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ilicon—germanium alloys play an im-
portant role in group IV electronics and
photonics. Many of the materials prop-
erties of SiGe alloys can be continuously
tuned with composition between that of
pure Si and pure Ge. Most notably, the
lattice constant of SiGe varies almost line-
arly with Ge composition.! The ability to
tune the lattice constant of SiGe by varying
composition has led to extensive efforts in
the strain engineering of Si,” Ge,? and SiGe*
in order to enhance electronic transport
properties like charge carrier mobility,>®
induce new effects not seen in the bulk
forms of Si or Ge, such as the electro-optic
effect in strained Si” and create charge
confinement in heterostructures? Strained-Si/
relaxed SiGe heterostructures are essen-
tial in group IV quantum electronics, a cur-
rent high-impact research area that requires
the fabrication of two-dimensional electron
gas structures (2DEGs) that can be pat-
terned and gated to confine individual elec-
trons into quantum qubits with long co-
herence times.>'® Furthermore, crystalline
SiGe enables the integration of llI—V mate-
rials into Si-based systems'"'? and the fab-
rication of strain-balanced superlattice hetero-
structures in lattice-mismatched materials.">'*
In many of these situations, SiGe in the form
of a substrate for growth of other materials
is required.
The challenge in the effective use of SiGe as
a high-performance material in this manner is
making it. Prior efforts, extensive in nature,
have failed to meet that challenge, as detailed
below. In this paper, we demonstrate the
fabrication, using nanomembrane strain en-
gineering technology, of extremely high-qual-
ity SiGe crystals that are not possible to make
by earlier methods: fully elastically relaxed,
single-crystalline, thin alloy sheets that can be
transferred to any new handling substrate
and used as a template for further epitaxial
growth of more SiGe or of other materials.
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ABSTRACT Many important materials cannot be grown as single crystals in bulk form because
strain destroys long-range crystallinity. Among them, alloys of group IV semiconductors, specifically
SiGe alloys, have significant technological value. Using nanomembrane strain engineering methods,
we demonstrate the fabrication of fully elastically relaxed Si, _,Ge, nanomembranes (NMs) for use as
growth substrates for new materials. To do so, we grow defect-free, uniformly and elastically
strained SiGe layers on Si substrates and release the SiGe layers to allow them to relax this strain
completely as free-standing NMs. These SiGe NMs are transferred to new hosts and bonded there. We
confirm the high structural quality of these new materials and demonstrate their use as substrates
for technologically relevant epitaxial films by growing strained-Si layers and thick, lattice-matched
SiGe alloy layers on them.
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Because of the large difference in melting
temperatures of Si and Ge, bulk crystalline
forms of SiGe do not exist for a large part of
the composition range;'” segregation, lack
of compositional uniformity, and grain
boundary formation are limitations in the
growth of single-crystalline bulk SiGe. To
reach the entire composition range, epitax-
ial growth of SiGe is required, but such
growth also suffers from significant struc-
tural-defect problems. Two methods have
been developed for creating relaxed-SiGe
substrates via epitaxial growth. The first is
growth of step-graded (i.e., multiple layers
with increasing Ge concentration) buffer
layers of SiGe. Such materials suffer from
dislocation pile-ups, creating a very rough
surface, called crosshatch, and local varia-
tions in the strain relaxation of the SiGe
alloy, as well as many threading dislocations
in the final layer.?

The second approach, referred to as Ge

condensation,'®'” involves growth of a low-
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Ge-concentration SiGe alloy layer on SOI
followed by thermal oxidation. During oxi-
dation of the SiGe alloy, the Si preferentially
oxidizes, driving the Ge farther into the film
to create a higher-concentration, thinner
alloy layer. The high temperatures in the
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Figure 1. SiNM fabrication process. (A) SiGe and top Si layers are epitaxially grown on SOI. (B) Etchant access holes are pat-
terned with photolithography and reactive-ion etching (RIE), then the BOX layer of the SOl is selectively etched in HF. (C) Top
and bottom Si layers are selectively etched in KOH. (D) SiGe NM is transferred to a new host substrate in water and annealed to

— -
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SiO,

500 °C to encourage bonding.

oxidation step encourage strain relaxation of the alloy
via misfit dislocations, as well (i.e., also plastic relaxa-
tion, as in the first method).

Both approaches therefore result in SiGe films with
strain inhomogeneities, mosaic structure, and crystal-
line defects, ultimately limiting device performance by
scattering and trapping charge carriers,'® encouraging
dopant diffusion along threading dislocations, and
driving recombination of holes and electrons.'® These
performance-limiting defects become increasingly im-
portant in quantum structures, such as single-electron
devices made by gating 2DEG structures.”'%°

An ability to synthesize defect-free, elastically (rather
than plastically) relaxed, single-crystalline SiGe would
circumvent all of the limitations of the above methods.
One would then have a new substrate for growth of
thick defect-free SiGe crystals and also for the growth
of strained Si and other materials without the burden
of substrate defects to reduce the quality of the grown
material.

