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Si/SiGe heterostructures on bulk Si substrates have been shown to host high-fidelity electron spin qubits.
Building a scalable quantum processor would, however, benefit from further improvement of critical mate-
rial properties such as the valley-splitting landscape. Flexible control of the strain field and the out-of-plane
electric field Ez may be decisive for valley-splitting enhancement in the presence of alloy disorder. We
envision the Si/SiGe membrane as a versatile scientific platform for investigating intervalley scattering
mechanisms which have thus far remained elusive in conventional Si/SiGe heterostructures and have the
potential to yield favorable valley-splitting distributions. Here, we report the fabrication of locally etched,
suspended SiGe/Si/SiGe membranes from two different heterostructures and apply the process to realize a
spin-qubit shuttling device on a membrane for future valley mapping experiments. The membranes have a
thickness in the micrometer range and can be metallized to form a back-gate contact for extended control
over the electric field. To probe their elastic properties, the membranes are stressed by loading with a
profilometer stylus at room temperature. We distinguish between linear elastic and buckling modes, each
offering mechanisms through which strain can be coupled to spin qubits.
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I. INTRODUCTION

Electron spin qubits in Si/SiGe heterostructures satisfy
many of the important requirements for building a quan-
tum computer [1,2] such as long coherence times [3], high
gate fidelities [4–7], compatibility with established indus-
trial processes [8–10], potential for scalability [11], and
operation at relatively high temperatures [12]. The realiza-
tion of thousands of qubits necessary for quantum error
correction [13] calls for a high degree of material quality
and homogeneity. The energy separation between the two
low-lying valley states, known as valley splitting (EVS),
is a critical material parameter for electron spin qubits in
Si/SiGe. If EVS is locally too low, it compromises spin
readout [14], reduces dephasing times [15], and compli-
cates qubit shuttling fidelity [16–20]. Several strategies to
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address low valley splitting have been proposed [21], but
are thus far limited either to control schemes for avoid-
ing regions of low EVS [17,19,22], to growth techniques
which increase the mean EVS but may not necessarily
prevent low valley-splitting values [23–25], or by strict
constraints on alloy disorder and heterostructure growing
conditions [26].

Conventional Si/SiGe heterostructures split the sixfold
valley degeneracy in silicon into a fourfold and lower-
energy twofold one through the tensile biaxial strain (εxx
and εyy) in the quantum well [27]. The remaining twofold
splitting between z-valleys can be engineered through the
in-plane shear strain εxy , the out-of-plane electric field Ez,
and the confinement potential U(z) [28]. In conventional
heterostructures, the dominant mechanism which deter-
mines EVS involves scattering between valleys within the
same Brillouin zone (BZ).

It has been proposed that intervalley scattering across
different BZs will give rise to deterministic enhancements
which are less sensitive to atomistic disorder, that is,
yielding an EVS distribution with negligible weight near
zero [29,30]. Shear strain εxy , generated in (001) Si/SiGe
by applying uniaxial stress along the [110] direction, is
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a key ingredient in accessing these inter-BZ scattering
mechanisms.

Strain has been practically introduced in various forms:
deposited materials with tunable stress such as Si3N4
[31,32], selectively implanted regions [33,34], and piezo-
electric materials [35,36]. Such strategies have already
been shown to improve the mobility of MOSFETs and
spin lifetime in Si spin field-effect transistors [37–39]. In
addition, Si/SiGe membranes enhance (shear) strain effects
compared with bulk substrates [40,41].

In the context of spin qubits in Si/SiGe, a handful of
designs featuring shear strain have been proposed such
as fin structures [42] and stressor-membrane geometries
involving silicon-on-insulator substrates [29]. Membranes
have the additional advantage of preserving a (locally)
planar surface for the top-side device.

These membranes also offer the possibility to control the
out-of-plane electric field Ez independently of the quantum
dot (QD) occupancy if the back side is metallized [43]. Ez
sets the envelope function’s overlap with the Si/SiGe bar-
rier, thereby increasing the valley splitting [44] involving
both intra- and inter-BZ valley scattering [28], and allows
for tuning spin-orbit coupling and associated intervalley
effects [45–47].

In this work, we demonstrate the fabrication and discuss
the mechanical properties of a Si/SiGe membrane serv-
ing as a future platform for studying and enhancing valley
splitting with the electric field or shear strain. We iden-
tify two distinct elastic membrane modes that extend the
strain engineering toolbox for Si/SiGe spin-qubit devices.
Finally, we demonstrate process integration on a fully fab-
ricated QuBus device [48,49] designed for valley mapping
experiments [18,50].

II. DEVICE MODEL AND DESIGN

Here we outline the concept of our device, starting from
a conventional Si/SiGe heterostructure. Typical Si/SiGe
heterostructures, such as the one depicted schematically
in Fig. 1(a) (outside the membrane region), are epitaxially
grown on commercially available Si handle wafers with
a thickness tsub two orders of magnitude larger than the
Si/SiGe stack above it. A Si1−xGex layer (tlg) with linearly
graded Ge concentration x serves to transition from the Si
lattice constant to that of SiGe with a constant composi-
tion (tcc) without strain, forming a virtual SiGe substrate.
In this way, the relatively thin Si layer hosting the QDs can
be biaxially strained which is important for lowering the
energy of the two z-valleys versus the four x-,y-valleys.
Finally, a SiGe spacer layer completes the quantum well.

