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direct band gap materials [4–6]. The latter property would
allow the direct integration of optoelectronics systems in
current CMOS and MOSFET technology, a highly-sought
after goal [7].

Germanium is an indirect-gap semiconductor, with the
valence band maximum at Γ and the conduction band mini-
mum at L. However, a local minimum exists in the conduction
band at Γwhich is only 140 meV above L at room temperature
[8]. Tensile strain reduces this separation, and heavy n-type
doping has been suggested as a way of filling up the L-valley as
a possible route towards optical gain [9, 10], but with the
attendant disadvantage that heavy doping leads to an increase
of the optical absorption [11]. The application of 2% biaxial
strain to a Ge(001) layer is expected to lower the direct gap

1. Introduction

The semiconductor technology roadmap seeks new approa-
ches to fullfil the increasing demand for performance in 
electronic devices [1, 2]. This demand includes both con-
ventional electronics and future applications in the field of 
optoelectronics.

In recent years strain has proven a useful tool for band 
engineering of Si and Ge, both as a way to increase charge 
carrier mobility [3] and, particularly, to modify the alignment 
and relative position of the bands in order to turn them into
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below that of the indirect gap [12], and a similar result is
expected for 4% uniaxial strain applied along [100] [13].

Although an established theory describes the effects of strain
on the bands of thematerial [14, 15], the same effective strain can
be induced by different geometries of the systems. Several
solutions have been conceived to apply the desired deformation:
via external stressors, cantilevers ormicromachining [16–20], via
particular geometry without any stressor layer [21, 22], via epi-
taxial growth/condensation techniques [23–25] or by the
exploitation of thin nanomembranes [26, 27].

Most of the methods above apply strain to Ge micro- and
nano-structures, mainly for two reasons. The first is the lack of a
practical Si-based ‘virtual substrate’ which can be used for the
direct epitaxial deposition of tensile-strained Ge layers (without
introducing incompatible materials such as GeSn or InGaAs)
[28, 29]. The second is that such large amounts of strain lead to
very small critical thicknesses beyond which strain relaxation
via onset of dislocations is energetically favored. The equili-
brium critical thickness for high lattice parameter mismatch
(more than 1%) can be as small as a few nanometers [30, 31],
but under certain conditions (i.e. fast epitaxy at relatively low
temperatures) thicker metastable films can be realized in which
the nucleation of dislocations can be delayed [32, 33]. Such
films can be patterned into structures which are free to relax
elastically (i.e. without the introduction of dislocations), indu-
cing strain in the substrate [34, 35].

In this configuration the strain induced in the substrate
can be increased in the case that the substrate takes the form
of a thin membrane rather than a thick bulk-like layer. This
consideration has been presented in literature as self-evident
[36], with no systematic comparison of the results in the case
of massive supports versus membranes, partly due to
experimental difficulties in obtaining similar conditions in the
two situations. Here simulations can surely help in elucidating
this issue.

In this work we systematically study some configurations
of −Si Gex x1 stressors and their capability to induce the
necessary strain reported above in Ge substrates with a finite
element method (see section 2). Our simulations aim at elu-
cidating the role of the diverse geometric parameters of the
system along with a comparison of massive, stiff Ge substrate
(called ‘bulk’ here, section 3) with a thin, compliant one
(‘membrane’, section 4). Our analysis tackles situations where
the stressors are −Si Gex x1 layers deposited epitaxially on Ge
and where the geometries considered can be created with
electron beam lithography. In all the results, we focus on the
strain applied along [100] direction (defined ‘uniaxial’ here)
and in the (001) plane (‘biaxial’). We also systematically
analyze the effect of the composition of the stressors (that can
be controlled experimentally), discussing the coherency of
these samples. The onset of plasticity is discussed by using
known analytical formulae, since its explicit treatment is
excluded from the present FEM analysis.

The understanding emerging from this study not only
provides an initial guide for the experimenters in the space of
the geometrical parameters, but also allows us to design a
system with a very large optically active area (section 4.2)
that, according to theory, seems feasible and coherent.

