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Lattice Deformation at Submicron Scale: X-Ray Nanobeam Measurements of
Elastic Strain in Electron Shuttling Devices
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The lattice strain induced by metallic electrodes can impair the functionality of advanced quantum
devices operating with electron or hole spins. Here, we investigate the deformation induced by CMOS-
manufactured titanium nitride electrodes on the lattice of a buried 10-nm-thick Si/Si0.66Ge0.34 quantum
well by means of nanobeam scanning x-ray diffraction microscopy. We are able to measure TiN-electrode-
induced local modulations of the strain tensor components in the range of 2–8 × 10−4 with about 60-
nm lateral resolution. We evaluate that these strain fluctuations are reflected in local modulations of the
potential of the Si conduction-band minimum larger than 2 meV, which is close to the orbital energy
of an electrostatic quantum dot. We observe that the sign of the strain modulations at a given depth of
the quantum-well layer depends on the lateral dimensions of the electrodes. Since our work explores the
impact of device geometry on the strain-induced energy landscape, it enables further optimization of the
design of scaled CMOS-processed quantum devices.

DOI: 10.1103/PhysRevApplied.20.024056

I. INTRODUCTION

The characterization of mechanical strain at the nanome-
ter scale is essential for improving the homogeneity and
electronic performance in advanced semiconductor-based
electronic devices [1,2]. In particular, it is of paramount
importance to assess the impact of the fabrication pro-
cesses on the mechanical stress generated by electrodes
made from metals or metallic compounds [3]. Indeed,
an electrode exerts a stress onto the underlying and
neighboring semiconductor layers, thus inducing local

*corley@ihp-microelectronics.com
†carsten.richter@ikz-berlin.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

lattice deformations, which are described by the spatially
dependent strain tensor, ε(x, y, z). In turn, the lattice
strain affects electronic properties such as charge-carrier
mobility [4], band-edge potential [5], and tunnel cou-
plings [2].

This is particularly relevant for modern semiconductor-
based quantum devices, such as qubits, which are still
exceedingly difficult to fabricate in large numbers and
require a high degree of homogeneity in their material
environment [6]. Spin qubits housed in electrostatic quan-
tum dots (QDs) are under the spotlight, since their fab-
rication can be integrated with microelectronics foundry
environments [7,8], leveraging the high maturity level
of Si-based complementary metal oxide semiconductor
(CMOS) processes [9]. For this purpose, commonly used
metals for manufacturing electrodes in small-scale device
processing, such as Al, Pd, and Pt [10–12], should be
replaced by materials commonly used in CMOS foundries,
such as titanium nitride (TiN) [13], which has the
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advantage of being a thermally stable and chemically
mostly inert material with low resistance, and moreover,
it acts as a diffusion barrier [14,15].

Quantum processors based on electrostatic QDs rely on
gate electrodes, thus this choice of material is particularly
relevant with regard to their spatial homogeneity. As a
matter of fact, the realization of large arrays of densely
packed QDs is required in architectures allowing for error-
correction schemes [16]. Each error-corrected logical qubit
would involve operating thousands of physical qubits [17].
Long coherence times are already demonstrated for elec-
tron spins housed in epitaxial Si/Si0.7Ge0.3 heterostruc-
tures [18], and the simultaneous operation of multiple
semiconductor spin qubits has recently been reported [19].
The operation of qubits in large arrays requires spin-
coherent communication pathways among them [20,21],
which can be realized, e.g., by means of the quantum
bus (qubus) architecture. A qubus device, as depicted in
Fig. 1(a), shuttles electrons in a conveyor-mode scheme
using a propagating sinusoidal potential pulse. This is gen-
erated by modulating the voltages on an array of “clavier”
electrodes [12,22]. Shuttling takes place either by adia-
batic Landau-Zener transitions across an array of tunnel-
coupled QDs or by adiabatic motion of a quantum dot,
as described in detail by Seidler et al. [12]. As shown
in Fig. 1(b), clavier-gate arrays can also be employed to
establish several QDs that may contain single-spin qubits
[10].

