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Accommodation of SiGe strain on a universally compliant porous silicon substrate
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The growth of heteroepitaxial planar fully strained SiGe layers with high Ge concentration and large thickness
enables tailoring electronic properties for enhanced transport properties and photoemission. We give here the
first experimental and theoretical proof that high temperature flashed porous silicon layers (HT-PSi) perfectly
accommodate the stress of SiGe layers and provide compliant substrates with unprecedented capabilities for the
fabrication of planar SiGe nanomembranes. We show that the stress driven morphological evolution leading to
self-organized quantum dots commonly observed on nominal Si (001) is fully inhibited when growing SiGe on
such a HT-PSi substrate. The elastic behavior of HT-PSi results from two specific features: It is ten times softer
than Si and tensily strained. Theoretical analysis proves that the compliant behavior of HT-PSi is due to the strain
effect, while on the contrary its elastic softness favors the development of 3D growth. The inhibition due to the
tensile strain produces atomically flat layers free of misfit dislocation.
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I. INTRODUCTION

Advanced Si-based devices for electronic and optoelec-
tronic applications commonly require SiGe heterostructures
to optimize their performance. In the current planar Si-based
technology, strain engineering is a critical strategy in tailor-
ing the band-gap energy and the electronic properties for
enhanced charge transport. Dislocation-free bidimensional
heterostructures however cannot be grown with arbitrary
thickness as the strain energy should not exceed that required
to form either 3D islands or dislocations in the grown
layer. To increase this critical thickness for the manipulation
and integration into next-generation devices [1,2], it is of
interest to grow the heterostructures on compliant substrates
[3-8]. Si-based flexible nanomembranes (NMs) grown on
such substrates have exceptional structural, mechanical, and
electronic properties. These NMs on elastic soft substrates that
can be stretched, compressed, and deformed are attractive for
flexible opto- and nanoelectronics, photonics, and biological
applications [9-16]. In addition to their mechanical properties,
NMs offer a band-gap engineering ability controlled by the
elastic-strain sharing with the compliant substrate [3—8].

Recently, porous Si (PSi) came back in front of the scene
as a promising candidate in the highly competitive course for
finding compliant substrates for the epitaxy of heterogeneous
systems (III-V, SiGe ...) on Si. Its low cost fabrication and
ease of integration in advanced CMOS technology provide
significant benefits for Si-based optoelectronic integrated
devices. Due to its porosity, PSi is a soft material with an elastic
modulus almost ten times smaller than Si. It is therefore ex-
pected to accommodate the mismatch of heterogeneous layers
and to serve as a mechanically stretchable pseudosubstrate.
A two-step electrochemical formation process was recently
developed in Refs. [17,18] which produced a PSi bilayer with
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an ultrathin atomically flat layer (where pores are stopped
out) on top of a thick PSi highly porous layer. However, low
temperature epitaxy of SiGe and Ge on such a bilayer produced
rough epitaxial layers with extended defects [19-23].

We demonstrate here that high temperature flashed PSi
bilayers (HT-PSi) behave as compliant substrates for the
fabrication of relaxed planar SiGe NMs. The HT annealing
produces a structural evolution where small pores transform
into large pores while a tensile strain builds up [24]. Such a
pseudosubstrate has then two striking characteristics: It is both
very soft and tensily strained. When annealed at HT, the thick
PSi undergoes a morphological and structural evolution with
the transformation of small pores (~10 nm) into large pores
(~500 nm) as already reported [24], while a tensile strain
builds up in the thin top PSi layer free of pores. After deposition
of SiGe/Si layers on HT-PSi, we show the inhibition of the
morphological evolution commonly observed for SiGe on Si
(reminiscent of the Asaro-Tiller-Grinfel’d, ATG, instability).
Atomically flat layers free of misfit dislocation for thickness
well above the critical thickness commonly measured on a
Si substrate are produced. Theoretical analysis shows that the
compliant behavior of HT-PSi is due to the tensile strain, while
its softness conversely favors the development of the surface
corrugation. This procedure paves the way to efficiently
integrate heterogeneous systems on Si using HT-PSi either
as a pseudosubstrate or as a NM.