The membrane device illustrated in Fig. 1(a) can be used
as a versatile platform for enhancing the splitting between
the remaining z-valleys via two possible paths: (1) electric
field and (2) shear strain. The membrane can be metallized
to form a back-gate contact that is close enough to the

(a)

(b) (c)

FIG. 1. Device model and design. (a) Schematic (not to scale)
of the geometry of the device with exemplary gate-defined quan-
tum dots (QDs, green dots) in a suspended Si/SiGe membrane
with metallic back gate and patterned multilayer front gates
(bright gray). Strain may be coupled to the QDs via mechan-
ical loading and/or a deposited stressor (e.g., Si3N4 grown by
plasma-enhanced chemical vapor deposition) at the surface. The
(virtual) substrate, consisting of handle wafer, linearly graded,
and constant-composition buffers of thickness tsub, tlg, and tcc,
respectively, is locally etched at depth dx. A square membrane
of thickness tm is obtained with base width wb determined by
mask width wm. A mechanical load of force F , or stressor with a
thickness ts, induces in-plane strain at the surface (εs) as well as
in the quantum well (εm) hosted by the membrane. Note that εm
can be either compressive or tensile. “sSi” refers to (epitaxially)
strained silicon. (b) Out-of-plane electric field Ez in the quan-
tum well as a function of voltage Vbg applied to the back gate.
For negative (positive) Vbg, QDs form on the top (bottom) of the
Si/SiGe quantum-well barriers. The white region corresponds to
99.9% probability of electron escape from the QD via tunnel-
ing in the z direction within one day. (c) Membrane strain εm as
function of stressor and membrane thicknesses.

quantum well for extended control over Ez via the back-
gate voltage Vbg and appropriate top-side gate voltage
offsets. It also offers the possibility for strain engineering
either by a tunable mechanical load F applied perpendic-
ular to the surface or a fixed, rectangular stressor oriented
along the [110] direction with uniaxial strain εs. In either
of these cases, the symmetry between in-plane strains can
be broken, leading to a nonzero strain-tensor component
εxy ≈ εm �= 0, where εm represents the in-plane strain com-
ponent generated by the mechanical load or the deposited
stressor at the depth of the quantum well.

To observe these effects, we must consider the neces-
sary membrane geometry. The ideal etch process yields a
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square membrane with a base width wb. As will be shown
in the next section, wb can be made much larger than the
quantum device to guarantee overlap. The sidewall angle
θ is fixed by the etch process and has a negligible effect on
both membrane strain and electric field seen by the QDs.
Thus wb and θ are not critical for the foreseen device oper-
ation. Meanwhile, the membrane thickness tm depends on
the substrate tsub, linearly graded buffer tlg, and constant-
composition buffer tcc thicknesses as well as the etch depth
dx as tm ≈ tsub + tlg + tcc − dx, neglecting the much thin-
ner quantum well and SiGe spacer. Note that x refers to
the local alloy fraction of Ge with respect to the etch
front, which governs the evolution of the etch depth, as
described in more detail in Sec. III. The membrane thick-
ness enhances both strain and the electric field nonlinearly.
By adopting simple electrostatic and strain models, we
determine the target membrane thickness tm for both these
applications below.

First, we estimate the electric field Ez as a function of tm
and back-gate voltage Vbg as shown in Fig. 1(b), assuming
an offset for the voltages on the top-side gates (approxi-
mated as a single, continuous metal sheet) to maintain a
constant QD occupancy. For reference, the electric field at
Vbg = 0 V for typical top-side voltages on a conventional
Si/SiGe heterostructure was simulated using COMSOL MUL-
TIPHYSICS to be of the order of 2 mV/nm. In Fig. 1(b),
we assume that QDs can be formed on both the top and
bottom edges of the Si quantum well, depending on the
sign of Vbg. In either case, there is a maximum Ez (approx-
imately 10 mV/nm) that can be achieved beyond which
the QD has a non-negligible probability of tunneling out
of the quantum well (white region) in the z direction.
We estimate this probability according to the Wentzel-
Kramers-Brillouin approximation [51] with a target charge
stability of 99.9% for a full day. This allows us to define
a lower bound on tm that depends on the maximum abso-
lute gate voltage supported by the sample dielectrics and
measurement setup. For typical heterostructures in the
disorder-dominated regime [21], both the mean and the
variance of the valley splitting increase linearly with Ez
at electric fields above about 4 mV/nm [44,52], thereby
reducing the probability of hitting a region of low EVS.
Assuming we operate the back gate quasistatically and can
apply up to ±50 V, we can reach the maximum Ez with a
membrane thickness of tm ≤ 5 µm.

Second, we determine the membrane thickness at which
strain effects become relevant for valley splitting (εxy �
0.1 %) [28]. For this purpose, we consider the case of a
deposited Si3N4 stressor and estimate the strain sharing
between the stressor and a Si70Ge30 membrane of thickness
ts and tm, respectively. We assume tm � wb and that the
membrane is composed entirely of unstrained Si70Ge30 for
a conservative initial estimate of the required membrane
thickness [53]. The strain εm in the membrane plotted in
Fig. 1(c) reaches εxy ≈ 0.1 % at tm ≈ 3 µm for a Si3N4

stressor with ts = 0.5 µm and residual compressive stress
of 1 GPa which is readily achievable by plasma-enhanced
chemical vapor deposition (PECVD).

In the following section, we discuss the fabrication
process used to realize a membrane meeting the above
criteria.

III. FABRICATION

Membranes were fabricated from two heterostructures,
hereafter referred to as wafer A and wafer B, grown by
chemical vapor deposition and molecular beam epitaxy,
respectively. Wafer A has a handle substrate thickness tsub
of 725 µm and an unpolished back side made smooth
[less than 10 nm root-mean-square (rms) roughness] by
chemical-mechanical polishing, whereas heterostructure B
was grown on a double-side polished 525-µm-thick sub-
strate. The heterostructures differ mainly in their virtual
substrate with linearly graded Si1−xGex (tlg) and constant-
composition Si70Ge30 (tcc) buffer thicknesses (tcc, tlg) of
(2.3, 2.7) µm and (0.5, 3.7) µm for A and B, respectively.
The rest of the layerstack above the virtual substrate has lit-
tle influence on the membrane fabrication, but thicknesses
are comparable between each wafer.

The back sides of the substrates are coated with
1 µm SiO2 by PECVD serving as a hard mask for wet
etching with tetramethylammonium hydroxide (TMAH).
The hard mask is patterned with squares oriented along
the [110] direction on a (001) surface using buffered oxide
etch (BOE). Note that the [110] direction corresponds to
the common orientation used for qubit linear arrays and
shuttling devices (e.g., Refs. [48,49]). The alignment of
the hard mask with the given crystallographic direction
yields an anisotropic etch profile due to the high selec-
tivity to (111)-planes [54] (see Appendix A). For an ideal
crystal, the sidewalls in Si have an angle of 54.7◦, making
it possible to metallize the back side with nonconformal
techniques such as electron-beam evaporation to achieve
electrical contact from the unetched surface down to the
membrane for back-gate applications.