2. Methods

2.1. Finite-element method and work hypotheses

All the simulations are performed with a finite-element
method using the commercial software Comsol Multiphysics
[37], where linear elasticity theory is employed. The −Si Gex x1

nanostructures are initially tetraedrically matched to the Ge
lattice constant and then allowed to relax elastically. The
lattice constants of −Si Gex x1 alloys are based on those in [38]
while the elastic constants were linearly interpolated between
those of Si and Ge [39].

The accuracy of the linear elasticity theory adopted is
confirmed by a number of works in literature and by previous
works of the authors performed on heteroepitaxial systems as
small as 10 nm wide, larger 3D islands or planar structures
[40–44] leading in any case to a good agreement with
experimental results. According to previous results [45], FEM
can lead to discrepancies from the more accurate molecular
dynamics methods in case of points inside the nanostructures
or for strain higher than 7% (nonlinear effects non-negli-
gible). Our results fall in the validity region since we focus on
points outside of the nanostructures and on the strain lower
than 5%.

In all simulations the directions x, y, z correspond to
[100], [010] and [001] respectively. x and y are the directions
in the plane and z is the normal to the free top surface. In all
the simulations we apply periodic boundary conditions (PBC)
in the xy plane in order to simulate and infinite bulk or
membrane. This constraint imposes that the structures as a
whole are not allowed to expand laterally, a condition
mimicking, e.g., the anchorage of a suspended membrane to a
substrate. In the simulations on bulk the bottom surface of the
substrate is kept fixed, whereas in the ones on membranes it is
left free to relax. Technical details of the calculations (size of
the cell, mesh, etc) are reported in the supplementary material
stacks.iop.org/sst/29/095012/mmedia.

2.2. Elastic strain and plastic relaxation

This work focuses on elastic strain relaxation only. In a real
heterostructure, thick layers can eventually relax plastically
via the nucleation of dislocations during growth. Also, the
nanopatterning of a flat epilayer can lead to a significant
redistribution of stress and induce plastic relaxation even in
the case that the initial unstructured film was free from dis-
locations [46]. However, these effects depend heavily on the
details of the growth and the nanofabrication. In order to
provide a general analysis and general guidelines independent
on the fabrication methods, in this work we do not consider in
details the dynamic of nucleation of dislocations. However,
we consider and highlight those structures which appear as
practically feasible by comparison with metastability curves
or with experimental results obtained in similar sys-
tems [35, 47].

In our simulations the interfaces are sharp. We neglect
any possible intermixing effects induced to the high stress at
the edges of the heteroepitaxial islands [41] in the substrate
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nearby. This effect, however, can alter the amount of strain
necessary to induce a transition to a direct band gap, parti-
cularly for the cases with steep facets of the stressors close to
the region of interest and should be checked in the real
samples case-by-case.

3. Bulk germanium substrate

In this section we study the strain induced by −Si Gex x1

nanostructures on a thick relaxed Ge substrate. The stressors
are therefore tensilely stressed nanostructures of epitaxial

−Si Gex x1 which, by lateral shrinking, induce a tensile strain in
the nearby Ge substrate via perimeter forces, whose role is
discussed. In the following we will refer to the Ge layer as
‘substrate’, and the −Si Gex x1 epilayer as ‘stressor’.

Sections 3.1, 3.2 and 3.3 consider the case of a uniaxial
strain, which is faster to simulate (with two-dimensional
simulations) and allows the investigation of a wider range of
parameters.

Section 3.4 considers the case of a biaxial strain with 3D
simulations.

3.1. Uniaxial stressors: thickness and width

The geometry of the system is presented in the sketch in
figure 1(a). On top of the substrate we have a lithographically-
designed stripe of −Si Gex x1 of width w and thickness t, infi-
nitely extending in the y direction. In this work we are
interested in engineering the strain in the substrate, and only
secondarily in the strain in the stressor. Since we are inter-
ested in tensile-strained Ge, we will focus on the regions of
the substrate which are not covered by the stressor, ideally
able to emit light if a direct transition occurs.

The strain induced in the substrate decade with the dis-
tance from the stressors. In order to give an estimation of this
strength and to reduce the large amount of data to show, we
report the strain induced in a given well-defined point. In
particular, we focus on the point S of figure 1(a), which is
located at the surface of the Ge substrate (z = 0), at a distance
d = 10 nm from the perimeter of the stressor. This choice is
motivated by the fact that this is a distance which can be
reached by e-beam lithography, and it is compatible with the
current technological node in microelectronics.

