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We show that suitable pit-patterning of a Si(001) substrate can strongly influence the nucleation
and the propagation of dislocations during epitaxial deposition of Si-rich Si1-xGex alloys,
preferentially gettering misfit segments along pit rows. In particular, for a 250 nm layer deposited
by molecular beam epitaxy at xGe! 15%, extended film regions appear free of dislocations, by
atomic force microscopy, as confirmed by transmission electron microscopy sampling. This result
is quite general, as explained by dislocation dynamics simulations, which reveal the key role of the
inhomogeneous distribution in stress produced by the pit-patterning. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4733479]

The introduction of strained Si layers by relaxed SiGe
stressors into the main-stream Si technology,1 at around
2003, offered to the Si-chip industry the opportunity to over-
come the so-called power crisis, which brought Moore’s law
very close to a halt. On the other hand, since the nineties, it
occurred the development of devices having strained-SiGe
layers as the active part,2 in particular the heterojunction
bipolar transistors, further developed to what is presently the
fourth-generation of SiGe technology.3 However, such Si-
rich epilayers are still pseudomorphic, so the possibility to
use them thicker than a few tens nanometers, for instance in
detectors, is hindered by the nucleation of misfit dislocations.
This is true also for metastable layers, which eventually
evolve dislocations because of succeeding thermal treat-
ments. Hence, any strategy in order to control, possibly con-
fine in selected areas, misfit dislocations is highly welcome.

In a recent letter,4 we have shown that {111}-faceted
trenches along the h110i directions of a Si(001) substrate are
favorable trapping sites for misfit dislocations that develop
during conformal deposition of low-misfit SiGe films on top
of such templates. This behavior was explained in terms of
an energy minimization for 60" misfit dislocation segments
(MS) located at the (111) interface. While trenches can trap
only MS parallel to their extension, we also observed dislo-
cations orthogonal to the trenches to form a dense and rather
uniform array, starting from one trench and ending at the
neighboring one, some 2 lm apart in our experiments.
Actually, such dislocations are predicted to nucleate at the
trench edges, because the calculated resolved shear stress
(RSS) there is higher than anywhere else in the film. The
trapping of MS in one direction and of threading arms (TA)
for the orthogonal ones is expected to be a general feature of
epitaxial films with a cubic lattice on such patterned (001)
substrates. This leads to the confinement of detrimental TA
in narrow stripes along the trenches, as long as the trench pe-
riod is not too large. However, for arrays of infinitely long

trenches, only the MS parallel to the trenches are confined,
whereas the orthogonal MS network extends into the areas
between the trenches. Evidently, no area free of MS can be
fabricated in such a geometry.

In order to overcome this deficiency, we introduced tem-
plates consisting of Si(001) substrates patterned with a regu-
lar array of {111}-faceted pits, similar in size and spacing to
the trench case, and oriented in a square network along the
h110i-directions. SiGe films exceeding the critical thickness
for the onset of plastic relaxation5 were deposited on these
templates. If the RSS induced in the film by the pit edges is
as effective as in the trench case, and for sufficiently small
pit spacing, a periodic grid of dislocations confined along the
rows of pits can be expected. Such a pattern should ideally
produce square areas with the linear dimensions of the pit
spacing that are entirely free of MS and TA. As the pit array
is expected to produce a complex inhomogeneous strain
field in the SiGe film, predicting the effectiveness of such a
dislocation gettering process is not straightforward. Three-
dimensional (3D) discrete Dislocation Dynamics (DD) simu-
lations are a suitable tool to access the evolution of a large
density of dislocations lines. In particular, a procedure to
model dislocation nucleation in time is presented, which
allows us to assess preferential sites for dislocation forma-
tion and to investigate the process of plastic relaxation in
thin films. Simulation results are successfully compared to
the experiments.

The {111}-faceted pits were created on (001) oriented
Si substrates covered with 70 nm of plasma-deposited SiNx.
Following the technique described in Ref. 6, three different
samples with pit arrays spacing of 1, 1.5, and 2 lm and align-
ment along the h110i directions were defined by electron
beam lithography. This pattern was transferred into the
nitride layer by reactive ion etching to define a hard mask,
which was then used for wet-chemical, anisotropic etching
into the Si substrate with tetramethylammonium hydroxide
at 80 "C. Since the etching rate in the Si h001i directions is
about a factor of 30 higher than in the h111i directions, pitsa)E-mail: Martyna.grydlik@jku.at.
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with the shape of inverted, {111}-faceted pyramids are
formed.7 Width and depth of the pits are determined by the
size of the hard mask openings. Here, we chose an opening
area of #0.3 lm2, which leads to pit depths of #300 nm. The
scanning electron microscope image in Fig 1(a) shows one
of the fabricated Si(001) templates.