We protect the top side of the samples during etch-
ing using a custom-made sample holder manufactured by
Advanced Micromachining Tools GmbH which seals one
surface away from the etchant using two rubber gaskets.
The etching basin is heated to 80◦C and covered by a lid to
minimize changes in TMAH concentration (25%).

The accuracy and reproducibility of the fabrication pro-
cess rely, to first order, on the high selectivity between
Si and Si70Ge30 [55,56]. The difference in etch rate of
nearly two orders of magnitude implies that the SiGe vir-
tual substrate acts as an effective etch stop. We note that the
sidewalls in Si70Ge30 appear to have an angle of approxi-
mately 35◦, well in accordance with the theoretical angle
between (001)- and (211)-planes. As a result, the side-
wall angle is expected to shift monotonically from 54.7◦ to
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(a) (b)

(c) (d)

FIG. 2. Aspect-ratio-dependent anisotropic etching. (a) Scan-
ning electron microscope image of the membrane base corner,
showing gradual change in the sidewall angle due to the lin-
early graded buffer. (b) Apparent etch rates R(a) of silicon as
a function of the aspect ratio a = dx/wm for a fixed etch time.
The solid line represents a least-squares fit of the empirical rela-
tion R(a) = R0(1 + βa) where R0 is the etch rate for a = 0 and
β is a dimensionless factor which determines the strength of
aspect-ratio-dependent effects . (c) Membrane thickness tm and
(d) base width wb as a function of time as predicted by the
etch-rate model. Faded lines depict a linear-etch-rate assumption
dx(t) ≈ R0t. The inset of (c) shows tm within 25 min of the total
etch times for wafers A and B (squares), with the start of the
linearly graded buffer indicated by dots.

35◦ within the linearly graded buffer [Fig. 2(a)], which is
important to avoid shadowing effects during metallization.

Despite the selectivity between Si and Si70Ge30, assum-
ing a constant etch rate would lead to incorrect and
unreliable results. Analogously to many reactive ion
etching processes [57,58], we observe that wet etching
with TMAH is subject to aspect-ratio-dependent effects
(ARDE). The term “ARDE” describes the change in etch
rate as a function of aspect ratio resulting in an etch rate
that is nonlinear in time [59,60].

To characterize ARDE in TMAH-etched silicon and
develop an etch-rate model for precise geometry con-
trol, we conduct two tests. The first involves a sample
with an array of mask widths wm on 525-µm-thick sil-
icon substrates etched for a fixed time �T of 20 h 55
min. According to Fig. 2(b), the apparent etch rate R(a) =
dx/�T increases with the aspect ratio a = dx/wm. The sec-
ond is a sample with a 3 × 3 array of fixed wm and the
same etch time, in which we observed a very small devi-
ation of etch depth despite large variations in membrane

base width wb (nonideal relation between wm and wb dis-
cussed further in Sec. III). From these observations, we
can draw the following conclusions: (1) the variation of
the etch rate with depth cannot depend directly on wb;
(2) it is difficult to imagine a physical mechanism which
explains a direct dependence of the etch rate on wm other
than through the aspect ratio a. These trends point to a
diffusion-limited process in which the TMAH concentra-
tion is locally depleted close to the membrane surface.
Since the etch rate increases with decreasing TMAH con-
centration [56], the etch rate accelerates as the etch front
proceeds deeper into the substrate.

By assuming that the ARDE are stationary (dR(a)/dt
is constant), we can equate the empirical linear trend in
Fig. 2(b) with the instantaneous etch rate:

R(a(t)) = d
dt

[wma(t)] = R0(1 + βa(t)), (1)

where R0 is the etch rate at a = 0 and β is a dimensionless
rate at which the etch rate changes with a. This differential
equation can be solved to obtain the etch depth as a func-
tion of time in silicon. However, in Si/SiGe, we must also
take the varying Ge concentration x as a function depth into
account. We assume an exponential dependence of R0 with
x [56] such that the general expression for instantaneous
etch rate becomes

R(x(t), dx(t)) = d
dt

[dx(t)] = R0eγ dx(t)
(

1 + β

wm
dx(t)

)
,

(2)

where γ = (1/tlg) ln (R30/R0) depends on the zero-aspect-
ratio etch rates Rx of Si (R0) and Si70Ge30 (R30). The base
width is then simply given by wb(t) = wm − 2dx(t) cot(θx),
with θx also scaling exponentially with x in the linearly
graded buffer. In Fig. 2(c), the evolution of the membrane
thickness tm(t) = tsub + tlg + tcc − dx(t) according to the
model (dark lines) for both wafers is compared with tm
obtained by assuming a constant etch rate R(a(t)) = R0
(faded lines). We emphasize that assuming a constant etch
rate greatly increases the risk of etching through the entire
heterostructure because the overetch time that results from
underestimating the etch rate is comparable to the time it
takes to etch through the rest of the SiGe.

Figure 2(d) illustrates the evolution of the base width
wb whose dependence on dx(t) also causes the ARDE
etch-rate model (solid lines) to deviate from the constant-
etch-rate assumption (faded lines). By carefully choosing
wm, we obtain excellent control of the etched base width
wb and the sidewall angle θ on bare silicon samples (see
Appendix A). In the next section, we apply the model to
target specific membrane geometries (tm, wb) on the two
wafers.

In summary, our control of the etch rate enables us to
target membrane thicknesses tm with an accuracy in the
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micrometer range meeting the design requirements. With
the determined etch rates, we etched a 10 × 10 mm2 sam-
ple from each wafer with 3 × 3 arrays of square masks with
target widths wb of 200 and 300 µm for 30 h 45 min and 22
h 40 min, respectively. These etch times were chosen with
the objective of reaching the linearly graded buffer with-
out etching through it completely [as shown in Fig. 2(c)].
With the different target aspect ratios tm/wb, we intended to
match the typical dimensions of the etched mesa in a shut-
tling device and to push the limits of the lateral dimension
of membranes in order to accommodate larger strain. We
then characterized the resulting Si/SiGe membranes with
the methods presented below.