For linear stressors, the strain at S varies as a function of
the aspect ratio of the structure. This effect can be understood
considering that the effect of a perimetral force can be thought
of as the strain induced by two local linear forces located at
the perimeter [47]. The perimeter on the right pulls S, whereas
the perimeter on the left pushes away S. These point forces
fade away as 1/x, and therefore the effect of the left perimeter
on S vanishes as the stressor is larger. In addition, the thicker
is the stressor, the less constrained is the top surface of the
structure, and therefore the elastic energy is relieved by
expansion rather than transferred to the substrate [48].

Figure 1(b) analyzes the effect of the stressor geometry
(aspect ratio w/t and height t) on the strain along x ([100]
direction) induced on S, since we are interested in the in-plane
deformation. We focus on the case of Si Ge0.50 0.50 to be more
realistic (in real experiments intermixing is likely to occur)
and to give an estimation in the middle of the composition.
Obviously a higher Si content would lead to a higher induced
strain and vice versa.

Since the system is infinitely long along y direction (hidden
in 2D simulations), εyy in the stressors is set from the lattice
mismatch and set to zero in the Ge substrate. εxy and εyz are
automatically zero both in the stressor and in the substrate. εzz

and εxz in the Ge substrate are always lower than εxx , therefore
their effect in altering the bands is considered negligible.

The four values of t in figure 1(b) range from 20 to 50 nm.
This range of values is chosen to have a strain at S of at least 1%
(for reasons to be cleared below) and to avoid irrealistically
thick −Si Gex x1 layers (that would likely create dislocations).
As the aspect ratio increases, the strain increases because the
pushing effect of the force located at the left perimeter
diminishes. The plot of εxx as a function of the aspect ratio
highlights that for values of w/t beyond 20, the effect of the
structure on S is dominated by the right perimeter, since the
strain is more than 90% of the value reached for w/t →∞. For
each fixed value of w/t, thicker stressors induce higher strain.
This increase is sublinear, because of the effects of the free
expansion of the top surface mentioned above.

These observations have important consequences in the
practical realization of the structures. First, it is important to
maximize the surface ratio between strained substrate and
stressor to get the highest amount of strained material on the
wafer. Second, while depositing too much material is not
effective in increasing the induced strain, keeping the stressor

Figure 1. ‘Bulk’ case. (a) Sketch of the two-dimensional system. (b) Values of the εxx at point S as a function of the w/t aspect ratios for four
values of t (reported under the curves) for =d 10 nm. See section 3.1 for details.



thin has the additional advantage of staying below the critical
equilibrium or metastable thickness for relaxation [49].
Finally, a thinner stressor is easier to process by lithography
and etching.

3.2. Uniaxial stressors: systematic variation with composition
and height

Once established the ‘infinitely-long stressor limit’ in the
previous section, we focus on this limit and analyze the strain
distribution on other regions of Ge substrate in details and its
variation with stressor composition. In case the ratio w t of
the stressors is lower than this limit, we expect the trend of εxx

to follow the trend highlighted in the previous section.
Figure 2(a) reports the spatial distribution of εxx for a

Si Ge0.50 0.50 stressor, with t = 50 nm and w = 2000 nm (hence
=w t 40). This panel gives an idea of the variation of the

strain with distance.

Figure 2(b) reports the values of εxx on the Ge free
surface (i.e. z = 0) for the same calculation as a function of the
distance from the edge of the stressor (hence the point S of
figure 1 is at 10 nm). The decrease of εxx as a function of the
distance from the perimeter is slightly softer than a 1/x curve,
suggesting that the approximation of the linear force [47] is
only partially effective. The region where the transition to the
direct band condition (i.e. the active area in emission of light)
is the one with εxx> 4%.

Panel (c) in figure 2 resumes the results of our systematic
analysis for a single stressor. It reports the values of εxx at
point S (10 nm apart from the stressor edge) for different
values of Ge content x in the stressors (note that higher Ge
content corresponds to lower tensile strain and vice versa
since here Ge is the substrate) and for different stressor
thickness t. Uniaxial strain of at least 4% cannot be achieved
at S, unless in the top right region of panel (c).