After the hard mask removal, the templates were chemi-
cally pre-cleaned with a final oxide removal step in hydro-
fluoric acid and transferred into a Riber Siva 45 molecular
beam epitaxy (MBE) system. After an in-situ desorption step
at 700 "C for 45min, a 45 nm thick Si buffer layer was grown
at a rate of 0.5 Å/s, while ramping the substrate temperature
from 450 "C to 550 "C. Subsequently, a 250 nm thick
Si0.85Ge0.15 layer was grown at a substrate temperature of
TGe! 550 "C and a growth rate of R! 0.71 Å/s. Similar
results were obtained for all three samples. Figs. 1(c) and
1(d) show atomic force microscopy (AFM) images from the
sample with a pit spacing of 2 lm after film growth. Elevated
lines connecting the pits are attributed to the surface foot-
prints of underlying bunches of MS that run along the h110i
beading directions of pits.8

To directly visualize misfit dislocations and their distri-
bution, transmission electron microscopy (TEM) investiga-
tions were carried out both on plan-view and cross-sectional
specimens with a Jeol JEM2011 at 200 keV. The bars for the
plan-view specimens were pre-thinned by mechanical polish-
ing. A focused ion beam (FIB) instrument was employed for
the final preparation step of both kinds of specimens. In Figs.
2(a) and 2(b), plan view TEM images are presented. These
bright field (BF) images were recorded under conditions that
minimized the Bragg diffraction contrast, and thus the strain-
and bending-contour contrast. Evidently, most of the disloca-
tions parallel to the [110] and [$110] directions are confined
along the lines that connect the strings of pits, supporting the

interpretation of the AFM images. The single pit images in
Figs. 2(b) and 2(d) reveal the locations of the dislocations
with respect to the pit facets.

The TEM analyses also provide information on the TA.
In Fig. 2(a), most dislocations run from pit to pit revealing
that the corresponding TA terminate at the pit facets. But also
some TA appear in between the pits on planes that are defined
by the side walls of the pits. The associated dislocation half-
loops get evidently stuck on their glide from pit to pit. Also
stacking faults (SF) occur on these planes. It is interesting to
note that between the pits, at least some of the MS run below
the SiGe/Si interface through the substrate on {111}-planes
that are mounted by the pit side walls. The cross-sectional
images Figs. 2(c) and 2(d) reveal more details of these MS
and the SF. The bright field image Fig. 2(c) shows a cut
through a pit with an optimized contrast for SF. The {111}-
sidewalls of the pits are generally preferential sites for planar
defects in the film, such as multiple stacking faults and micro-
twins. The dark field image in Fig. 2(d), which was recorded
with a {002} reflex, shows examples of buried MS running
perpendicular to the image plane. In this figure, the opposite
{111}-plane contains a stacking fault. Their occurrence is due
to conformal growth on the {111}-facets, which enhances the
formation of Shockley partial dislocations and the related
stacking faults.9,10 Further optimizations of both template fab-
rication and epitaxial growth are required to minimize the
density of those undesirable planar defects, which are, how-
ever, confined in the pit area.

FIG. 1. (a) Si(001) template patterned with an array of pits with {111} side
facets. (b) Periodic cell used in the simulations to reproduce the experimen-
tal geometry. AFM inclination images showing the morphology of (c)
20% 20lm2 ((d) 5% 5lm2) areas of a Si template after deposition of a
250 nm thick Si0.85Ge0.15 layer; pit spacing is 2 lm. The lines between the
pits are the footprints of underlying dislocation bundles.

