi-
coherent interface.

In this article, we explore the three types of misfit dislocation
networks at the Si/Ge (111) interface in terms of the responses
to an in-plane shear and interactions with lattice dislocations.
From the perspective of simulations, the interfacial structures
may be well reproduced using relatively small simulation cells,
yet phenomena that involve lattice dislocations must be based
on sufficiently large cells due to the long-range stress fields
of these dislocations. On the other hand, modeling the inelastic
deformation of interfaces and lattice dislocation/interface inter-
actions necessitates an accurate description of the short-range
dislocation core structures that are critical in these situations.
Therefore, we resort to the concurrent atomistic—-continuum
(CAC) method,**®1 which has been demonstrated as an
effective tool in simulating multiple dislocation-mediated plas-
ticity problems in various material systems, including metals
(e.g., AgP ALPY AuBY Cu,B? Ni,BY and WP*), ceramics
(e.g., SrTiO;P%), and semiconductors (e.g., Si,*® PbTe, and
PbSel”)). Relevant to the current work, CAC has been used
to investigate misfit dislocations in PbTe/PbSe heteroepitaxial
systems,*”) dislocation nucleation from grain boundaries
(GBs) in a ceramic,”®®! and dislocation/GB interactions in met-
als.?®3% The success of these CAC simulations suggests the
applicability of this approach to interfacial shearing and disloca-
tion/interface interactions in semiconductors.

2. Methodology

Figure 1 presents the schematic of the CAC model of an unre-
laxed Si/Ge bicrystal. Crystallographic orientations along the x-,
y-, and z-directions, respectively, are [101], [110], and [01 1]. Note
that the three axes are not perpendicular to each other. The edge
lengths of the simulation cell along the three axes are 153.5,
153.5, and 339.6 nm, respectively. Traction-free boundary condi-
tions are applied along all three directions. Along the z-axis, the
cell is equally partitioned into two crystals: Si and Ge, between
them lies a (111) interface that is within the xy plane. Interatomic
interactions in Si,*” Ge,*! and those between Si and Gel** are
described using three Stillinger—-Weber (SW) potentials. The lat-
tice parameters gy = 0.543 and 0.566 nm, respectively, in Si and
Ge. We remark that the same SW potential for Si has been used
in a prior CAC simulation®®® in which the hexagonal shape of
shuffle dislocation loops was correctly reproduced.

The 3D finite elements with each of which containing 1024
atoms are used in the CAC model, except in the regions within
2.2nm from the interfaces, for which atomistic domains are
meshed to render the interfacial structures in atomic resolution.
Note that 1) discontinuities exist between adjacent finite ele-
ments to allow for dislocations, and 2) the thickness of the atom-
istic domain was shown to be sufficient for the CAC model to
yield the same interfacial structure as a fully resolved atomistic
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Figure 1. Left: The schematic of the CAC model of an unrelaxed Si/Ge
bicrystal containing a (111) interface. Right: Exploded views of the inter-
face region in the three initial models of the three types of interfaces.
Atomistic domains are meshed in regions within 2.2nm along the
z-direction from the interface. Used elsewhere are 3D rhombohedral finite
elements each of which contains 1024 atoms. Note that the (111) interface
is within the xy plane. The three axes (x, y, and z) are not perpendicular to
each other.

model.®” As a result, the simulation cell contains 0.37 million
finite elements and 7.4 million atoms. As each finite element
has eight nodes and each node is associated with two atoms,
the total number of degrees of freedom (DOFs) is 39.96 million.
Compared with an equivalent fully resolved atomistic model,
which would contain 1.13 billion DOFs, our CAC model reduces
the number of DOFs by 96.47%. Three types of Si/Ge interfaces
are considered: Type I interface coincides with the shuffle-set slip
plane, whereas Type II and Type III interfaces coincide with the
glide-set slip plane. Type III interface is built on Type II interface
by rotating and translating some atoms in the latter following the
previous study.** Configurations containing both finite ele-
ments and atoms are visualized using Tecplot. At the interfaces,
the misfit dislocation networks are identified using a dislocation
extraction algorithm (DXA)™**! and visualized in OVITO."*

All dynamic CAC simulations in this work are low-
temperature simulations, in which thermal fluctuations with
wavelength smaller than the size of the finite elements are
ignored, and a time step size of 0.01 ps is adopted. The inter-
actions between nodes in the finite elements and atoms in
the atomistic domains are realized by a unified atomistic—
continuum integral formulation. At each time step, the force
on each node is calculated based on the interatomic potential,
which serves as the only constitutive law. In parallel, the force
on each atom in the atomistic domain is obtained also based on
the interatomic potential, as in molecular dynamics (MD).
These forces are then used to update the accelerations, veloci-
ties, and eventually positions of nodes and atoms.***¢! As a
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Figure 2. a) The atomic structure of a Si/Ge (001) semicoherent interface
predicted in a CAC model. The orange atoms and blue lines, respectively,
correspond to the pristine diamond cubic crystal structure and edge dis-
locations. b) A plan-view dark-field TEM image of a 20 nm thick Si/Ge
(001) sample, which was annealed at 680 °C for 10 min. Reproduced with
permission.l”) Copyright 2005, AIP Publishing.

result, the aforementioned reduction in the number of DOFs
(96.47%) is directly related to the computational gain of the
CAC simulations with respect to MD. To validate the CAC
method and the interatomic potential, we build a Si/Ge (001)
semicoherent interface in CAC and compare it, in Figure 2,
against a transmission electron microscopy (TEM) image.[‘w]
For more details of the theoretical foundation, mathematical
formulation, and numerical implementation of the CAC
method, the readers are referred to a recent review article.!*®!