Figure 2. Uniaxial strain induced by −Si Gex x1 stripes on a Ge bulk. (a) Strain values of εxx for a single Si Ge0.50 0.50 stressor. (b) Values of εxx
extracted from (a) at the Ge surface, close to the edge of the stressor. (c) Strain values of εxx for a single Si Ge0.50 0.50 stressor at the point S
(10 nm away from the stressor on the Ge surface), as a function of Ge content and the thickness of the stressor. The solid orange line
represents the Matthews–Blakeslee curve for equilibrium dislocation onset. The dashed orange line represents the curve indicating the
dislocation onset in metastability conditions. S, M, and P mark the stable, metastable, and plastic regions, respectively. (d)(e)(f) Same as (a)
(b)(c) for two stressors. See sections 3.2 and 3.3 for details.



An important issue of these theoretical calculations is
whether real stressors with this shape remain coherent or
develop dislocations. This question is addressed in the same
panel (c) of figure 2 by the reported curves of the critical
thickness of a −Si Gex x1 film on top of Ge before the onset of
plastic relaxation. The solid orange curve represents the
Matthews–Blakeslee limit, below which dislocations are
energetically unfavourable, and therefore the system cannot
present plastic relaxation [30, 49]. In addition, the dashed
orange line shows a limit of metastability, derived from a
similar curve taken from [50], which marks the curve below
which dislocation-free film can be grown without plastic
relaxation under peculiar growth-kinetic conditions, such as
low temperatures and fast growth-rates. Since this limit
depends strongly on the growth parameters, this curve must
not be considered as a well-established sharp limit, but rather
an indication that can vary significantly among different
techniques.

The achievement of a high strain is therefore bound to the
ability of growing an epilayer beyond this critical dimension.
In this considered geometry in the region of the diagram
capable of inducing a direct-gap transition ( >t 40 nm and <x
10%) the growth of a coherent film is well beyond the grasp
of any known technique. An improvement is made by
superposition of stressors as discussed in section 3.3.

3.3. Uniaxial stressors: strain superposition

One way to increase the strain is via superposition of the
deformation fields generated by a combination of stressors.
Since this is a routinely used solution, we study this possi-
bility here giving precise values.

The simplest combination consists of two stripes of

−Si Gex x1 inducing tensile strain in the Ge substrate in
between. Figures 2(d)–(f) are the analogous of panels (a), (b),
and (c) with two stressors facing each other, with the same
mesh conditions and the same substrate. Considering the
point S at a distance d of 10 nm from each perimeter (the total
width of the trench being 20 nm), one observes in panel (e)
that εxx is about twice the corresponding case of a single
stressor (as expected from the superposition of
displacements).

The same conclusions can be drawn from the comparison
of panels (c) and (f). It is remarkable in this case that the 4%
iso-strain line (indirect-to-direct transition for uniaxial strain)
overlaps with the limit of metastability, suggesting that the
right combination of growth conditions might realize practi-
cally this structure in the analyzed geometry. Therefore
experimental efforts towards this direction are not mean-
ingless. This explains the reason of the choice and study of
the 2% limit in the other panels and in figure 1.

These data holds for the choice of the gap performed
here. Obviously (and as can be deduced from the map in
panels a and d) the closer the stressors (i.e. the narrower the
gap) the higher the strain induced in Ge (not shown). Here we
have focused on the case of 20 nm.

3.4. Biaxial stressors

If we drop stripe stressors and consider also more complex
structures, we can combine together the effect of more
stressors to induce a biaxial strain, that would lead to an even
better tension of the Ge substrate.

Keeping in mind the idea of the −Si Gex x1 layer excavated
with etching and lithographic techniques, as a representative
example here we consider the case of a cross-shaped trench in
a Si Ge0.50 0.50 layer. Differently to the previous case, there is
no free edge apart from the one between stressors to be
analyzed, i.e. PBC apply to the border of the stressors also
(see geometry in figure 3(a)). As compared to the uniaxial
case, this is somehow equivalent to the crossing of two
orthogonal trenches. In the middle of the cross the effects of
four perimeter forces add up.

In order to compare with the uniaxial case, we set the arm
of the cross 20/ 2 nm wide, so that the distance from the
centre of the cross to the four corners of stressor is 10 nm, as
in the previous simulation of the stripes of point S. The size of
the arm of the cross is 1640 nm and the total size of the
simulated wafer is 5000 nm.