II. EXPERIMENTAL

PSi bilayer structures are formed by electrochemical
etching of a (001)-oriented B-doped Si wafer dipped in
hydrofluoric acid (HF) [25,26]. A thin top layer with low
porosity is produced at higher electrocurrent to provide a good
epitaxy of the next SiGe/Si layers [27]. In a second step, PSi
layers are annealed under H atmosphere at high temperature
T (1000 °C). Before introduction into the growth chamber,
the HT-PSi/Si(001) substrates are first cleaned with a piranha
solution [1:3 v/v H,O; (30 wt. %):H,S04(96 wt. %)] at 80 °C
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for 10 min, then rinsed in DI water and cleaned in HF:H,0,
(1:10) and rinsed again. After cleaning, they are immediately
introduced into the UHV chamber to avoid contamination,
where they are outgassed at 400 °C for 15 min. A Si buffer
layer is deposited by MBE in UHV at 700 °C, before SiGe
layers grown at 550 °C. The morphology and microstructure
of the samples were investigated by atomic force microscopy
(AFM) in air, transmission electron microscopy (TEM), and
high resolution x-ray diffraction (HR-XRD). TEM cross-
section observations were performed with a JEOL2010F at
200 keV. The crystalline structure was determined by HR-XRD
with an X’Pert PRO MRD Diffractometer, using the CuKy
radiation (A = 1.54056 A). The MRD setup has a four circles
goniometer with a sealed Cu x-ray tube and a 3 bounces Ge
(220) analyzer used for HR measurements. Both 2 — 26 scans
and reciprocal space mappings are performed, respectively,
for the Si (004) and (224) reflexions. The (004) XRD pattern
allows the determination of the vertical lattice parameter. The
(224) reciprocal space mapping allows the determination of
the strain relaxation and Ge composition. Both symmetric and
asymmetric scans were also performed. The sample is a (001)
oriented Si wafer; the (004) Bragg peak was mapped with the
[004] direction normal to the plane of the wafer. [224] is a
direction within the plane of the film. Position in ¢, correlates
to the d spacing of the peak; position in g, correlates to tilt of
planes. Map of the symmetric Bragg peak is used to separate
tilts and strain, and map of the asymmetric peak is used to
separate composition and strain.

III. RESULTS AND DISCUSSION

A. Evolution and strain

SiGe layers are deposited on a bilayer HT-PSi/Si(001)
substrate which consists of a thick porous layer with large
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pores (produced during the high temperature annealing) and a
thin flat layer almost free of pores at the top surface. During
HT annealing, which stabilizes the PSi chemical nature, a
morphological transformation is observed: The small and
dense pores coalesce into large pores ~500 nm in diameter
[see TEM cross sections of Fig. 1(a)]. An ultrathin Si buffer
layer is then deposited by molecular beam epitaxy in ultrahigh
vacuum (UHV) at 700 °C to provide a perfect cleanliness and
reproducibility of the surface free of contaminant, before the
growth of SiGe layers at 550 °C, see Fig. 1. The epitaxy of
the Si buffer layer on top of the substrate is facilitated by
the atomically flat top surface of the HT-PSi. It produces a
nice Si buffer layer free of defect and fully coherent with
the substrate, see Fig. 1. The XRD € — 26 scan of the
Si/HT-PSi/Si(001) system, Fig. 1(b), shows different peaks
representative of the different lattice parameters in the growth
direction a,. The double peak is ascribed to the Si(001)
substrate and to the HT-PSi. This double peak has already
been observed in a recent paper [20]. The small tensile strain
observed in PSi was explained by the desorption of —OH
species during annealing [28]. An additional broad peak not
observed in the previous work (single HT-PSi layer) is now
visible on the right side (right arrow). Since it was not observed
previously, it may be ascribed to the top thin PSi layer free of
pore and performed in different electrochemical conditions.
Its angular position demonstrates a tensily strained layer. We
measure a?> = 5.405 A.In the presence of an in-plane strain
n = (af>" — a®")/a"" with the in-plane lattice parameter a,
the Poisson dilatation leads to a tetragonal distortion af_Si =
a®™'[1 — 2vn/(1 — v)] with the Poisson ratio v. With our
measure, we find aﬁ’Si =5.465 A so that n = 0.63% with