As indicated above, in this paper, we demonstrate
the fabrication of just such SiGe crystals. The process is
as follows, shown schematically in Figure 1: We epi-
taxially grow a SiGe alloy layer on silicon-on-insulator
(SOI) below the kinetic critical thickness for dislocation
formation,?' followed by a Si capping layer; this pro-
cedure creates a Si/SiGe/Si heterostructure, with the
SiGe layer under compressive strain®? (Figure 1A). To
obtain high Ge concentrations in the SiGe layer, we use
a concept learned from the Stranski—Krastanov
growth of strained-Ge quantum dots on Si,?® but never
applied in the current context. That procedure is more
fully described below. The buried oxide (BOX) layer is
selectively etched away to release the Si/SiGe/Si tri-
layer from the SOl handling substrate (Figure 1B). In
this step, the compressively strained SiGe layer shares
its strain with the sandwiching Si layers. These Si layers
are then selectively etched away, allowing the SiGe to
elastically relax completely (Figure 1C), leaving a per-
fectly crystalline SiGe NM with a lattice constant appro-
priate to bulk SiGe at the appropriate composition.?*
We characterize the SiGe NMs throughout the fabrica-
tion process to show that the SiGe elastically relaxes to
the bulk lattice constant during the fabrication process.

PASKIEWICZ ET AL.

Upon transfer and proper bonding to a new handle
substrate, typically oxidized Si (Figure 1D; see Materials
and Methods), we use the NMs for subsequent growth
of thick lattice matched SiGe, as well as thin strained Si,
to show that these SiGe NMs are suitable for use as a
new growth substrate. We discuss how these defect-
free substrates will find application in Si quantum
electronics, through a potentially significant reduction
in the disorder potential, variations in the electrostatic
field due to defects, dislocations, and strain inhomo-
geneities. Controlling substrate defects and inhomo-
geneities may prove crucial to extend coherence
lifetimes in Si spin qubits.”'*?°2° We point out that
our nanomembrane strain engineering technique can
be generalized to make many new single-crystalline
materials that do not now exist.

We provide two examples of SiGe NM fabrication: (1)
a ~50 nm SigezGep 3> NM that exhibits strain-driven
roughening during growth, and (2) a ~50 nm
Sip73Gego7 NM that remains smooth during growth.
The strain in the SiGe NMs is characterized throughout
the fabrication process with high-resolution X-ray dif-
fraction (XRD) and Raman spectroscopy. We monitor
the surface morphology with atomic force microscopy
(AFM). To demonstrate the feasibility of these trans-
ferred SiGe NMs as growth substrates, we grew 35 nm of
strained Si on sample 1 with MBE and ~2 um of lattice
matched SiGe alloy plus 10 nm of strained Si on sample
2 with chemical vapor deposition (CVD). We demon-
strate the quality of the resulting grown crystalline films.

RESULTS AND DISCUSSION

The as-grown Si/SiGe/Si(001) trilayer heterostruc-
tures are characterized with 6/20 XRD line scans
through the (004) reflection. These scans (shown in
Figure 2A) are fit to simulations to extract the Ge
concentration and thickness of the alloy layer. The
(004) reflection is a measurement of the out-of-plane
lattice parameter; therefore, we expect the SiGe peak
to be at a lower Bragg angle (larger plane spacing) than
the Si peak. The SiGe will be compressively strained to
the Si lattice parameter in-plane and, as a consequence
of the Poisson effect, will expand in the out-of-plane
direction. The Ge composition extracted from these
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Figure 2. X-ray diffraction measurements of as-grown Si/
SiGe/Si heterostructures. (A) (004) 6/20 line scan for 26 nm
Si/55 nm Sig 6sGeg 35/27 nm Si (sample 1) [- — —]and 23 nm
Si/45 nm Sig 73Geg 27/28 nm Si (sample 2) [—]. (B) (224) off-
axis reciprocal-space map (RSM) of sample 1 (rough 50 nm
Sio.68Ge0.32 NM) and (C) sample 2 (smooth ~50 nm Sig 73Geg 57
NM). The dotted vertical lines in (B) and (C) are guides for the
eye to show that the Si and SiGe layers have the same in-plane
lattice constant. The arrows indicate the direction along
which the SiGe peak would move for a partially relaxed SiGe
film. The large background signal (large diagonal streak)
near the Si peak in (C) is from the underlying Si substrate.
The broad (along the vertical) Si peak in (C) is modulated by
thickness fringes from scattering by the alloy layer.