Since in the middle of the cross the strain is biaxial, we
need ε|| = 2% of strain to get the indirect-to-direct transition
[12], where ε|| is the in-plane strain defined as (εxx + εyy)/2.
To get this value we can relax some of the requests of the
previous section. In particular, we choose to halve the pre-
vious thickness, so that t = 20 nm, which is still above the
equilibrium limit thickness, but well below the metastability
curve.

A colormap of the ε|| is reported in panels (a) and (b) of
figure 3. The fact that the stress distribution is apparently non-
centrosymmetric is due to the coarser mesh in the channels. In
the region of interest (crossing of the channels), where the
mesh is set finer, the strain field is indeed symmetric.

In this case the average biaxial strain in the crossing of
the trenches is 2.06% (therefore close to the transition), with a
higher value nearer the edges and a lower in the center (see
figure 3(c)).

This value of strain appears to be independent of the
length of the arm (a test with half a length, not shown, pro-
duces the same result) and the size of the cell (from a test with
half of the cell dimension). It depends on the width of the
channel only, giving higher average strain for narrower edges
(2.66% for =w 10 nm and 1.14% for w = 30 nm), confirming
the major role played by the edges.

The trend with the stressor composition x is expected to
follow the same trend depicted in figure 2(f). For instance the
case of 25% Ge in the stressor leads to a ε|| = 3.29%.

A structure like the one presented in figure 3 is techno-
logically interesting because it can be integrated in a con-
ventional substrate for microelectronics with legacy
deposition and lithography techniques. It should be pointed
out that there would be other parameters which could be
changed to get the same (or higher) strain. For example,
instead of reducing t one could reduce the length of the arms
of the cross (which would increase the density of structures
per wafer), or it would be possible to increase the width of the



arms (which would broaden the active area of each single
structure), with the caveat that larger arms would generically
lead to a lowering of the strain induced, given the larger
distance of the center of the active area from the edges of the
stressors. One last possibility could be to couple the biaxial
region of direct bandgap with other regions of unixial strain
along the arms of the cross, provided they can be made nar-
rower or the stressors thicker in order to reach the 4% limit
needed. This would increase the density of the active area
considerably on the wafer.

4. Germanium membranes

The previous results hold for an infinitely thick substrate,
supposed rigid. As stated in the introduction, in literature the
trend is to consider thin membranes that can be deposited on
different substrates, or a standing membrane obtained by
excavating a bulk.

In this section we analyze this case. In the simulations the
free standing membrane translates into a bottom surface of the
substrate free to relieve strain by bending. An infinitely long

membrane is studied by applying (as in the case of a ‘bulk’)
periodic boundary conditions in the plane of the membrane.
In these cases the thickness tGe of the substrate is taken
comparable to the one of the stressors t, since this is what
occurs experimentally.

4.1. Uniaxial stressors and the onset of a maximum

In order to understand the stress field in these geometries,
figure 4(a) reports a representative example of the entire cell
in the deformed state. As in the previous uniaxial figures here
the stressors are Si Ge0.50 0.50 atop of a pure Ge membrane, but
in this case the only termination of the stressors is the gap
between them (set to 20 nm, as before). This configuration is
chosen in order to focus the effect of the stress and of the
bending on a single cavity. Additional terminations of the
stressors would affect the entire bending and stress field so as
to make the analysis difficult. This configuration makes the
effective length of the stressors (considering the replication
with PBC) equal to 1000 nm. Both the stressors and the Ge
membrane are 50 nm thick. The bending caused by the tensile
effect of the stressors is evident.

Figure 3.Biaxial stressors with the shape of two crossed trenches in Si Ge0.50 0.50 on a Ge bulk substrate. The colorscale in (a,b) corresponds to
the in-plane strain (εxx+ εyy)/2. (a) Tilted view of the wafer with the stressor. (b) Zoomed top view of the biaxially strained region. (c) Trend
of the in-plane stress along a line at z = 0 (Ge surface) parallel to x axis passing in the middle of the active area (y = 0, red, lower curve) and at
1/4 of its length (y = 3 nm, blue, upper curve). In (c) the vertical black lines delimitate the region of the active area, where the mesh is built
finer and the field is symmetric with respect to the center of the zone ( = = =x y z 0). See section 3.4 for details.