a®' = a5, This tensile strain is induced by the HT annealing
which causes the swelling of the lattice structure. These data

are confirmed by the (224) map, see inset in Fig. 1.
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FIG. 1. (Color online) (a) and (c) TEM cross-section images and (b) and (d) corresponding XRD € — 26 scans for (a) and (b) a Si buffer
layer/HT-PSi and (c) and (d) SiGe film (x = 0.35, 2 = 27 nm)/Si buffer layer/HT-PSi. HT-PSi exhibits in both cases large pores underneath
and smaller pores in the very top layer. The insets give the corresponding (224) reciprocal map in the two situations.
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FIG. 2. (Color online) Comparison of the two systems investi-
gated: (a) SiGe/Si(001) bulk substrate and (b) SiGe/HT-PSi/Si(001)
bulk substrate. Schematic cross-section representations of the layers
and TEM cross-section images of Si;_,Ge, with x = 0.15 deposited

on (left) Si(001) with hgige =
hSiGc = 250 nm.

150 nm and (right) HT-PSi with

On top of this Si/HT-PSi bilayer, we deposited Si;_,Ge,
layers with different compositions in between x = 0.15 and
0.35 and with thicknesses lower than the critical thickness
for the nucleation of misfit dislocation [29]. We compare the
morphological evolution of SiGe on Si(001) on the one hand
and on the PSi stressor on the other. For these compositions and
thicknesses, the morphological ATG instability does indeed
occur on Si(001) [29,30]. Conversely, in the same experimental
conditions, the instability is inhibited on HT-PSi. This behavior
is typically exemplified for x = 0.35 and for a thickness & =
27 nm that usually lead to the ATG instability on Si(001), see
Figs. 2 and 3. In these conditions, we find that the SiGe film
deposited on the HT-PSi stressor is perfectly planar and free of
extended defect as seen by TEM cross section, Fig. 1(c). The
XRD map along [224] and 2 — 26 spectra along [004] show
that the epitaxial SiGe film is fully coherent with the HT-PSi
stressor, Fig. 1(d). On the latter, one can see from right to left
the PSi and Si(001) peaks, and the peaks assessed to the SiGe
layer and its interferences due to reflexions with interfaces. The
well-developed interferences attest to the very good crystalline
quality of the SiGe layer. The angular position of the SiGe peak
gives a%i%¢ = 5.536 A while the angular position of the HT-PSi
peak is unchanged after deposition of SiGe (a}>' = 5.405 A
so that af> = 5.465 A). Moreover, the (224) map, plotted in
the coordlnates g, and g, perpendicular and along the growth
direction, reveals a perfect alignment of the SiGe and HT-
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FIG. 3. (Color online) Atomic force microscopy images of the
SiGe top surfaces corresponding to the images displayed in Fig. 2:
(a) SiGe/Si(001) bulk substrate and (b) SiGe/HT-PSi/Si(001) bulk
substrate on Si(001). RMS roughness is 3.2 nm and 0.13 nm for
(a) and (b), respectively. The height scale is identical for the two
images (between 0 and the maximum height 15 nm).
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PSi peaks and the coherence of the system. One may thence
consider a|SiGe = a® so that a}'% is consistent with the mean
film composition x = 0.35 using the documented values of the
SiGe lattice parameter [31].

A similar behavior is obtained for larger SiGe thick-
ness/lower Ge concentration. As an example, for x = 0.15
we find again that the morphological instability is inhibited
on the HT-PSi stressor for thicknesses up to 250 nm while,
the SiGe growth on Si(001) produces a corrugated film even
for h = 150 nm, see Figs. 2 and 3. The typical cross-section
TEM images of the SiGe layer evidence an atomic flatness
of the surface and the absence of misfit dislocation when
using the HT-PSi substrate, while the typical morphology of
the ATG instability is observed for the epitaxy on Si(001).
This difference is attested by the different root mean square
roughness of the as-grown layers [respectively, 0.13 and 3.2 nm
on the HT-PSi stressor and Si(001)]. From this experimental
part, we conclude that the HT-PSi stressor substrate plays
a major role on the morphological evolution of the SiGe
epilayer. This finding could result from different effects: (i) the
tensile state of the stressor reported above; (ii) the well-known
softness of the PSi layer [18]. We thence focus in the following
on the competition between these two effects [32].