FIG. 2. (a) TEM plan view images of the 1 lm period sample. Dislocations
parallel to the h110i directions are running from pit to pit, leaving large
areas dislocation-free. Examples of threading arms (TA) and of stacking
faults (SF) are indicated. (b) Dislocation distribution in the vicinity of a sin-
gle pit. The facets of the pit are highlighted in this plan-view image. (c)
Cross-sectional bright field TEM image through a pit of a template with a
period of 1.5 lm. The mass-thickness contrast was optimized to reveal the
shape of the pit and the conformal SiGe layer. Several planar stacking faults
SF can be seen. (d) A cross sectional (002)-dark field image from the area
between two pits from the same sample as in (c). The plane of individual
dislocations in the substrate perpendicular to the image plane and a planar
stacking fault are marked by white arrows. Corresponding positions of the
cross-sections of (c) and (d) are indicated in (a).
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In order to interpret the experimental observations, we
first calculate by finite element method (FEM) the elastic
field for a coherent and conformal 250 nm thick Si0.85Ge0.15
film within the periodic cell (Fig. 1(b)) of the template. In
analogy to the experiments, the pits were chosen to be
540 nm wide and 250 nm deep, with a spacing of 1.5 lm.
The strain distribution in the film is visualized in Figs. 3(a)
and 3(b), where the exx strain component is plotted along a
crosscut in the ($110) plane and 125 nm below the top (001)
surface, respectively. As expected, the pit geometry allows
for partial elastic strain relaxation nearby the pits, while else-
where exx&$6% 10$3, which corresponds to a fully
strained Si0.85Ge0.15 film. Despite the elastic relaxation being
limited, a second important effect associated with the pit ge-
ometry can be observed in the strain maps. A large and local-
ized value of exx exists close to the pit edges, as indicated by
the arrows in Fig. 3(a). These regions provide favorable sites
for dislocation nucleation and multiplication.

To better quantify this effect, we selected one of the rep-
resentative slip system for the diamond crystal lattice,11 the
[011](1-11) one, and we analyzed the variation of its
resolved shear stress (RSS) in the simulated volume. In Fig.
3(c), the corresponding RSS is displayed, both at the (001)
interface and in a (1-11) dislocation glide plane cutting the
film close to a pit. The RSS has its maximum in the vicinity
of the pit edges, while it is considerably lower in the remain-
ing film volume, where it approaches the value of a flat
Si0.85Ge0.15 film of &0.42GPa. Therefore, close to the pits, a
small area exists where dislocations on the tested slip system
should be preferentially nucleated.12,13 Similar results were
obtained for the other active slip systems. The stress field
displayed in Fig. 3(c) was calculated for the final film thick-
ness of the SiGe layer in the experiments, however, the same
qualitative behavior was found also for thinner films (not
shown). As a consequence, pit edges can be identified as the

most favorable nucleation sites during all stages of film
growth.

To prove that the modulation of the stress-field r0
induced by {111}-pits leads to dislocation trapping along the
pit rows, DD simulations14–16 were performed. Our approach
is similar to the one proposed in Ref. 17. First, the coherent
stress field r0 is computed by FEM and used as an external
load. As dislocations are introduced, the dynamics is deter-
mined by considering r0, the total stress field due to other
dislocations,11 and the line-tension contribution. The latter is
modified with respect to the typical bulk expression in order
to mimic the force acting on segments touching the free
surfaces.15,17 The open-source code microMegas14 was
employed for running DD simulations, implemented with a
stochastic procedure to periodically introduce dislocations,
similarly to Ref. 18. A constitutive local rule tests if a newly
introduced dislocation loop with an initial radius R (actually
taken as an octagon of dislocation segments) will expand
with time in the actual stress field. More precisely, at prede-
fined time intervals Dt, we randomly select the coordinates
of a possible nucleation site inside the simulated volume.
Dislocation loops belonging to all the active slip systems are
tested at such position. In particular, the resolved forces on
all loop segments are calculated in their respective glide
planes. Only the loop undergoing the maximum total
resolved forces along its line is selected. If the total resulting
force acts to expand such a loop, the DD simulation is
actually evolved for Dt. Otherwise, the procedure is repeated
for a different nucleation site.