The colormap is the strain εxx . Its colorbar is located
under panel (b), an enlargement in the region of the gap. In
this configuration the strain εxx computed in the middle of the
gap (point S discussed above) is 10.6%. If on one side this
value is for sure higher than the 4% required to have a tran-
sition to direct band gap, on the other it is not clear how the
bands would look like with such a high strain [14] and the
validity of the linear elasticity theory itself is doubtful [45].

The reason for this increase of strain towards the Ge side
with respect to the results the Ge bulk reported in figure 2 is
twofold. First, the elastic energy can now be almost equally
shared by the stressors and the membrane, leading to a higher
deformation of the membrane. Second, a geometrical effect

arises from the fact that the SiGe/Ge regions curl upwards
following the behavior described by the Stoney/Timoshenko
theory for strained bilayers [51]. The large upward-curled
regions exert strong forces on the small regions in the stressor
trench where S is positioned. The resulting downward curling
of the trench region creates a high positive strain on the top
surface of Ge, and a high negative strain in the bottom surface
of Ge.

One important issue is the dependence of the strain
induced by the bending with different total length of the
stressors, given this chosen geometry, since intuitively the
bending will be different for a different length of the mem-
brane/stressors. Indeed in this case, contrary to the case of

Figure 4. (a,b) Si Ge0.50 0.50 stressors with thickness of 50 nm on top of a Ge membrane of 50 nm. The spacing in between the stressor arms is
20 nm. The color scale is reported below panel (b). (c) Map of εxx strain in the point S (in the middle of the gap) for Si Ge0.50 0.50 stripes as
stressor of a Ge membrane. The meaning of the dashed line, M and P are the same as in figure 2. (d) Trend of εxx along horizontal lines in (c)
to show the maximum for different tGe(different curves) and for larger t. (e,f,g) deformation plots of the points highlighted in (d). See section
4.1 for details and discussion.



section 3.4, there is no stiff bulk to fix the relaxation. Addi-
tional simulations with different length of substrate and
stressors with the same geometry (not reported) show that
there is not any infinite-long limit, but rather the strain
induced in the gap increases with the length of the membrane.
Simulations with stressor length equal to 250 nm (500 nm in
the repeated cell), 500 nm (shown in figure 4(a)), 750 nm and
1000 nm report a value of εxx equal to 7.21%, 10.67%,
12.72% and 14.07%, respectively.

As in the case of bulk-like structure, the height of the
stressor are influencing the relaxation. Differently from that
case, however, here it is also the height of the membrane that
plays a role.

Figure 4(c) reports the isolines of the εxx at point S in the
middle of the channel when the values of t and tGe are lower
than 50 nm. The sample width is kept fixed to the one
reported in panel (a). Here the regions of metastability (M)
and plasticity (P) are highlighted.

The limiting situations of t/tGe ≪ 1 and t/tGe ≫ 1 can be
considered as analogs of the bulk case (where the bulk is Ge
or −Si Gex x1 , respectively). The first difference with the case
of the bulk substrate is that while the isostrain curves of
figure 2(a) are always monotonic with t, figure 4(c) shows
also a strain maximum for conditions close to t = 30 nm and
tGe = 20 nm.

An example of this non-monotonicity is reported in
figure 4(d) for four different values of tGe (horizontal lines in
panel c) and for larger values of t. The deformed plots of
points (e), (f) and (g) are reported in the panels with the
same name.

The maximum occurs at a condition close to the =t tGe,
where it is most energetically favourable to distort both the
membrane and the stressor. A thicker membrane (or a thicker
stressor) limits this deformation and hence strain
accumulation.

One issue to address is the dependence of the occurrence
of this maximum with the length of the cells, since the elastic
response is different. A second simulation with the stressor
length equal to 1000 nm (2000 nm in the repeated cell, not
reported) is compared with this result (500 nm of the length of
the stressor). In the case of longer cell and stressor a higher
strain is achieved: at the maximum for tGe = 15 nm a value of
27% is reached as compared to 17%. Additionally the max-
imum occurs at a higher value of t (at ≈39 nm vs ≈30 nm for
the shorter case). But the trend of the curve is unaltered,
showing also the monotonic, asymptotic increase for large
values of t ( >t 100 nm).