3. Results and Discussion

3.1. Relaxed Structures of the Semicoherent Interfaces

Atomistic configurations of three types of Si/Ge semicoherent
interfaces after dynamic relaxation of 20 ps are presented in
Figure 3. In Type I interface, which coincides with the shuffle-
set slip plane, a hexagonal network of perfect edge dislocations
exists, with the Burgers vector b = (44/2) < 110 > and a peri-
odicity of 9.7 nm. Both the Type II and Type III interfaces coin-
cide with the glide-set slip plane, but the misfit dislocation
network differs. Type II interface contains a triangular network
of 90° Shockley partial dislocations, with the Burgers vector
b, = (ay/6) < 112 > and a periodicity of 9.7 nm. The partial
dislocations are separated by intrinsic stacking faults (ISFs),
which occupy 50% of the interface area. Type III interface con-
tains a hexagonal network of 90° Shockley partial dislocations,
with the same Burgers vector as Type II interface but a period-
icity of only 4.9 nm, which is about half of those in Type I and
Type Il interfaces. The partial dislocations are separated by ISFs
and extrinsic stacking faults (ESFs), each of which occupy
33.33% of the interface area. These interfacial structures are
in good agreement with those found in experiments!!®2"?2
and in a prior atomistic simulation.*”! The compact dislocation
cores in Type [ interface and the extended dislocation cores in
the other two types of interface are consistent with the fact that,
at low temperatures, dislocations in Si have compact and
extended cores, respectively, when they are in the shuffle-set
and glide-set slip planes.!*®! Recent experiments and atomistic
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Figure 3. Atomistic configurations of three types of relaxed Si/Ge
semicoherent interfaces. a), b), and c) correspond to Type |, Type Il,
and Type Il interfaces, respectively. In the right column, local lattice struc-
tures are identified using a diamond structure identification method;
atoms in black show the locations of dislocation lines identified by
DXA. PCD: pristine cubic diamond; ISF: intrinsic stacking fault; ESF: extrin-
sic stacking fault.

simulations found that within the Al/Si (111) interface that
coincides with the glide-set slip plane in Si, there are two
domains with threefold and sixfold symmetries, respectively.*”!
These two domains, respectively, similar to Type II and Type III
interfaces identified in our work, allow for complete relaxation
of the misfit strain.

For each relaxed interfacial structure, we calculate the inter-
face energy, which is the extra energy per area induced
by the interface. We find that the interface energies are 407,
215, and 389 mJ m™?, respectively, for the three types of semi-
coherent interfaces. These values qualitatively agree with those
from a prior atomistic simulation® that used a different SW
potential for interactions between Si and Ge:P? 369, 272,
and 349 mJ m % Among the three types of interfaces, Type I
interface has the highest energy, in line with that it is energeti-
cally favorable for an edge dislocation in a cubic diamond lattice
to dissociate into two Shockley partial dislocations encompass-
ing an ISF.®! Type II interface attains the lowest energy, in
consistent with a prior experimental observation that misfit dis-
locations at the Si/Ge {111} interface are primarily arranged
into triangular networks.?
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3.2. Responses of the Semicoherent Interfaces to an
In-Plane Shear

With the relaxed semicoherent interfaces in hand, we first study
their responses to an in-plane shear. For this purpose, the top
and bottom finite elements of the bicrystal are incrementally dis-
placed along opposite directions parallel to the x[101] axis. Let y
be the overall strain. The strain rate y = 3.3 x 108 s, We find
that, when y is small, all three misfit dislocation networks are
stable. However, when y reaches 1.32%, some misfit dislocations
at Type I interface start to glide out of the traction-free bound-
aries. Aty = 7.8%, the dislocation density reduces by 64.3% com-
pared with the unsheared interface, as shown in Figure 4c. At the
same y, however, the misfit dislocation networks at Type II and
Type III interfaces remain stable, as shown in Figure 4d.e.
Evidently, when the interfaces are subject to an in-plane shear,
networks of 90° partial dislocations are more stable than that of
perfect edge dislocations.

3.3. Interactions between the Semicoherent Interfaces and
Lattice Dislocations

Next, we investigate the interactions between lattice dislocations
and different types of semicoherent interfaces. To nucleate lattice
dislocations, we introduce a step of 4|b| at the top surface of the
bicrystal (Figure 1) and displace the finite elements at the step
along the —z-direction.” In this way, four identical 60° lattice
dislocations on (111) plane with line direction [110] and Burgers
vector (ay/2)[011] are created. Note that the lattice dislocations
are in the shuffle-set slip plane in Si and are compact. It follows
that a shear strain is incrementally applied on the [111] plane
along the [011] direction to drive the dislocations to move toward
the Si/Ge interface. Furthermore, let subscripts L, M, and R
denote the lattice dislocation, misfit dislocation, and the
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dislocation formed by their reaction, respectively, and let super-
scripts Si and Ge denote the two materials.