(a)

(b)

clavier electrodes

FIG. 1. (a) Schematic cross section of a qubus device; repro-
duced with permission [22]. (b) Top-view SEM image around the
clavier electrodes.

The operation of several physical qubits and their inter-
connection by the qubus requires a control scheme with
voltages shared between the electrodes [20]; this does
not allow for retuning of individual QDs. Therefore, the
potential landscape in the active region of the device must
feature a high degree of spatial homogeneity. Thus, among
other things, local mechanical deformations in the lattice
caused by the electrodes should be controlled and exper-
imentally verified, due to their impact on the band-edge
potential [6,23,24].

In general, the internal stress of a metal-compound thin
film (or stripe) is comprised of thermomechanical and
residual stress [25]. The thermomechanical stress is gener-
ated by the mismatch of the coefficient of thermal expan-
sion (CTE) between the material and the semiconductor-
oxide virtual substrate (VS) when the sample cools down
from deposition to the operation temperature [2]. The
residual stress is accumulated during the deposition pro-
cess owing to variations in crystallite sizes, orientations,
relaxations, and coalescence [25]. In particular, stress
exerted from TiN thin films on Si or Si1−xGex/Si sub-
strates may be tuned from tensile to compressive [26,
27], by acting on layer thickness and deposition-process
parameters [3,28]. This allows the deposition process
to be tuned towards targeted stress values for specific
applications.

The stress within large TiN films is typically investi-
gated by wafer-curvature measurements [29]; however, the
stress in small lithographically fabricated electrodes may
differ from the unstructured film due to amorphization,
oxidation, and plastic relaxation occurring during structur-
ing. From this perspective, scanning measurements with
focused x-ray beams are well suited to study the local
material properties in microelectronic devices [30,31].

Motivated by the above considerations, we employ
scanning x-ray diffraction microscopy (SXDM) at the x-
ray nanoprobe beamline ID01/ESRF [32,33] to obtain
microscopic maps of the lattice strains induced by TiN
electrodes deposited on the top surface of two samples
with 10-nm-thick Si quantum wells (QWs) grown on
Si0.66Ge0.34 buffers on Si(001) substrates. More precisely,
we compare the local strain distribution measured in two
devices sharing the same epitaxial layer stack and device
layout, but differing in the sputtering process used for TiN
deposition, resulting in different global stresses in the TiN
layer.

To evaluate the impact of the strain fluctuations on
the potential landscape of the QW, using the measured
strain profiles, we calculate the local perturbation of the Si
conduction-band edge in the framework of deformation-
potential theory [34]. Furthermore, we employ finite-
element-method (FEM) simulations with COMSOL Multi-
physics to investigate the strain-field geometry induced by
electrodes of varying lateral dimensions in the underlying
active layer.
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II. EXPERIMENT

The epitaxial layer stack of the samples, as shown in
Fig. 2(a), was grown on a commercial 200-mm Si wafer by
reduced-pressure chemical vapor deposition (CVD) and is
comprised of five 500-nm-thick step-graded Si1−xGex lay-
ers with increasing Ge content x, a 4-μm-thick plastically
relaxed Si0.66Ge0.34 buffer, a 10-nm pseudomorphic Si QW
layer, a 30-nm Si0.66Ge0.34 barrier, and a sacrificial Si cap
(<2 nm). The threading dislocation density was measured
to be <2 × 106 cm−2 by pit counting after a Secco etch.
After removing the cap layer for surface cleaning, a 10-nm
SiO2 dielectric layer was deposited on top of the semicon-
ductor stack by CVD. Finally, a TiN film of approximately
30 nm thickness was deposited by sputtering physical
vapor deposition (PVD), followed by deposition of a SiO2
hard mask used to fabricate the metal-gate stripes by UV
lithography.