scans assumes that the alloy layer is fully strained to the
Si lattice constant in-plane. To verify that there is no
plastic relaxation in the as-grown films, off-axis reci-
procal-space maps (RSMs) are taken around the (224)
reflection for the two different trilayer heterostruc-
tures, as shown in Figure 2B,C. Both show that the SiGe
is fully strained to the Si lattice constant; the in-plane
lattice parameter is the same as that of Si. If the alloy
layer were starting to relax, the SiGe peak would not
have the same in-plane lattice parameter as the Si
layers (horizontal peak position); the SiGe peak would
start to spread and move along the relaxation arrow
drawn in Figure 2B,C. The peak broadening along the
relaxation line for sample 1 (Figure 2B) can be ex-
plained by the onset of strain-driven roughening that
elastically relaxes the surface of the film.?*2% This
effect is more fully described below. The measure-
ments demonstrate that the SiGe NMs remain fully
strained to the Si lattice constant in the as-grown state.

At high Ge concentrations (x > 30%), the alloy film may
exhibit strain-driven roughening during pseudomorphic

PASKIEWICZ ET AL.

growth,?>3° of which the classic “hut” formation of Ge

on Si(001) is a prime example.”>3! The formation of
such roughness is a way for a growing film to relieve
strain that competes with dislocation formation. The
strain energy tends to be released plastically by dis-
locations when the strain is relatively small, that is, for a
low-Ge-concentration SiGe alloy on Si(001). For films
with larger misfit strain, for example, pure Ge on
Si(001), the system prefers coherent (i.e., lattice-matched)
formation of individual, spatially separated 3D nano-
crystals (after the 2D film “wetting layer” thickness is
exceeded)?® with a delayed onset of dislocation for-
mation. The nucleation barrier for formation of a 3D
coherently strained nanocrystal decreases rapidly with
increasing strain ¢ as ¢ *, while that for formation of
dislocations decreases linearly with increasing strain (i.e.,
as & ').3° Hence for large strain (high Ge concentration),
3D nanocrystal formation is the preferred path to strain
energy reduction. The coherent 3D nanocrystal forma-
tion allows a thicker undislocated film to be deposited
for a given Ge concentration than would be possible if
this mode of elastic relaxation did not exist.

This 3D nanocrystal formation elastically relaxes film
strain by creating more surface area for the lattice
constant to increase “outward”, as shown schemati-
cally in Figure 3A for a SiGe film grown on a Si substrate.
As a result, the 3D nanocrystal size that is achievable
before the onset of plastic relaxation is dependent on
the mismatch strain; as mismatch strain increases
(Ge concentration increases) the 3D nanocrystal size
decreases. Because the outward expansion occurs at
the growth front of the film, the strain varies through
the thickness of the SiGe layer, with the strain at the
interface between the layer and substrate (point 1 in
Figure 3A) equal to the mismatch strain, &, = (Asup —
dsim)/asim, and the average strain at the surface of the
film less than the mismatch strain. The strain on the
surface of the SiGe varies with the lowest strain at the
peak of the nanocrystals (point 2a in Figure 3A) and
highest strain at the valley of the nanocrystals (point 2b
in Figure 3A). However, once this SiGe layer is released
and allowed to relax elastically, there is no strain gra-
dient through the thickness as the entire film is now
elastically relaxed (lattice constant in the SiGe NM is the
same at points 3 and 4 in Figure 3A), but the coherent-
nanocrystal-induced surface roughness remains.

The onset of strain-driven nanocrystal formation
can be controlled with growth rate and substrate
temperature.?>32 We use molecular beam epitaxy (MBE)
so that we can control the growth rate and growth
temperature independently, to obtain highly meta-
stable alloy films that remain strained to the substrate
lattice constant at thicknesses above the thermody-
namic critical thickness.?' Figure 3 shows results,
including schematic illustrations. For 50 nm NM thick-
nesses, we begin to see strain-driven roughening
(nanocrystal formation) at Ge concentrations of
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Figure 3. Three-dimensional nanocrystal formation in a ~50 nm Sip ¢gGeg 32 NM. (A) Schematic diagrams illustrating the
elastic relaxation of the SiGe lattice constant during formation of coherent 3D nanocrystals (top) and after release and transfer
of the SiGe NM (bottom). At point 1, the SiGe is coherently strained to match the lattice constant of the underlying Si substrate.
The lattice of the SiGe gradually elastically relaxes toward the top of the nanocrystal (point 2a) and becomes slightly more
compressively strained at the bottom of the nanocrystal (point 2b). After release of the SiGe NM, the lattice constant in the
SiGe is the same through the thickness (lattice constant at points 3 and 4 is identical in the SiGe layer). (B) AFM image of the top
surface of the SiGe NM showing the onset of roughening (nanocrystal formation) due to strain minimization during growth.
(C) AFM image of a similar SiGe NM that has been flipped during the release and transfer process to expose the smooth side of
the SiGe NM. The schematic diagrams below the AFM images show a cross section of the sample configuration; the vertical
height of the roughness is greatly exaggerated—the contact area is actually much greater than shown. (D) Optical
micrograph showing an example of an asymmetric etchant access hole pattern to aid in identifying top and bottom sides of

the SiGe NM.