IV. CHARACTERIZATION

Next we elaborate on the methods used to character-
ize the geometry of the membranes and validate their
compatibility with the fabrication of spin-qubit devices.

We used an Accurion EP4 ellipsometer with a lateral
resolution of 1 µm to measure the membrane thickness
from the top side, averaging over approximately 50% of
the membrane area. The oscillations observed in both the
amplitude and phase of the complex reflectance ratio in
the red part of the visible spectrum are a signature of thin-
film interference, indicating that the membrane thicknesses
are comparable to the wavelength of the incident light
(see Appendix B). The transfer matrix method provides
a convenient formalism to treat multilayer structures con-
taining graded index layers such as the SiGe buffer. The
TMM and TMM-FAST Python packages are used to generate
the ellipsometric models [61,62]. Since the total thickness
of the membrane is comparable to the penetration depth
of the light, air is defined as the incoming and outgoing
semi-infinite medium.

The resulting fits in Fig. 3(a) yield thicknesses of 2.44(1)
and 1.25(5) µm for wafers A and B respectively, within
reasonable agreement with the etch-rate model (dashed
lines). The uncertainty in the etch-rate model is likely
attributable to the indirect estimation of the etch rate in
the linearly graded buffer as well as the possible influ-
ence of the threading dislocations in the buffer on the etch
rate. The periodicity in the measured thicknesses of mem-
branes from wafer A is presumably related to the vertical
orientation of the sample in the etch basin. The hydro-
gen gas generated as a byproduct of the etching process
can accumulate more on higher surfaces of the sample,
slightly lowering the etch rate of the upper rows of the
3 × 3 membrane arrays as a result. The ellipsometric data
from membrane 1 on wafer B lacks oscillations likely due
to features in topography explained in Sec. V. Membranes
2, 4, and 5 also appear thinner and, together with mem-
brane 1, form the upper left side of the sample which might
have experienced local variations during etching.

(a) (b)

(c) (d)

FIG. 3. Observed membrane geometry. (a) Membrane thick-
ness tm measured by spectroscopic ellipsometry (dots) and target
thickness calculated by the etch-rate model (dashed lines). (b)
Optical microscope image of a 10 × 10 mm2 sample from wafer
B containing a 3 × 3 array of partially transparent membranes.
(c) Membrane widths wb along x and y obtained by optical
microscopy for wafers A and B. Targeted widths obtained from
the etch-rate model are depicted by stars. (d) Optical polarized
microscope image of etched substrate from the back side with
visible cross-hatch pattern.

Given that silicon has an absorption depth ranging from
about 100 nm to 10 µm within the visible spectrum [64],
the membranes are partially transparent, even to the naked
eye [Fig. 3(b)]. This allows us to measure the membrane
widths wb along x and y by an optical microscope from the
top side. The spread in wb across the 3 × 3 array of mem-
branes within a sample and the deviation from the model-
calculated wb (star data points) are noticeably broader,
particularly for wafer B [Fig. 3(c)] than for the silicon
reference wafer (Appendix A). We speculate these discrep-
ancies to be a consequence of a larger dicing misalignment
of the heterostructure wafers compared with the silicon ref-
erence sample. The self-alignment of the etch front with
the etch-selective planes appears to considerably increase
the effective initial mask width wm (Appendix A). Mean-
while, the measured thicknesses are closer to predicted
values because the etch rate depends only on the physical
hard mask width wm which behaves like an aperture with
respect to etchant diffusion.

We metallized the back side of the membranes with
30 nm Al2O3, 5 nm Ti and 150 nm Pt by electron-
beam evaporation after removal of the hard mask in BOE.
Figure 3(d) shows a polarized microscope image of one
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such membrane from wafer B. Using a dc probe station, we
confirmed electrical contact between all combinations of
unetched, sidewall, and membrane surfaces. Remarkably,
the membranes retain their structural integrity after contact
with the probe needles (uncontrolled applied pressure), and
even survive the mechanically demanding dicing process
used to singulate devices for measurement.

Figure 3(d) also reveals a cross-hatch pattern visible
from the back side of a membrane after metallization and
provides confirmation that the substrate has been etched
into the linearly graded buffer. We also checked the top
side of the membranes for changes to surface morphol-
ogy as a result of etching away the bulk substrate beneath
the membrane. For reference, we compare the surface of
the membranes and the bulk of both wafers by atomic
force microscopy. The atomic force microscope maps of

(a) (b)

(c)

(e)

(d)

FIG. 4. Surface roughness by atomic force microscopy. (a),(b)
Surface topography of wafer A for the bulk (a) and membrane
(b) region, respectively. Background curvature is subtracted by
a sixth-order polynomial and horizontal scars are corrected by
the open-source software GWYDDION [63]. (c),(d) Same for wafer
B with the bulk (c) and membrane (d) region, respectively. (e)
Probability density of the measured height profiles from (a)–(d).

bulk and membranes of wafer A [Figs. 4(a), 4(b)] and B
[Figs. 4(c), 4(d)] and the corresponding surface height dis-
tributions [Fig. 4(e)] show little change on either wafer
between bulk and membrane. The deeper dots in wafer
B are presumably intersecting dislocation networks at the
silicon initiation buffer.

The rms roughness of the surface of wafer A remains
nearly the same (2.1 nm for bulk and 2.0 nm for mem-
brane), while wafer B sees a slight increase from 4.8 to
5.6 nm after etching, possibly due to buckling of the mem-
brane (see Sec. V). We also measured the rms roughness
of the back side of the membranes to be below the 8 nm
resolution of the profilometry scan range required to reach
the bottom of the etched structure. Thus, the surface topog-
raphy is suitable for spin-qubit device fabrication as well
as the implementation of a back-gate contact.

V. LOAD DEFORMATION

To study the surface properties further and character-
ize the load response of the membranes, the topography
ϕ(x, y) of the samples was measured with a Bruker Dek-
takXT profilometer. Measurements were carried out first
with increasing (F↗) stylus load from 9.8 to 147 µN, fol-
lowed by applying forces in reverse order (F↘) across the
top side of the membranes. Exemplary F↘ load defor-
mations for F↗ = {9.8, 49, 98} µN from both wafers are
plotted in Fig. 5.