In our DD simulations, the critical radius for loop
expansion in a flat Si0.85Ge0.15 film turns out to be Rc

&30 nm, in agreement with classical models.19,20 In a con-
formal film on the patterned template, dislocation loops with
even smaller radii can be nucleated at the most favorable
positions, because of the heterogeneous stress field (see Fig.
3). In Fig. 4, we show the results obtained when considering
nucleated loops of radius R# 20 nm, i.e., significantly
smaller than Rc. Since in low misfit systems the plastic relax-
ation process is progressive,21 we selected a time interval of
Dt! 1 ns, which is sufficiently long to guarantee the full evo-
lution of a dislocation loop in our system before a new one is
created. Periodic boundary conditions in the [100] and [010]
directions were applied throughout. As expected, dislocation
nucleation is only observed in regions close to the pit edges,
as illustrated by the opening loop marked with an arrow in
Fig. 4(a). As a result, misfit dislocations appear only along
stripes that form a quadratic grid in which the pits define the
intersection points (Fig. 4(b)). The stripe width is essentially
given by the width of the pits. In these stripes, the disloca-
tions run either from pit to pit, ending on the facing sidewalls
of adjacent pits, or they pass very close-by the pits, along
{111} planes that are parallel to pit side-walls. The gettering
of misfit dislocation in a grid around the pit positions gener-
ates square areas with linear dimensions of the pit spacing,
which are (almost) completely free of dislocations, as long
as the pit spacing remains sufficiently small. This result22 is
in excellent agreement with the dislocation microstructure
found in the TEM images (Fig. 2).

Another interesting result of the DD simulations con-
cerns the relatively short MS of the dislocations nucleated at

FIG. 3. Elastic strain analysis in a conformal Si0.85Ge0.15 film grown on a
{111}-pit patterned substrate. The strain component !xx is plotted (a) in a
plane orthogonal to the [$110] direction (y axis), which cuts the pits in two
halves, and (b) in a plane perpendicular to the [001] direction (z axis),
125 nm below the top (001) surface (dashed line in (a)). The white arrows
indicate the high strain sites periodically repeated in the template. Such posi-
tions are expected to be preferential sites for dislocation nucleation. (c)
Resolved shear stress (RSS), calculated for the [011](1-11) slip system, at
the (001) film/substrate interface and in the (1-11) dislocation glide plane of
the film.
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the pit edges. During the simulations, we found mobile TA
that slow down and stop in some regions close to the pit free
facets (Fig. 4(c)), where the stress is much lower than in the
rest of the film. This dynamical effect simply explains why
most threading segments observed experimentally terminate
at the pit facets, and why there is a small density of TA in
between the pits both in the simulations and in the experi-
ments (Figs. 2 and 4).

In conclusion, our experimental results and model pre-
dictions demonstrate that by suitable patterning of Si(001)
substrates with {111}-faceted pits, it is possible to introduce
preferential sites for dislocation nucleation, MS evolution,
and threading-arm trapping, resulting in micrometer-sized
areas of film nearly free of any dislocation. Such portions are
more than sufficient for device integration based on strained
SiGe. Further experimental configurations of pit geometry
and distribution could provide additional insights into the

process and, possibly, the opportunity to study the electrical
and optical properties of selected bunches of MS. The excel-
lent agreement between experimental and simulated disloca-
tion microstructures proves the predictive power of the DD
method employed here.
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G. Bauer, New J. Phys. 12, 063002 (2010).

7K. Sato, M. Shikida, T. Yamashiro, K. Asaumi, Y. Iriye, and M. Yama-
moto, Sens. Actuators 73, 131 (1999).

8M. A. Lutz, R. M. Feenstra, F. K. LeGoues, P. M. Mooney, and J. O. Chu,
Appl. Phys. Lett. 66, 724 (1995).

9W. Wegscheider, K. Eberl, G. Abstreiter, H. Cerva, and H. Oppolzer,
Appl. Phys. Lett. 57, 1496 (1990).

10D. Pachinger, H. Groiss, M. Teuchtmann, G. Hesser, and F. Schäffler,
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FIG. 4. Early (a) and late (b) stage of the distribution of misfit dislocations
in a Si00.85Ge00.15 film on a template with {111}-faceted pits. Dislocation
nucleation events (arrow in (a)) are tested in periodic time intervals Dt. Dis-
location trapping in the {111} planes defined by the side walls of the pits
leads to extended, square-shaped areas that are virtually free of dislocations
(b), in excellent agreement with the TEM image in Fig. 2(a). (c) The magni-
fied 3D view of the grey slab selected in (a) and centered on the pit shows
that most threading arms (TA) in the microstructure end on the pit facets
(arrows). The (001) Si/SiGe interface is visualized in grey in (c).
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