~30% even with low growth temperatures (450—500 °C).
Figure 3A illustrates that process schematically. Lower
NM thicknesses allow a higher Ge concentration but
are more difficult to handle in NM form. When we grow
at high enough Ge concentrations and thicknesses so
that coherent-nanocrystal-induced roughness forms,
the released free-standing SiGe NM is flipped over
upon transfer to the new handling substrate, so that
the smooth side (initially the SiGe/SOl interface) of the
SiGe NM is exposed for any subsequent growth (see
Materials and Methods section for details). Figure 3B,C
shows AFM images of a dislocation-free ~50 nm
SipesGeo32 NM containing 3D nanocrystals after it
has been elastically relaxed and transferred to a new
host substrate (oxidized Si). Figure 3B shows the top
side of the SiGe NM, and Figure 3C shows the bottom
side (flipped SiGe NM). The differences in the surface
morphology and root-mean-square (rms) roughness
between the top and bottom surfaces are significant.
The schematic diagrams below the AFM images in
Figure 3B,C illustrate the sample configuration. By
flipping the SiGe NM, we are able to expose the smooth
side of the SiGe NM to use for subsequent growths
while maintaining proper bonding to the host substrate.>*
The results here indicate that strain-driven coherent
nanostructure formation does not prohibit fabrication
of elastically relaxed SiGe NMs but allows much higher
Ge concentrations.

We use Raman spectroscopy to monitor the strain
state of the SiGe NMs throughout the fabrication
process. We characterize the strain in the SiGe NMs
before and after release and transfer. With knowledge
of the Ge composition in the SiGe NM from XRD
measurements in the as-grown state, we can measure
the strain change in the SiGe NM by measuring the
frequency shift of the Si—Si peak in SiGe going from the
as-grown state to the released state. For biaxial strain in
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the (001) plane, the frequency shift is linearly propor-
tional to strain: Aws;_s; = bsi_sisicer " Where esige is
the biaxial in-plane strain in the SiGe layer and bs; _s;isa
constant based on elastic constants and phonon de-
formation potentials of SiGe. The linear coefficient
(bs;_s;) that relates frequency shift (Aws;_s;) and biaxial
strain (esige) in SiGe has been experimentally deter-
mined to be bs; ;= —730 £ 70 cm~',** and it does not
significantly depend on Ge concentration. Spectra
from both samples are shown in Figure 4AB. After
release and transfer of the SiGe NMs, the Si—Si peaks
move to lower wavenumbers, implying an increase in
the in-plane lattice parameter with respect to the initial
as-grown compressively strained state. Frequency
shifts of —9.1 + 0.2 and —8.1 + 03 cm ' were
measured for the 32 and 27% Ge composition SiGe
NMs, respectively. The frequency shifts of the Si—Si
modes in each of the SiGe NMs are consistent with full
elastic relaxation of compressive strain from fully
strained Si; _,Ge, films grown pseudomorphically on
Si with appropriate Ge compositions (Figure 5). The
absence of a strained-Si peak in Figure 4A,B (this peak
would appear between the peaks from the bulk Si and
Si—Si mode of the SiGe) indicates that all of the Si was
removed from the Si/SiGe/Si heterostructure during
the fabrication of the SiGe NM.