This phenomenon leads to the unique situation that a
high strain is registered for thin stressors and membrane,
contrary to the case of the bulk. These results thoroughly
support the idea that a compliant substrate can be used to
increase the strain considerably provided a tuning of the
geometrical parameters is considered, as currently performed
in literature.

4.2. Biaxial stressors

To complete our analysis and the comparison with the bulk-
like substrate, here we investigate the generation of biaxial
strain in a Ge membrane with the same geometry as in
figure 3. As in the previous section, in order to create a
membrane, in this case the Ge substrate is reduced to a size
comparable to the stressor and its bottom surface made free to
relax.

Considering the results in figure 4(c), we choose to set
=t tGe = 20 nm, since they induce a high strain but are thick

enough to be feasible experimentally. As in section 3.4, the
size of the arm of the cross is 1640 nm, the total dimension of
the simulated membrane is 5000 nm, the stressor is
Si Ge0.50 0.50 and PBC are applied in the plane xy.

Because of the high strain induced in the structure by the
reduction of the substrate thickness and by its compliancy, the
goal of ε|| = 2% can be achieved with much more relaxed
design values as compared to figure 3. In this example, we
increase considerably the width of the cross arms to 400 nm,
more than one order of magnitude larger than the bulk case.

As in the uniaxial case, figure 5(a) shows an upward
curling of the membrane in correspondence of the arms of the
cross, with a downward curling in correspondence of the
centre of the cross. With these values, ε|| is still considerably
larger than 2% in the whole region within the centre of the
cross (about 2.67%). This example represents a case of a very
large area optically active (≈400 × 400 nm2, considering that
the value given is an average one on this area).

The trend of the ε|| along a line crossing the center of the
channel at = =y z 0 is reported in figure 5(c) along with the
line at y = 100 nm (located at 1/4 of the trench width). Highly
homogeneous values in the entire active region are registered.

The value of strain increases if the width of the cross is
decreased. For a w equal to 200 nm or 100 nm the strain
increases to 4.50% and 6.60%, respectively. By increasing the
thickness of both the membrane and the stressor to 30 nm the
strain just slightly decreases (2.63%). By halving the lateral
size of the system to 2500 nm, the strain just slightly
decreases to 2.13%. By decreasing the Ge content in the
stressor to 25% the in-plane strain increases to 4.15%.

As in section 3.4, also in this case we could have relaxed
other parameters to get a similar ε||, such as a thicker mem-
brane, or a shorter cross-arm, or even a different shape. The
result reported here demonstrates nevertheless that, as com-
pared to bulk, there is much room for achievement of large
areas of highly strained Ge if a membrane is employed.

5. Conclusions

In this paper, we investigated the strain induced by −Si Gex x1

stressors on Ge substrates with the aim to understand the
optimal geometrical and compositional configurations to
induce elastically high tensile strain in Ge substrates.

The goal is indeed to tune the functional properties of Ge
to transform it into a direct-band material suitable for optoe-
lectronics applications. We discussed the strain in the



heterostructures in terms of contributions from strain sharing,
perimetral forces and geometrical effects.

By focusing on the elastic properties of stressors feasible
with lithographic techniques and on the threshold value of
both uniaxial and biaxial strain to create a direct band gap
material, we highlighted the existence of an infinitely-long
limit of stressors, the effect of the stressors composition, the
utility of deformation superposition due to more than one
stressor and a biaxial configuration.

We reported a quantitative and systematic estimation of
the enhancement of strain moving from a bulk substrate
towards a compliant thin membrane, providing a qualitative
physical insight behind the improvement guaranteed by the
latter. Our analysis on compliant membranes has highlighted
the onset of a maximum for thin stressors and substrates that
could be exploited in future devices. The 3D case of the
compliant substrate has shown a possibility to have a large
optically active area, important feature to allow the integration
on CMOS technology.

For these reasons, this paper can provide guidelines for
designing top-down nanostructures for intense strain engi-
neering of germanium.

It would be interesting for the community the identifi-
cation and measurement of real samples with such char-
acteristics. These will be performed in future publications on
selected cases.
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