We observe that the difference between F↗ and F↘
scans, represented by faded lines, is negligible for all but
one membrane from wafer B whose concavity changed
during the measurement of membrane 8 with a force of
147 µN, illustrated by the red data points. This is an exam-
ple of a buckling mode described in more detail below.
The reversibility of the deflection and the absence of plas-
tic deformation demonstrate that the membranes have an
elastic load response and suggest that the structures are still
comfortably away from the rupture point, thereby satisfy-
ing an important criterion for flexible strain engineering in
these structures.

To distinguish between linear and nonlinear elasticity,
we performed finite-element modeling (FEM) simulations
using the Structural Mechanics module in COMSOL MUL-
TIPHYSICS. Convergence tests were conducted to reduce
model volume to an effective geometry with a surface area
of 1 × 1 mm2 and a handle wafer thickness of 62.54 µm.
Vegard’s law was applied to interpolate the elastic con-
stants [65] of the Si1−xGex linearly graded buffer and the
temperature was assumed to be constant at 300 K.

The simulated profilometer tip positions ϕ(x) in
Fig. 6(a) agree well for membranes of wafer A, deviat-
ing only slightly for low applied forces. We note that the
asymmetry in the data is presumably due to the scan direc-
tion and the convolution of the tip shape with the sample
surface which are not captured by the FEM simulation.
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(a)

(b)

FIG. 5. Membrane elasticity. (a),(b) Membrane vertical deformations ϕ(x) measured by profilometry with increasing force F↗ =
{9.8, 49, 98} µN corresponding to blue, pink, and yellow curves respectively for wafers A (a) and B (b). Each set of curves corresponds
to a different membrane on the sample, offset horizontally for better readability. Differences in membrane profiles for increasing F↗
and decreasing F↘ scans are shown in partially transparent curves with corresponding colors.

The simulated maximum absolute vertical displacement,
max |ϕ|, is indeed linear and Fig. 6(b) shows that the data
follows the same trend down to at least 40 µN for mem-
branes with widths close to the simulated wb = 200 µm.
Membrane A can therefore be modeled without requiring
postbuckling analysis, which is practical for device design
and future strain engineering, including passive deposited
stressors and active tunable loads.

Furthermore, as can be seen in Fig. 5(a), the rms
roughness (on top of background curvature) for weak
loads is considerably larger than that measured by atomic
force microscopy because the latter is limited to cor-
relation lengths within the scan range of 40 µm. We
speculate that this long-range roughness could be a man-
ifestation of local buckling. The removal of the bulk
substrate could in principle allow dislocation-induced
strain to relax which is known to be correlated with the
cross-hatch roughness [66]. Local changes in topogra-
phy could be one possible channel for such relaxation to
occur.

In contrast, we observe much larger deformations in
wafer B even for small applied mechanical loads. In some
instances [Fig. 5(b)], the membranes in wafer B have
concavity of opposite sign (red arrow, membrane 8) or
even contain higher harmonics (blue arrow, membrane 1).
The maximum absolute vertical displacement, max |ϕ|, in
Fig. 6(b) clearly does not match the FEM simulations,
which assume a linear elastic material. The responsible

effect, called buckling, describes a sudden reduction in
the stiffness of the structure leading to large, nonlinear
deformations. This mechanism is triggered when in-plane
compressive forces exceed the bending restoring force of
the membrane [67]. To understand the origin of these
compressive forces, let us first consider the case of a
Si/SiGe heterostructure before back-side etching. The lin-
early graded and constant-composition SiGe buffers are
nominally relaxed and essentially unperturbed by the com-
paratively thin, epitaxially strained Si quantum well. After
back-side etching, the free surface beneath the SiGe buffer
allows for a reequilibration of forces since the SiGe is
no longer bound by an epitaxial relationship to the thick
silicon substrate. The result is a compressively stressed
SiGe buffer and spacer caused by strain sharing similar
to that described in Ref. [53]. Given that the membrane
is mostly made up of SiGe, its deformation and buckling
threshold will be largely dictated by the material proper-
ties of SiGe. We can thus approximate the membrane as
being composed entirely of SiGe and incorporate the effect
of the strained quantum well as an initial compressive
biaxial stress σbiax = σxx = σyy . When these compressive
forces, which in turn depend on the geometry of the mem-
brane (tm, wb) through strain sharing with the quantum
well, exceed a critical limit granted by the membrane bend-
ing restoring force, the membrane will buckle across its
entire thickness (in contrast to the surface effect of local
buckling).
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(a)

(b)

(c)

FIG. 6. Simulation of deformation profiles. (a) Profilometry
measurement, simulation by finite-element method (FEM, pink
dots) and model by Kirchhoff-Love (KL) plate theory (blue solid
lines) of the membrane deformation profile for different load
positions across a centered linecut on wafer A. Standard devi-
ation of the measured profiles shaded in pink. (b) Maximum
vertical displacement, max |ϕ|, of the profilometer stylus for
wafers A (filled dots) and B (open dots) as function of width and
mechanical loading. The FEM simulation (triangles and squares)
and KL model (solid lines) assume linear elasticity of the mem-
branes. (c) Color-coded maximum of the absolute value of the
deformation profile, max |ϕ|, as a function of membrane geo-
metric parameters tm and wb calculated by KL plate theory. The
dotted line represents the first buckling mode and traces the
boundary between the linear elastic and buckling regimes.

The onset of global buckling is governed by the critical
in-plane stress given by [67]:

σcr = 2D̃ani

(
π tm
wb

)2

, (3)

where D̃ani is the generalized anisotropic flexural rigid-
ity which depends on the material properties and crystal
symmetry as elucidated in Ref. [68]. Figure 6(c) shows
the different mechanical phases of a membrane as a func-
tion of geometric parameters wb and tm with an applied
load of 98 µN using Kirchhoff-Love (KL) plate theory
(see Appendix C). We assume the strain in the quantum
well to be the same for both wafers A and B. For small
enough wb and large enough tm as is the case for wafer A,
the compressive stress in the SiGe membrane is below the
critical threshold. It thus does not (globally) buckle and
behaves instead as a linear elastic material, with deflec-
tions following a t3m/w2

b dependence consistent with linear
FEM simulations. Larger and/or thinner membranes such
as wafer B incur more compressive stress from the quan-
tum well and exhibit global buckling. As a result, the
membrane deformations no longer obey linear elastic the-
ory and feature one or more buckling nodes (undulation
periods along a given in-plane direction). We note that
since KL theory does not account for out-of-plane shear
stresses εxz, εyz, the KL deformations in Fig. 6 are only
an approximation. The linear elastic approximation holds
for small applied loads (wafer A) but can only predict the
shape of the buckling modes in the nonlinear regime, not
the amplitude of their deflections. We also emphasize that
these results are not a direct consequence of differences
between wafers A and B but rather related to the distinct
geometries of the membranes.