After confirming full elastic relaxation in the SiGe
NMs after release and transfer to new handling sub-
strates (thermally oxidized Si [sample 1] or clean Si with
chemical oxide [sample 2]), we use these new sub-
strates for subsequent growths to demonstrate the
viability of the SiGe NMs as realistic high-quality sub-
strates for additional epitaxy. We grew ~35 nm of Si on
the smooth side (Figure 3C) of the SipesGeps, NM
(sample 1) with MBE. An example of the Raman
spectrum from this heterostructure is shown in
Figure 4C. The frequency shift of the strained-Si peak
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Figure 4. Raman spectra for SiGe NMs with two differing compositions and subsequent growths. (A) Siy 6gGeo 3 NM before
(—) and after (— — —) release, and (B) Siy 73Geg 2y NM before (—) and after (— — —) release. The shifts in the Si—Si peak (Aws;_s;)
indicate full elastic relaxation of the strain. (C) Raman spectrum after ~35 nm strained-Si (¢Si) overgrowth on the Sij 65Geg 35
NM. (D) Spectrum after ~2 m SiGe/10 nm £Si/20 nm SiGe overgrowth on the Siy 73Ge, 57 NM. The Si—Si peaks in (C) and (D) are
consistent with the Si—Si peak positions after release of the SiGe NM [dashed lines in (A) and (B)]: the strain state of the SiGe
NM does not change significantly after epitaxial overgrowth. The shift in the ¢Si peak to lower wavenumbers means the Si is
tensilely strained. Aw.s; is the Raman shift in the Si line due to the tensile lattice mismatch between the Si and the relaxed SiGe
substrate. Raman spectra in (A), (B), and (C) are taken with a 532 nm laser, and the spectrum in (D) is taken with a 633 nm laser
to penetrate the thick alloy layer. Intensities are plotted on a log scale. The intensity of each individual peak is proportional to
the fraction of the total signal originating from that layer [e.g., the £Si peak intensity is low in (D) because the Si layer is very

thin in proportion to the sampling depth (~3 um for 633 nm laser)].

relative to the bulk-Si peak (Aw.s;) is in excellent
agreement with the frequency shift of the Si—Si peak
in the alloy layer from the as-grown compressive state
of SiGe to the released and overgrown state of the SiGe
NM (filled squares and open circles in Figure 5 lie on
top of each other). This agreement is expected, as the
frequency strain shift coefficients, b, agree within
experimental uncertainty for the Si—Si mode of SiGe
[bsi_si = 730 £ 70 cm™')** and for strained Si [b,; =
723 + 15 cm ™ '1.* The agreement in strain states
means that we have grown coherently strained Si on
a fully elastically relaxed Si NM substrate.

On the Sip73Geg,7; NM (sample 2), we grew, using
CVD, a thick (~2 um) lattice matched alloy buffer layer
(matched to within 1 atomic % Ge composition; see
Materials and Methods for details), followed by 10 nm
of strained Si, and capped by ~20 nm of Sip73Geg,7. A
Raman spectrum from this heterostructure is shown in
Figure 4D. Again, for the same reasons as described
above, the shift of the strained Si layer peak relative to
the peak for unstrained Si (shaded squares in Figure 5)
agrees with the peak shift in the Si—Si mode of the SiGe
alloy from the compressively strained as-grown state
to the elastically relaxed released state (open circles in
Figure 5).

We grew the thick lattice-matched SiGe alloy on
sample 2 to demonstrate that it is, in fact, possible to
use the SiGe membrane as a growth substrate for
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making a macroscopic defect-free SiGe crystal. If the
Ge composition of the epitaxial layer is perfectly
matched, we could, in principle, continue growth to
any thickness, as there is no strain in the system. Small
deviations from the SiGe NM Ge composition will
produce small amounts of strain in the epitaxial layer;
however, even several micrometers of material are
below the kinetic critical thickness for a film with a
very small mismatch strain.2" A 2 um film is sufficient to
allow us to use XRD to investigate the strain state of the
alloy and check for strain variations from unexpected
extended defects in the film. Figure 6 shows an XRD
reciprocal-space map (RSM) around the (224) reflection
of the SiGe grown on the elastically relaxed SiGe NM
(recall there is also a 10 nm strained Si layer buried in
the SiGe; see also below). We were able to separate the
SiGe adventitiously grown on the surrounding bulk Si
(support wafer) from that grown on the SiGe NM
because the NM was bonded at a large in-plane twist
angle with respect to the bulk Si support substrate. A
twist angle means that any off-axis reflections from the
bulk are at Bragg conditions different from those of the
NM. The sharp SiGe peak in the RSM in Figure 6
indicates that there is very little strain variation over
the sample area (~1 mm x 1 mm) or through the
thickness of the alloy layer. There is no measurable
mosaic broadening in this sample. For comparison,
even the best material from strain-graded layer growth
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Figure 5. Frequency shift of the Si—Si mode in the SiGe NM
from the strained state as-grown on Si (001) to the released
state. The line is an empirical model for the frequency shift
for the Si—Si mode for a Si;_,Ge, alloy grown pseudomor-
phically on a Si(001) substrate as a function of Ge concen-
tration, x (mismatch strain is a function of x). The shaded
region encompasses the uncertainty in the model.>* The
filled circles (®) show the experimental frequency shift for
the Si—Si mode in the SiGe NMs from the as-grown state to
the released state (Aws;_s;). The open circles (O) are the
same Si—Si mode frequency shifts of the SiGe(001) layer
after lattice-matched alloy overgrowth or strained Si over-
growth on similar SiGe(001) NMs. The filled squares (M) are
the frequency shifts of the &Si layer with respect to the bulk
Si (Aw,s;). All frequency shifts are negative, indicating a
biaxial expansion of the film with respect to the reference:
the Si—Si as-grown peak position for SiGe NMs and bulk Si
for the strained Si layers.