B. Morphological evolution

‘We reconsider the theoretical description of the morpholog-
ical evolution of strained films resulting from elastic relaxation
enforced by surface diffusion [33,34]. The geometry under
scrutiny is a SiGe film on top of a Si buffer layer in epitaxy
on a porous substrate, Fig. 2. Strain arises as the film and
buffer layer have a lattice mismatch m = (a%6¢ — ¢5) /45
while their interface is coherent. As a first approximation, we
consider that SiGe and Si have equal Young modulus Y and
Poisson ratio v. Conversely, the porous medium is described as
a continuous but softer system with a different Young modulus
Ypsi = s Y which evolves with the porosity ¢ as s = (1 — o),
see Refs. [18,35,36]. The observation of the coherence of
the film/buffer and PSi/Si interfaces enforces the continuity
at these interfaces of both the displacements and forces,
while the upper film surface at z = h(r,f) with r = (x,y)
is free of stress. The z = 0 reference plane corresponds to
the lower Si interface with PSi. Finally, we account for an
in-plane tensile strain n in PSi by imposing the displacement
u” = n{x,y, —2vz/(1 — v)} deeply in PSi (with the Poisson
distortion in the z-component). On the instability time scale,
mechanical equilibrium is promptly realized and one may
solve the elasticity equations at equilibrium in a quasistatic
approach.

The strain relaxation leading to the ATG instability depends
on the level of stress in the initial flat film when A(r) =
h = e+ h, with h and e, the SiGe film and Si buffer layer
thicknesses. In this geometry, the forces, stress tensor, and
displacement gradients are independent of (x,y), and we find
that the displacement vector at mechanical equilibrium is

1
uo=uﬂ+m“1+”<z—e>{o,o,1}, (1)
— vV

where m/ = m in the film and m”/? = 0 in the buffer and
PSi (b/p). This displacement field is associated with the
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energy density & = E(1 — n/m)* with & = Ym?/(1 — v).
The energy stored in the flat film is commonly relaxed
either via a morphological evolution or via dislocations. It
is significantly dependent here on the substrate strain level
through the (1 — n/m)? term.

The energy stored in #, may be relieved when a morpho-
logical modulation of the surface leads to a global energy
gain. To estimate the elastic driving force, one should compute
the strain relaxation induced by a modulation h(r,t) = h +
hy(r,t) where i displays small slopes. For such a surface, we
find a solution as # = uy + u; where u; is computed thanks
to a Fourier transform (F) over r with the wave vector k. The
associated elastic energy density reads at first order

E=E —2(1 +v)& F Axk hy(k)), 2)
where
_ ae®h _pe2%kh _ gkp 3)
“T a e e — (1 + ab) — 4K2R2
with  a=(1+3s—4sv)/(1 —s) and b=(1—-s)3—
4v)/(3 + s — 4v). Note that the & dependance which arises
here is due to finite size effects in the Si layer. Combined with

capillary effects, the elastic strain leads to a surface diffusion
given by the diffusion equation
on _ DA “)
ar o
with the diffusion constant D and the chemical potential
u = & — y Ah which accounts both for the elastic energy &
and the surface energy y [37]. With our solution, we find
that a harmonic corrugation %, evolves in Fourier space as
hy(k, e’ e with the growth rate o of the corrugation,

o=Ac(1—n/mPk —k*, 5

A

in units of the space and time scales
lo=y/[2(1 +v)&] and ty=1;/Dy. (6)

Note that [y and #, which dictate the wave vector with
maximum growth rate are significantly sensitive to the misfit
and evolve as 1/m? and 1/m?®, respectively (for x = 0.3, one
finds /p = 13 nm and ¢y = 270 s, see. e.g., Ref. [30]). For a
corrugation with a given k, a positive o signals the growth of
such a corrugation, while a negative value corresponds to its
damping. In the limit of equal elastic constants in the entire
system (s = 1) and in the absence of any prestrain n = 0, one
retrieves the ATG spectrum [33,34] os(k) = k3 — k*. In the
general case however, the expansion of A; at low k leads to
o ~ k3(1 — n/m)?/s — ak* with a coefficient o of order unity.