Two samples, A and B, are studied in this work. Sam-
ple A was sputtered with a magnetron for a denser plasma,
while sample B was sputtered without the magnetron. The
average global stress the TiN was subjected to was deter-
mined by measuring the curvature of the samples by x-ray
diffraction (XRD) after processing and applying Stoney’s
equation [29,35]. We found a stronger stress for sample
A (σ A =−2.6 GPa) and a weaker stress for sample B
(σ B =−1.5 GPa).

The synchrotron measurements were carried out at
ID01/ESRF with the setup depicted in Fig. 2(b). The x-
ray beam was focused by a Fresnel zone plate (FZP) to
a spot of about 60 nm in diameter on the sample surface,
while higher-order diffraction from the FZP was blocked
by an order-sorting aperture. The spot size was verified
by ptychographic reconstruction [35,36]. The x-ray energy
was set to 10 keV, at which the 335 reflection of Si was

accessible at near-normal incidence and grazing exit
of the x-ray beam. The high incidence angle of
approximately 88° avoids any significant broadening of the
beam footprint by projection on the sample surface, while
the small exit angle of approximately 8° ensures a shallow
penetration depth of the x-rays, and thus, high sensitivity
to the QW layer close to the sample surface. Simultane-
ously with diffraction, fluorescence from the Ti K edge is
mapped with an energy-resolved x-ray detector, allowing
tracking of the TiN electrodes.

The experimental maps were acquired by scanning the
sample in steps of about 50 nm across the x-ray beam with
a piezo stage, while the diffraction signal was recorded
with a Maxipix area detector. Due to the improved bril-
liance after the extremely bright source upgrade [37], an
exposure time of 20 ms per spot on the sample was suffi-
cient to measure the 10-nm-thick QW-layer diffraction sig-
nal with a signal-to-noise ratio of >10. To sample a three-
dimensional (3D) volume of reciprocal space, diffraction
maps were measured for a series of sample rocking angles,
ω. In this way, from the diffraction patterns measured at
every spot on the sample, maps of the local scattering
vector were generated (see the Supplemental Material for
details [35]).

Measurement of an SXDM dataset for one Bragg reflec-
tion took about 6 h, including alignment overhead. Thus,
the total data acquisition time per sample was about 18 h.
No systematic degradation of the diffraction or fluores-
cence signal from the Si or Si0.66Ge0.34 layers was observed
throughout the measurement.

III. RESULTS

An exemplary 3D reciprocal space map (RSM) for one
spot on the sample is shown in Fig. 2(c). The most intense
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FIG. 2. (a) Heterostructure layer stack of samples. (b) Experimental setup of the SXDM measurement. (c) Isosurface plot of the
3D RSM around the 335 Bragg reflections of the heterostructure for one spot on the sample. Axes of reciprocal space are defined as
Qx|| [11̄0], Qy|| [110]], and Qz||[001].
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peaks in the RSM originate from the Si substrate and the
4-μm-thick buffer layer with constant composition.
Between them, five intensity peaks can be observed, stem-
ming from the discrete composition steps of the graded
buffer material. The signal Bragg peak corresponding to
the Si QW is located above the Si0.66Ge0.34 signal, at equal
in-plane momentum transfers Qx, Qy, meaning that the
QW is pseudomorphic to the buffer layer. Remarkably,
the QW signal can be clearly separated from the more
intense signals of the buffer along Qz due to its smaller
out-of-plane lattice constant.

We note that, in our reference system, the orienta-
tion of the length constants of the unit cell, the planes
of the direct and reciprocal lattice and coordinates of
the maps is defined as: a||x||Qx||[11̄0], b||y||Qy||[110],
c||z| |Qz|| [001].