(one of the methods to make SiGe discussed earlier)
shows mosaic broadening of at least 0.1° in all layers
grown on top of the graded SiGe substrate.®

Our thin (~10 nm) strained Si layer grown on the
thick lattice matched SiGe on a SiGe NM also does
not show signs of strain variation over the sample area
(~1 mm x T mm). This result is indicated by the sharp
strained-Si layer peak located above the SiGe peak in
the RSM of Figure 6. There is peak broadening in the
out-of-plane (vertical) direction as a result of the thin-
ness of the layer, but no significant broadening in the
in-plane direction is detected. The agreement in hor-
izontal peak position in reciprocal space (i.e., lies on a
vertical line with SiGe) confirms that the Si layer is fully
strained to the same in-plane lattice constant as the
relaxed SiGe NM “substrate”.

The above heterostructure demonstrates that we
can create a thin tensile-strained Si layer surrounded
by relaxed SiGe, which is necessary for formation
of a two-dimensional electron gas (2DEG), with the
strained-Si layer being the quantum well for electrons.?
To date, the best 2DEGs in the Si/SiGe system have
been fabricated on graded buffer layers®” that have the
problems enumerated above. While the low-tempera-
ture charge carrier mobility in strained-Si 2DEGs is not
in theory limited by the strain inhomogeneities,
threading dislocation density, or interface roughness
typical of these structures,'® locally (length scales tens
to hundreds of nanometers), the electrostatic potential
is altered near these defects. Changes in the local
disorder potential due to strain variations, as well as
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Figure 6. Reciprocal-space map (RSM) near the (224) re-
flection of ~20 nm Sip 73Geg.27/10 nm Si/~2 um Sig 73Geg 27/
Sip.73G€0.27 NM. The most intense peak is from the SiGe NM
and lattice-matched SiGe grown on top. The less intense
peak is from the thin (~10 nm) strained Si layer of the
heterostructure. There is no measurable mosaic broadening
in any of the layers.

threading dislocations and interface roughness, are
important for the fabrication of quantum dot devices
(lateral areas ~300 nm) on 2DEGs in strained Si.®
For example, local strain variations change the energy
“depth” of the Si quantum well,? threading dislocations
create trap states for charge carriers,'® and interface
roughness can alter the valley splitting in the conduc-
tion band due to quantum confinement.>4% In other
words, if many quantum dot devices are fabricated
on the same sample (working toward quantum com-
puting),’?> any variations in these factors will cause
each device to operate differently. In individual quan-
tum devices, local strain variation may prove to be a
limiting mechanism for spin decoherence times.’ Thus,
substrate inhomogeneity imposes yet another chal-
lenge to the ultimate goal of quantum computing. If
our SiGe NMs are used to grow the heterostructures
needed for strained Si 2DEG fabrication, we anticipate
a large reduction in lateral variations of the disorder
potential because we have removed surface rough-
ness, strain variations, and threading dislocations from
the material.

The exceptional crystalline quality of our SiGe NMs is
demonstrated with the growth of ~35 nm of strained
Sion sample 1 (Sip gsGeg.32 NM); this thickness is above
the equilibrium critical thickness for dislocation forma-
tion in ~1.2% tensilely strained Si.*' While is has been
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shown many times that the experimentally observed
critical thickness of SiGe on high-quality, bulk Si(001) is
larger than that of the equilibrium condition (due to
kinetic limitations),' the experimentally observed cri-
tical thickness for dislocation formation of strained Si
grown on (plastically) relaxed SiGe grown by step
grading or condensation is much closer to the thermo-
dynamic limit.*? The observed differences are most
likely related to the crystalline quality of the starting
substrates. A Si wafer has very few defects to help
nucleate dislocations at the Si/SiGe growth interface. In
contrast, relaxed SiGe substrates have many threading
dislocations that reach the surface and therefore lower
the energy barrier to misfit dislocation formation at the
SiGe/strained Si interface. For our SiGe NMs, there are
no threading arms to help nucleate misfit dislocations;
there is thus a higher potential barrier to dislocation
formation, much like the case for SiGe grown on pure
bulk Si. The increase in “kinetic” critical thickness that
we observe for strained Si grown on SiGe NMs is also an
advantage in the formation of strained-Si 2DEG devices
because now we have a larger range of thicknesses
within which we can tune the thickness of the Si well,
while keeping the Si fully strained. This is an important
consideration in the design of strained-Si 2DEGs, as it
has been shown that any misfit dislocations formed at
the strained-Si/SiGe interface (in contrast to ones in the
bulk of SiGe as mentioned above) can significantly
reduce charge carrier mobility.**