These results first evidence the counterintuitive effect that
the softness of the porous medium leads to the enhancement
of the instability. It is manifest in the 1/s amplitude of the k3
term in the small-k expansion of o, and confirms the tendency
found in Ref. [37]. It may be rationalized by the fact that the
elastic relaxation on the surface is associated with a smaller
but nonzero strain in the substrate, which is reduced by the
softness of the substrate. Hence, the inhibition of the instability
on HT-PSi may not be explained by the softness of the porous
medium in epitaxy with a bulk substrate. It is clearly visible in
Fig. 4 where o for a soft unstrained pseudosubstrate (dashed
red line) is always greater than its corresponding value for a
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FIG. 4. (Color online) Growth rate o as a function of the
wavevector k of the morphological instability of a strained SiGe film
on top of a Si buffer deposited on: (thick solid black line) a tensile and
soft porous medium (typically HT-PSi); (thick dotted black line) a
tensile medium with equal stiffness; (dashed red line) a soft medium
without prestrain; (solid blue line) a medium without prestrain and
with equal stiffness [nominal bulk Si(001) substrate] corresponding
to our. The parameters correspond to the experiments described in
the text. The figure is given in dimensionless units corresponding to
the instability length and time scales [y and 7, given in Eq. (6).

Si(001) (solid blue line). We note that indeed, on a PSi substrate
before HT annealing (not tensily strained), we did observe a
strain relaxation larger than on Si(001) [20].

On the other hand, the (1 — n/m)?> amplitude in Eq. (5)
is ascribed to the tensile state of HT-PSi which reduces the
effective in-plane strain experienced by SiGe. It leads to a
dramatic reduction of o when the tensile strain measured in
experiments is accounted for on Si(001), see the thick dotted
black line in Fig. 4. The growth rate resulting from both the
substrate softness and tensile strain is then plotted with the
experimental values described above, x = 0.35, h = 27 nm,
e =20 nm, ¢ = 50%, and n = 0.63%. The important result
of this analysis is that the instability growth rate remains
mainly negative when both the softness and tensile state are
included, see thick solid black line in Fig. 4. Consequently,
the perturbation analysis predicts in these conditions that the
film remains flat, similarly to the experimental finding on the
HT-PSi stressor. The tensile strain overcompensates in this
case the effect of the softness. The same result is found for the
parameters of the x = 0.15 film even for the thickness 4 = 250
nm displayed in Fig. 2. On the contrary, the typical k> — k*
ATG growth rate which exhibits a full range of unstable wave
vectors with o > 0, Fig. 4, is relevant for a SiGe film on
a Si substrate (n =0, s = 1) where the growing instability
eventually leads to self-organized quantum dots [30], see
Fig. 2.

IV. CONCLUSION

In summary, we managed to grow thick, planar, and
dislocation-free SiGe nanomembranes on top of a high tem-
perature flashed PSi bilayer substrate. Contrary to equivalent
layers grown on bulk Si(001), the SiGe layers do not exhibit
the usual morphological instability related to strain relaxation,
even for a thickness well above the critical thicknesses of
this effect. The striking strain accommodation provided by
HT-PSi is explained theoretically by computing the growth
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rate of a corrugation in the presence of a (i) tensily strained
and (ii) soft substrate. We show that, counterintuitively, the
latter enhances the morphological evolution while the former
inhibits its onset. Given the strain level that was measured by
XRD, we find that the competition between these two effects
is dominated by the tensile strain and leads to the kinetic
inhibition of the instability. The high-temperature annealing
of PSi which generates this tensile strain produces a unique

PHYSICAL REVIEW B 90, 035315 (2014)

material highly suitable as a substrate for the heterogeneous
integration of various systems on Si. The low-cost process
developed here takes also benefits from the chemical stability
and reproducibility of HT-PSi, which is in addition fully
compatible with the CMOS technology. These results open the
way for developing new metamaterials through heterogeneous
epitaxy on free-standing SiGe/HT-PSi nanomembranes lift off
from the Si substrate.
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