Whether linear or nonlinear (buckled) elastic regimes
are preferable in the context of strain engineering for deter-
ministic valley-splitting enhancement strategies remains
to be verified experimentally. On the one hand, buckled
membranes intrinsically involve more strain to support the
larger displacements in the absence of external loading
and can withstand greater loading without plastic defor-
mation compared with linear elastic membranes. On the
other hand, significant bowing could pose a risk to top-side
structures such as nanoscale gates as well as complicate
alignment between fine-gate layers.

VI. QUANTUM DEVICE INTEGRATION

Having developed a fabrication process which can
achieve Si/SiGe membranes with specific geometries and
mechanical properties, we demonstrate the integration of
the membrane with a QuBus device designed for shuttling-
based valley mapping experiments [18,50]. We fabricate
the device on a substrate nominally identical to and with
the same target membrane geometry as wafer A. The added
complexity due to this process integration arises from: (1)
hard mask deposition and lithography; (2) back-side align-
ment (BSA); (3) top-side surface/device protection; (4)
relative membrane fragility compared with bulk substrates.

Besides hard mask deposition, all membrane-related
processing is performed after top-side device fabrication
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FIG. 7. Fully fabricated spin-qubit shuttle on a back-gated
membrane. Top-side dark-field image of a fully fabricated shut-
tling device through which we can see the etched membrane
edges (red square). The shape of the metallic electrodes becomes
visible by light reflected at their sidewalls. Inset: bright-field
image of the spin-qubit shuttle device within the blue square of
the dark-field image.

to minimize the number of steps on the relatively frag-
ile membrane. The top side is protected with resist before
starting back-side hard mask lithography and remains on
the sample during TMAH etching, hard mask removal,
back-gate metallization, and dicing. In addition, we use
a custom sample holder to seal away the top-side surface
during TMAH etching since TMAH readily attacks resist.

BSA is achieved with a Heidelberg Instruments DWL
66+ laser lithography tool with measured writing and cal-
ibration misalignments (�x, �y) of (−0.8, 1.6) µm and
(2.0, −0.2) µm, respectively. However, the membrane
alignment is ultimately dominated by the offset between
the hard mask edge and the [110] direction. During etch-
ing, the etch front self-aligns with the [110] direction
through an uncontrolled and often asymmetric rotation,
yielding rectangular etch bases that are marginally off-
center. In the future, the process can be improved by first
etching alignment markers with TMAH on the back side to
which the rest of the lithography markers are aligned [69].
However, in spite of the misalignment, the membrane can
be made large enough to guarantee full overlap with the
active area of typical quantum chips (around 10 µm) and
satisfy design requirements.

Using dark-field optical microscopy (Fig. 7), it is pos-
sible to see a membrane and its alignment with a fully
fabricated shuttling device from the top side of a sam-
ple from wafer A. The inset confirms that the top-side
gates remain intact after back-side processing, validating
successful integration of the membrane process.

VII. CONCLUSION

With the objective of ultimately studying the effect
of electric fields and strain on Si/SiGe spin-based
quantum devices, we demonstrate the fabrication of a

Si70Ge30/Si/Si70Ge30 membrane with an area of more than
100 × 100 µm2 hosting a tensile strained Si quantum well.
A proximal metallic back electrode and structured multi-
layer top electrodes are added to enable the formation of
multiple quantum dots for which the electron occupation
is independent of the out-of-plane electric field. We have
optimized the fabrication steps, gate alignment, and repro-
ducibility of the device fabrication. Membranes are char-
acterized in terms of their geometry, surface roughness,
and cross-hatch pattern typical of Si/SiGe heterostructures.
The thickness of the membranes determines the elastic
properties and response to mechanical loading procedures,
which are both well captured by our finite-element mod-
eling simulations and plate theory model. With membrane
thicknesses of 2.44(1) and 1.25(5) µm, we obtain mem-
branes in a linear or nonlinear elastic response regime
offering us different pathways to strain devices with much
more flexibility than on bulk substrates. The platform can
be complemented by optional stressor materials. This plat-
form will allow us to investigate the dependence of the
mapped local valley splitting on electric fields and strain
at 100 mK operation temperature [18,49,50]. The valley
splitting does not require individual fine tuning for each
qubit. It is sufficient to achieve an increase in the min-
imum value across the qubit array. Since the membrane
or back gate would be much larger than the individual
qubits, they would have a global effect on the valley split-
ting of the qubits. It is, in principle, possible to host an
entire two-dimensional shuttling array on a single mem-
brane, provided that the fanout can route bond pads onto
a bulk surface. Meanwhile, stressors can be patterned on
the membrane surface to introduce asymmetries along the
qubit array. By applying the valley mapping technique, we
expect to be able to resolve these gradients to improve
our knowledge of valley physics in the presence of strain.
Understanding and achieving sufficiently large, local val-
ley splitting is one of the most pressing material challenges
to realize a scalable quantum computer in Si/SiGe.
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APPENDIX A: TETRAMETHYLAMMONIUM
HYDROXIDE ETCHING

In this appendix, we provide fabrication details, partic-
ularly on hard mask deposition and etching, as well as on
membrane back-side alignment.

We use a SiO2 back-side hard mask deposited by
PECVD with which we have observed small etched holes
outside of the intended membrane region. Due to their
small size, the etch front terminates at a relatively shal-
low depth. Typically, SiO2 by thermal oxidation yields a
denser hard mask that is more suitable for TMAH etch-
ing. However, due to the limited thermal budget of the
heterostructure (below 700◦C) [25], thermal oxidation is
discouraged. In spite of this, the unintentional holes nei-
ther affect the operation of the back gate nor compromise
the structural integrity of the sample.