CONCLUSIONS

We have demonstrated the fabrication and use of
elastically relaxed, single-crystalline Si; _,Ge, NMs. The
SiGe NMs are epitaxially grown below the critical thick-
ness for defect-mediated relaxation on silicon-on-in-

MATERIALS AND METHODS

SiGe NM Fabrication. SiGe NM fabrication starts with molecular
beam epitaxy (MBE) growth of thin SiGe alloy films on SOI(001)
substrates with a ~25 nm top Si template layer and 150 nm
buried oxide (BOX) layer. We resistively heat the substrate to
470 °C during pseudomorphic growth of the alloy and used a
growth rate ~3 nm/min. The alloy layer thickness is kept below
the kinetic critical thickness for dislocation-mediated relaxation
of SiGe grown on Si.2' Because the kinetic critical thickness is
higher at lower temperatures, we use a low growth tempera-
ture; still lower temperatures can be used and will allow us to
expand the range of compositions from what is described here.
Immediately following the SiGe film growth, a Si capping layer
of similar thickness as the SOl template layer is grown on top. At
this point, we have a trilayer heterostructure consisting of Si/
SiGe/Si, where the SiGe in-plane lattice parameter is strained to
that of the Si lattice constant (Figure 1A).

Although the strain-driven roughening in our initial SiGe
film may produce small variations in the Ge concentration“® and
hence strain laterally at the growth front of the SiGe film grown
on SOI (strain variations of less than 0.2%), the initial growth
interface (SiGe/SOI) and the smooth wetting layer will be at the
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sulator substrates and subsequently released through
two selective etching processes. We confirm with multi-
ple characterization methods that the SiGe layers are fully
strained to the Silattice constant before release of the NM
and fully relaxed to the SiGe lattice constant after release.
Once transferred and bonded to new handling sub-
strates, the SiGe NMs can be used as templates for growth
of new material. We have demonstrated the growth of
thick lattice matched SiGe alloy and Si coherently strained
to the underlying SiGe NM. These experiments show that
the SiGe NMs are suitable for growth of defect-free
materials for use in high-performance applications.

The fabrication of defect-free single-crystalline SiGe
also facilitates the integration of other semiconducting
materials into existing Si technology. With a tunable-
lattice-constant substrate, IllI—V and II—VI alloys can be
grown with a matching lattice constant to incorporate
direct band gap materials onto Si without the problems
associated with lattice mismatched epitaxial growth.
Control over the lattice constant of direct band gap
materials allows tunability of the band gap to fabricate
various optical devices, each operating at a different
wavelength.

The procedure we have described is quite naturally
extendable to other materials systems. The only re-
quirements are that a film can be pseudomorphically
grown on a single-crystal sheet, and that an etching
method exists that can preferentially remove this sheet
to allow the grown film to relax elastically. It can then
be used as the new substrate. In particular, a whole
menagerie of compound-semiconductor materials, as
well as various complex ferroic and superconducting
oxides, fits into this category. We can therefore expect
that many new or better materials will become possi-
ble based on nanomembrane strain engineering.

nominal composition. In fact, the average Ge composition of the
surface variations will be the same as the composition of the
initial planar growth: larger Ge concentration at the peaks and
smaller Ge concentration in the valleys. Lateral-strain variation
effects in the rough surface of those samples that are grown to
roughness are small and do not affect any conclusions.

The SiGe NM is elastically relaxed and released from the SOI
substrate in two steps. [1] We etch away the BOX layer in 49%
hydrofluoric acid (HF). To increase the etch rate we use an array
of access holes to the oxide, but that is not essential. When fully
released, the trilayer heterostructure comes to an equilibrium
lattice constant and rests on the bulk (Si) handling substrate:
elastic strain sharing occurs between the three layers, causing
the trilayer to expand laterally.>? The NMs are typically ~1 mm
% 1 mm square. At this intermediate stage, the SiGe layer is still
slightly compressively strained (Figure 1B). [2] We put the
trilayer Si/SiGe/Si structure (resting on the bulk handling
substrate) into dilute potassium hydroxide (KOH) solution:
45% KOH, dionized (DI) water, and isopropyl alcohol (IPA), with
volume mixing ratio KOH/DI water/IPA = ~1:4:4.* Because the
Si/SiGe/Si structure is only loosely bound (van der Waals force)
to the underlying Si handling substrate, it immediately sepa-
rates from the substrate and is suspended in the KOH solution.
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For a sufficiently high Ge content in the SiGe film (x > 20%), the
outer Si layers in the trilayer membrane will etch much faster in
the KOH solution than the SiGe (etch selectivity for Si:Sip gGeg >
in KOH ~200:1),** leaving the SiGe NM fully elastically relaxed
and suspended in solution (Figure 1C). The SiGe NM is rinsed in
DI water, transferred, and bonded to a new Si handling sub-
strate for subsequent growths (Figure 1D). Sample 1 (Sip 6sGe€0.32
NM) was transferred to a thermally oxidized bulk Si wafer
(~500 nm SiO, on top), and sample 2 (Sip73Geg,; NM) was
transferred to a Piranha cleaned (see below for details) Si wafer
with only a chemical oxide on top. Bonding is encouraged by
slowly annealing the sample to 500 °C on a hot plate.