By combining diffraction maps of the 335 and 3̄3̄5 Bragg
reflections, we can measure the lattice constants b and c
and the angle, α, of the Bravais cell in the Si QW [38].
These data are used to generate maps in the direct space of
the εyy , εzz, and εyz components of the lattice strain tensor,
ε, by relying on the following equations [39]:

εyy = b sin α

aSi
− 1, (1)

εzz = c
aSi

− 1, (2)

εyz = 1
2

b cos α

aSi
(3)

where aSi was set to a value of 5.4309 Å [40]. With a
diffraction map of the 33̄5 reflection, we also determine
the local value of QW lattice constant a, and corresponding
strain εxx in the small-angle approximation as

εxx = a
aSi

− 1. (4)

In Fig. 3, maps of the Ti K-edge x-ray fluorescence, f,
and four components of the strain tensor are shown for
“high-stress” sample A (top row) and “low-stress” sample
B (bottom row). The fluorescence is given in counts per
second; the strain is dimensionless and given in percent.
The maps cover slightly different areas of the qubus on
the two samples due to sample drift during the measure-
ment (∼1 μm total), which is caused by thermal settling
and a residual offset between the beam focus and the ω-
rotation axis. This drift is tracked during the measurement
by simultaneously observing the diffraction and fluores-
cence signals [Figs. 3(a) and 3(b)]. The orientation of the
coordinate system with respect to the crystallographic axes
is specified in the inset of Fig. 3(a).

From the symmetric in-plane strain components, we
measure in the pseudomorphic Si QW a biaxial global
average strain, corresponding to εxx ≈ εyy ≈ 1.3%, as
expected from the lattice mismatch between Si and the
Si0.66Ge0.34 virtual substrate.

With respect to this average biaxial strain, in both
datasets, we observe a spatial distribution of the lattice

(a) (c) (e) (g) (i)

(b) (d) (f) (h) (j)

f (counts/s)

f (counts/s)

εyy (%) εzz (%) εyz (%)εxx (%)

εyy (%) εzz (%) εyz (%)εxx (%)

FIG. 3. SXDM maps of samples A (top row) and B (bottom row). Black arrows describe the orientation of the crystallographic axes;
scale is identical for all images. Clavier electrodes are located in the bottom region of the maps. Maps of (a),(b) Ti K-edge fluorescence,
f, and strains in the Si QW layer: (c),(d) εxx, (e),(f) εyy, (g),(h) εzz, (i),(j) εyz. Device geometry is outlined by dotted lines, with contact
pads of large lateral width marked in red and narrow electrodes in white. Notice that orientation of the (11̄0) and (110) lattice planes
is consistent with the observed direction of misfit-dislocation (MD) bunches in strain maps for the relaxed Si0.66Ge0.34 buffer shown in
the Supplemental Material [35].
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strain in the QW layer in the form of a “footprint” of the
device, as evidenced by the dashed lines. By comparing
the fluorescence maps for both samples to the strain maps,
it is apparent that this strain modulation in the QW layer is
due to the overlying TiN device.

We point out that there is a pronounced difference
between the effect on the strain in the QW brought by
either wide pads (red arrows) or narrow electrodes (white
arrows). Indeed, underneath the wide structures, there is
a tensile modulation of the in-plane lattice strains εxx
[Figs. 3(c) and 3(d)] and εyy [Figs. 3(e) and 3(f)], while
under narrow TiN stripes, in particular the clavier elec-
trodes outlined by the white dashed boxes, the in-plane
strain modulation becomes compressive, mainly due to
smaller values of the diagonal strain component, which
corresponds to the direction orthogonal to the electrode
axis. Thus, the lateral dimensions of the lithographic struc-
tures appear to determine not just the magnitude, but
also the quality of their effect on the lattice strain in the
underlying layer.

In the qubus, electrons are shuttled through the clavier
electrodes. Thus, lattice deformation underneath them is
most important for the device, and hence, in the following
we focus on this region of the device.

In line with the above observations, the symmetric in-
plane strain component, εxx [Figs. 3(c) and 3(d)], appears
to be practically unaffected by the clavier electrodes that
run along the [11̄0] direction. However, across TiN stripes
oriented along the [110] direction, we observe character-
istic modulations in εxx of several 10−4. Accordingly, the
clavier electrodes have a compressive effect on εyy , with a
total bandwidth of about 4 × 10−4 for sample A [Fig. 3(e)]
and about 2 × 10−4 for sample B [Fig. 3(f)]. This modula-
tion is noticeably homogeneous both along each stripe and
across different electrodes.