For etching of the hard mask with buffered oxide etch,
both top and back sides of the sample are coated with AZ
ECI 3012 resist and hard baked at 140◦C for 5 min to
prevent diffusion of HF2− ions through the resist, which
otherwise cause peeling and/or complete delamination of
the resist. A custom sample holder mounted to a beaker lid
manufactured by Advanced Micromachining Tools GmbH
ensures that the top side of the sample is protected against
the etchant and that the concentration of the latter remains
stable throughout the process. The holder is equipped with
equilibration tubes to prevent pressure buildup behind the
protected surface, thereby minimizing the risk of mem-
brane rupture during etching.

TMAH etches (001) silicon via a two-step process: (1)
slow oxidation which weakens the Si-Si double back bond
and (2) fast breaking of the double back bond, releasing
a single Si atom into the solution in the form of Si(OH)4
[54]. The oxidation is the limiting step and depends on the
amount of H2O in the solution. Thus, above a concentra-
tion of about 5%, the Si etch rate is inversely proportional
to TMAH concentration, while the etch rate increases
with temperature [72]. Moreover, the generation of H2
bubbles as a byproduct of the oxidation results in a sur-
face roughness that increases with etch rate. The Si : SiO2
etch selectivity was found to increase with TMAH con-
centration, above 2000 : 1 for 25% TMAH. Given these
considerations, we used 25% TMAH at 80◦C in a 1.4 L
beaker heated by a warm deionized water bath without
stirring.

On the same Si reference sample used to charac-
terize ARDE in Fig. 2(b), we also measured the base

(a) (b)

FIG. 8. Wet anisotropic etching with TMAH. (a) Lateral
dimensions of the membrane base wb measured along x (dots)
for fixed etch time �t and varying initial mask width wm on a
reference Si sample. Linear fit to the data (blue line) to quan-
tify control of membrane lateral dimensions. (b) Sidewall angle
θ (deg) of the etch front.

widths wb and computed the resulting sidewall angles θ =
arctan (2dx/(wm − wb)), plotted in Fig. 8.

On some samples (especially the Si/SiGe heterostruc-
ture substrates which are cut from large wafers), the dicing
misalignment leads to rotation of the etch front. For testing,
membrane hard masks are aligned with the diced sam-
ple edges. For real devices, the top-side markers are also
aligned with these edges, thus the misalignment propagates
to the back side through BSA. Since TMAH etching on
(001) Si has a high selectivity to (111) planes, the etch
front will correct for this misalignment through a rota-
tion (Fig. 9). Since this process is uncontrolled, it leads to
asymmetries of the membrane widths (wx

b, wy
b) and slight

FIG. 9. Hard mask misalignment. Two superimposed micro-
scope images of a membrane from the back side such that both
the unetched and etched surfaces are in focus. The hard mask
(dashed arrow), aligned with the diced sample edges, has a slight
misalignment with [110] direction (solid arrow). The etch front
rotates to align itself with the crystallographic direction.
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FIG. 10. Ellipsometry. Measured complex reflectance ratio
rp
rs

= tan 
ei� for different incident angles and corresponding fits
using the transfer matrix method on membranes 3 from wafers A
and B.

deviations of the membrane center with respect to that
of the hard mask. This is the dominating mechanism for
membrane misalignment with the top-side device, but can
be mitigated by etching test markers on the back side with
TMAH to calibrate the dicing misalignment. In practice,
the membrane area can be made large enough to guarantee
overlap with the quantum device.

APPENDIX B: ELLIPSOMETRY

We fit the membrane thickness tm by fitting measured
ellipsometric data, namely, the complex reflectance ratio
between p- and s-polarizations rp/rs = tan 
ei� as shown
in Fig. 10. The observed oscillations appear due to thin-
film interference. As such, the oscillation period is the
most important spectral feature for extracting the thick-
ness. The fits agree particularly well for wafer A, while
those for wafer B tend to suffer from deviations presum-
ably due to the global buckling of membranes which might
affect optical constants through strain, incident angles, and
incoherent effects. We use optical constants from Ref. [73]
which may deviate slightly from the sample material prop-
erties. Other possible sources of error include surface
roughness and curvature of the membranes to which � is
typically more sensitive than 
.

APPENDIX C: MEMBRANE BENDING AND
BUCKLING ANALYSIS

The theoretical deformations in Fig. 6 were calcu-
lated by solving the Kirchhoff-Love plate equation using

second-order finite differences [74]. The generalized KL
equation represents the total mechanical energy in the
system including bending resistance (biharmonic terms),
potential buckling energy (harmonic terms), and external
load:

D · ∇4ϕ + N · ∇2ϕ = q, (C1)

where ϕ(x, y) is the deflection of the membrane in the z
direction and q(x, y) is the external load applied perpen-
dicular to the unperturbed membrane surface. The flexural
rigidity (bending stiffness) D is an extrinsic (anisotropic)
property of the membrane that depends on the stiffness
tensor C:

Dij =
∫ tm/2

−tm/2
Cij z2 dz. (C2)

Given the symmetry of a rectangular SiGe membrane
suspended at its edges and aligned in the [110] (x) direc-
tion, the in-plane components (i, j = {x, y}) of the flexural
rigidity reduce to [68]

D = Diso

(
1 k2
k2 k4

)
, (C3)

where k2 = 1.41, k4 = 1, and the isotropic flexural
rigidity can be obtained from the effective compli-
ance tensor (after in-plane π/4 rotation) S′

ij as Diso =
(t3m/12)(S′

22/(S
′
11S′

22 − S′2
12)). The stress resultant N, with

units of force per unit length, describes in-plane inter-
nal/residual stresses σij in the membrane such as epitaxial
strain and is given by

Nij =
∫ tm/2

−tm/2
σij dz. (C4)

Thus, the plate equation is written as

Diso

(
∂4ϕ

∂x4 + 2k2
∂4ϕ

∂x2∂y2 + k4
∂4ϕ

∂y4

)

+ Nbiax

(
∂2ϕ

∂x2 + ∂2ϕ

∂y2

)
= q. (C5)

We compute the biaxial stress resultant due to the lattice
mismatch between the Si and SiGe following [53] as

Nbiax = εbiax
1

MSiGetm
+ 1

MSitQW

, (C6)

where we assume that the membrane is made up entirely
of Si70Ge30 (a good assumption, given the comparatively
thin silicon layer) and that the quantum well generates a
uniform (compressive) stress. The biaxial moduli MSiGe
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and MSi depend on the elastic constants, Young’s mod-
uli, and Poisson ratios which we obtain from [65,75]. Note
that because the epitaxial strain is isotropic (εxx = εyy),
N[100] = N[110] such that the coordinates of the epitaxial
stress need not be rotated.