For high Ge concentrations (x > 30%), we flip the SiGe NM
during the transfer process such that we bond the “rough” side
of the NM to the new handling substrate, exposing the
“smooth” side of the NM (initially the SiGe/SOI interface) for
subsequent growths. We can determine the top and bottom
surfaces of the SiNM optically by patterning an array of asym-
metric etchant access holes.”* An example of the asymmetric
etchant access hole pattern is shown in the optical micrograph
in Figure 3C.

Epitaxial Overgrowth on SiGe NMs. Once the SiGe NMs have
been transferred and properly bonded to new handling sub-
strates, the samples must be chemically cleaned ex situ before
epitaxial growth. Our standard chemical cleaning procedure
before growth on Siis as follows: [1] 20 s in 10% HF, [2] 10 minin
Piranha clean (~80 °C H,S04 + H,0, solution), [3] 15 min in
standard clean 1 [SC1] (~80 °C H,0 + NH4OH + H,0, solution),
and [4] 20 s in 10% HF (with a 5 min DI water rinse between each
step) before putting the sample directly into the high-vacuum
growth chamber. However, the thin (~50 nm), high-Ge-con-
centration (x > 20%) SiGe NMs are completely etched away in
the 15 min SC1 solution. Therefore, we modify the chemical
clean for the SiGe NM samples by using two cycles of 20 sin 10%
HF + 10 min in Piranha solution. This cleaning procedure only
etches away a few nanometers of the SiGe NM. We end the
cleaning process with a 20 s 10% HF dip to remove any oxide
that formed during the cleaning process and H-terminate the
surface before inserting the sample into the high-vacuum
growth chamber. We can use either MBE or chemical vapor
deposition (CVD) for subsequent growths on the SiGe NMs. The
layer on sample 1 (~35 nm Si on a SipsgGeg 3, NM) was grown
with MBE at a growth rate ~3 nm/min, and that on sample 2
(~20 nm Sig73Gep27/10 nm  Si/~2 um Sip73Gep,; on a
Sig.73Geg 27 NM) was grown with CVD with an alloy growth rate
of ~12 nm/min and a Si growth rate of ~4 nm/min. We
performed several calibration growths before growing a thick,
lattice-matched alloy layer on sample 2 to ensure that we
matched the Ge composition to within 1% of the SiGe NM
composition. The SiGe calibration samples were grown on Si
substrates (to thicknesses less than the critical thickness) under
the same growth conditions. The Ge composition was extracted
from XRD measurements similar to those taken on the as-grown
SiGe films for NM fabrication (see next section).

Characterization Methods. X-ray Diffraction (XRD). The initial
strain state of the trilayer heterostructure (Si/SiGe/Si) was
characterized with high-resolution XRD (Phillips Panalytical
X'Pert PRO). The 6/20 lines scans around the (004) reflection
were fit to simulation to extract the Ge composition of the SiGe
layer and each of the layer thicknesses before release from the
initial growth substrate. RSMs around off-axis reflections (224)
give us insight into strain variation in the in-plane lattice
constant before release of the SiGe NM (Figure 2B,C) and after
overgrowth (Figure 6).

Atomic Force Microscopy (AFM). Intermittent-contact mode
AFM (Digital Instruments Nanoscope llla) was used to charac-
terize the surface morphology of the top and bottom surfaces of
the SiGe NMs to check for 3D nanocrystal formation.

Raman Spectroscopy. We use laser wavelengths of ~532 nm
or ~633 nm (LabRAM Aramis Horiba Jobin Yvon Confocal Raman
Microscope) to ensure that the incident radiation penetrates
the entire thickness of the SiGe NM and any epitaxial layer
grown on top. It is then possible to use the bulk-Si peak
(normalized to 520.0 cm™") from the underlying substrate as
a reference peak in all Raman spectra. The peak positions are
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determined by fitting the bulk-Si peak with a pseudo-Voigt
symmetric functional form, and the Si—Si peak with an asym-
metric functional form.** The frequency shifts are an average of
four or more measurements taken overa~1mm x 1 mmareaon
each sample, and the uncertainty is the standard deviation of
these measurements.
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