At Type [ interface, the first lattice dislocation reacts with the
misfit edge dislocations via

a s a, - a,
70 [011]3 + 7" [110], — 7" [101], 1)

The resultant dislocation “R,” which has a 60° character angle,
is then stuck at the Si/Ge interface, as shown in Figure 5a. As the
resolved shear strain increases, a second lattice dislocation inter-
acts with the interface via the same reaction. Then, as a third
lattice dislocation approaches the interface, the dislocation “R”
is dissociated via

agy [20) ag . -
) [101] — 5 [011]Ge + 5 [110]y )

The dislocation “L” then glides in Ge on the (111) plane
along the —z-direction. We remark that, although Equation (2)
seems the opposite of Equation (1), the interface is not fully
recovered but distorted because of the difference in the lattice
parameter a, between Si and Ge. It follows that the remaining
three lattice dislocations react with the Si/Ge interface and glide
into Ge via the same mechanism.

At Type II interface, the first lattice dislocation reacts with the
misfit 90° partial dislocations via

L0 1011)5 + 20 21 1] — R (111, (3)
2 6 3

where the resultant dislocation “R” is formed and pinned at the
boundaries of the triangular ISFs, as shown in Figure 5b. As a
result, the part of dislocation “L” that is aligned with the ISFs is in
Si, whereas that with the pristine cubic diamond (PCD) lattices is
in Ge. Similar to Type I interface, the dislocation “R” is dissoci-

ated, upon the approaching of the third lattice dislocation, via

()

<

EIIEY
S S

Figure 4. Atomistic configurations of three types of Si/Ge semicoherent interfaces subject to different in-plane shear strain y. a—c), d), and e) correspond
to Type |, Type Il, and Type Il interfaces, respectively. The in-plane shear is along the x-direction.
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Figure 5. a—c) Atomistic configurations of a) Type |, b) Type Il, and c) Type 11l Si/Ge semicoherent interfaces upon their interactions with the first lattice
dislocation originated from Si. ISF: intrinsic stacking fault; PCD: pristine cubic diamond. d) For all three types of interfaces, the local stress component
associated with the [117] plane along the [011] direction is plotted with respect to time. The time starts at 20 ps, which is right after the dynamic relaxation

and at the time the shear strain is applied to drive the dislocation motion.

G

0 pit), “

D111l — S [011]f +

Then, the dislocation “L” glides in Ge on the (111) plane along
the —z-direction. Again, similar to Type I interface, Type II inter-
face is distorted after the transmission of each lattice dislocation
owing to the difference in g, across the interface, with the reac-
tion mechanism being the same for all four lattice dislocations.

At Type 111 interface, the reactions in Equation (3) and (4) are
observed, as shown in Figure 5c. However, differing from the
first two types of interfaces, the dislocation “R” here is dissoci-
ated only upon the approaching of the fourth lattice dislocation.
This suggests that Type III interface impedes the gliding of lat-
tice dislocations more significantly than the other two interfaces.
Indeed, as shown in Figure 2, the PCD regions occupy only
33.33% of the interface area in Type III interface, whereas the
same quantity is 99% and 50% for Type I and Type II interfaces,
respectively. For a quantitative understanding, we calculate the
time evolution of the Cauchy stresses on the three interfaces
via a recently developed surface-based formula, using the direct
physical definition of stress for force per umit area>3—°
Figure 5d presents the component of the Cauchy stress tensor
associated with the applied strain, i.e., on the [111] plane along
the [011] direction. It is found that the peak local stresses are,
respectively, 4.3, 4.2, and 5.4 GPa, for the three types of interfa-
ces. The finding that Type III interface possesses the highest
peak local stress corresponds to that it is a stronger barrier to
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the gliding of lattice dislocations compared with the other two
types of interfaces.

4. Conclusion

In this article, we analyze three types of Si/Ge (111) semicoher-
ent interfaces in terms of their responses to an in-plane shear
and interactions with lattice dislocations using CAC simulations.
It is demonstrated that 1) the CAC model, with a reduction of
96.47% in the number of DOFs compared with a fully resolved
atomistic model, retains the same Si/Ge interfacial structures as
the latter; 2) Type I interface, which contains a hexagonal net-
work of misfit edge dislocations, has the highest interface energy,
whereas Type 11 interface, which contains a triangular network of
misfit 90° partial dislocations, has the lowest interface energy;
3) subject to an in-plane shear, Type I interface is the least stable
among the three types of interfaces; and 4) Type III interface,
which contains a hexagonal network of misfit 90° partial dislo-
cations, impedes the gliding of lattice dislocations more signifi-
cantly than the other two types of interfaces, owing to its smallest
percentage of the PCD region.
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