The buckling threshold is reached when the buck-
ling energy is equal to the bending resistance. To esti-
mate this threshold analytically, we make the ansatz
ϕ(x, y) = ∑

mn ϕmn sin(mπx/wb) sin(nπy/wb) and con-
sider the lowest-order harmonic (n = m = 1) with
q = 0,

π2Diso

w2
b

(1 + 2k2 + k4) − 2σcrtm = 0. (C7)

Defining the generalized anisotropic flexural rigidity as
D̃ani = Diso/t3m(1 + 2k2 + k4) and rearranging terms, we
obtain Eq. (3).
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Schreiber, and Ł. Cywiński, Blueprint of a scalable spin
qubit shuttle device for coherent mid-range qubit trans-
fer in disordered Si/SiGe/SiO2, PRX Quantum 4, 020305
(2023).

[17] Y. Oda, M. P. Losert, and J. P. Kestner, Suppressing Si
valley excitation and valley-induced spin dephasing for
long-distance shuttling, Phys. Rev. Lett. (to be published).

[18] M. Volmer, T. Struck, A. Sala, B. Chen, M. Oberländer,
T. Offermann, R. Xue, L. Visser, J.-S. Tu, S. Trellenkamp,
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[32] M. Jaikissoon, Ç. Köroğlu, J. A. Yang, K. Neilson, K. C.
Saraswat, and E. Pop, CMOS-compatible strain engineer-
ing for monolayer semiconductor transistors, Nat. Electron.
7, 885 (2024).

[33] K. Sawano, Y. Hoshi, S. Nagakura, K. Arimoto, K. Nak-
agawa, N. Usami, and Y. Shiraki, On the origin of the
uniaxial strain induced in Si/Ge heterostructures with selec-
tive ion implantation technique, J. Cryst. Growth 378, 251
(2013).

[34] M. G. Masteghin, V. Tong, E. B. Schneider, Cameron C.
L. Underwood, T. Peach, B. N. Murdin, R. P. Webb, S.
K. Clowes, and D. C. Cox, Stress-strain engineering of
single-crystalline silicon membranes by ion implantation:
Towards direct-gap group-IV semiconductors, Phys. Rev.
Mater. 5, 124603 (2021).

[35] B. Kaleli, R. J. E. Hueting, M. D. Nguyen, and R. A.
M. Wolters, Integration of a piezoelectric layer on Si Fin-
FETs for tunable strained device applications, IEEE Trans.
Electron Devices 61, 1929 (2014).

[36] S. S. Cheema, D. Kwon, N. Shanker, R. Dos Reis, S.-
L. Hsu, J. Xiao, H. Zhang, R. Wagner, A. Datar, M. R.
McCarter et al., Enhanced ferroelectricity in ultrathin films
grown directly on silicon, Nature 580, 478 (2020).

[37] V. Sverdlov and S. Selberherr, Silicon spintronics: Progress
and challenges, Phys. Rep. 585, 1 (2015).

[38] J. Noborisaka, T. Hayashi, A. Fujiwara, and K. Nishiguchi,
Valley splitting by extended zone effective mass approxi-
mation incorporating strain in silicon, J. Appl. Phys. 135,
204302 (2024).

[39] O. Weber, M. Takenaka, and S.-i. Takagi, Experi-
mental determination of shear stress induced electron
mobility enhancements in Si and biaxially strained-Si
metal–oxide–semiconductor field-effect transistors, Jpn. J.
Appl. Phys. 49, 074101 (2010).

[40] D. Scopece, F. Montalenti, M. Bollani, D. Chrastina, and E.
Bonera, Straining Ge bulk and nanomembranes for opto-
electronic applications: a systematic numerical analysis,
Semicond. Sci. Technol. 29, 095012 (2014).

[41] T. Schülli, E. Dollekamp, Z. Ismaili, N. Nawaz, T. Januel,
T. Billo, P. Brumund, H. Djazouli, S. Leake, M. Jankowski,
V. Reita, M. Rodriguez, L. André, A. Aliane, and Y.
Le Vaillant, Dynamic and controlled stretching of macro-
scopic crystalline membranes towards unprecedented lev-
els, Mater. Today Adv. 22, 100489 (2024).

[42] C. Adelsberger, S. Bosco, J. Klinovaja, and D. Loss, Valley-
free silicon fins caused by shear strain, Phys. Rev. Lett. 133,
037001 (2024).

[43] L. Ruggiero, A. Nigro, I. Zardo, and A. Hofmann, A back-
gate for enhanced tunability of holes in planar germanium,
Nano Lett. 24, 13263 (2024).

[44] J. R. F. Lima and G. Burkard, Interface and electromagnetic
effects in the valley splitting of Si quantum dots, Mater.
Quantum Technol. 3, 025004 (2023).

[45] M. O. Nestoklon, E. L. Ivchenko, J.-M. Jancu, and P.
Voisin, Electric field effect on electron spin splitting in
SiGe/Si quantum wells, Phys. Rev. B 77, 155328 (2008).

[46] M. Prada, G. Klimeck, and R. Joynt, Spin–orbit splittings
in Si/SiGe quantum wells: from ideal Si membranes to
realistic heterostructures, New J. Phys. 13, 013009 (2011).

[47] B. D. Woods, M. P. Losert, R. Joynt, and M. Friesen, g-
factor theory of Si/SiGe quantum dots: Spin-valley and
giant renormalization effects, arXiv:2412.19795.

[48] T. Struck, M. Volmer, L. Visser, T. Offermann, R. Xue,
J.-S. Tu, S. Trellenkamp, Ł. Cywiński, H. Bluhm, and L.
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