For the out-of-plane strain component, which has an
average value of εzz ≈ −0.73%, we also observe effects
stemming from the TiN structures, but with reversed sign
compared to the modulations of the in-plane strains: When
the Si crystal lattice is strained along an in-plane direc-
tion by an electrode, it reacts in the vertical direction,
since it tends to preserve the volume. Thus, we observe
that εzz becomes more positive underneath the clavier
electrodes, with modulations of up to about 8 × 10−4 for
sample A [Fig. 3(g)] and up to about 4 × 10−4 for sample
B [Fig. 3(h)].

The average value of the off-diagonal strain compo-
nent, εyz, is close to zero, as expected for the case of a
purely biaxial distortion, but there are local modulations
connected to the truncation of the electrodes. Thus, the
shape of the device is also well recognizable in the εyz
maps [Figs. 3(i) and 3(j)]. They show modulations across
the clavier electrodes of a magnitude of approximately
2 × 10−4, thus clearly demonstrating a shear deformation
of the lattice in the y-z plane.

Leveraging on the relationship,

ν = 1
1 − (εxx + εyy)/εzz

≈ 1
1 + (C33/C13)

, (5)

which links the lattice strains, all measured by SXDM,
to the Poisson number, ν, and the elastic coefficients,
C13 = C23 and C33 [41,42], we obtain an average value in
the QW layer of νQW ≈ 0.22. This is significantly lower
than the established value for bulk silicon (νbulk ≈ 0.278),
[40,41] and would correspond to a change in the elastic
coefficients. Since a similar discrepancy is also observed
for epitaxial Ge films [42], one cause of this smaller Pois-
son number may be that the elastic properties in the thin
strained Si QW layer are different from those of bulk sili-
con. Moreover, we point out that the QW is under a strong
compressive biaxial stress, with σxx ≈ σyy ≈ −2.5 GPa,
as obtained from the measured strains using the elastic
coefficients for silicon reported in Ref. [41] while rotat-
ing the stiffness tensor to match the orientation of our
reference system [23]. Under these conditions, given the
QW-layer thickness of about 10 nm, the Si material is at
the critical point for the onset of plastic relaxation [43].
Therefore, nonlinear elastic effects may become relevant
[44,45], causing an apparent deviation.

Furthermore, local isotropic compression or expansion
may be triggered by the metallic gates. As a matter of
fact, Eq. (5) relies on the assumption of zero surface nor-
mal stress (σ zz = 0), a condition that may not be perfectly
fulfilled in our case. In fact, the stiffness of the electrodes
[23] and the local rotations of the lattice planes in the QW
layer, relative to the sample surface, may lead a violation
of this assumption [46]. These effects may combine into
some amount of isotropic stress in the QW layer, locally
changing the volume of the unit cell.

We point out that strain maps obtained with the same
technique as that employed here were previously reported
in Ref. [23], where a similar quantum structure has
been investigated. However, in the device studied in Ref.
[23], the quantum dots were fabricated starting from a
Ge/Si0.2Ge0.8 material, which required the adoption of a
plastically relaxed Ge virtual substrate. As a side effect
of this choice, the measured strain maps provided evi-
dence of the presence of long-range strain gradients, which
were attributed to (1) the presence of the low-lying misfit-
dislocation networks in the VS formed to accommodate the
lattice mismatch, and (2) local fluctuations of Ge content in
the Si0.2Ge0.8/Ge/Si VS [47]. In this heterostructure, their
magnitude is smaller due to the lower mismatch between
the Si substrate and the Si0.66Ge0.34 buffer layer, as well as
the large thickness of the VS in the samples studied here
(>5 μm in total). This is in agreement with the findings of
Park et al., who found that the strain fluctuations caused
by the MD network formed during plastic relaxation in a
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Si0.7Ge0.3/Si/Si0.7Ge0.3/Si heterostructure were smaller in
comparison with the electrode-induced strains [24,31].

In fact, it is difficult to distinguish the effect of the MD
network and the larger TiN pads around the narrow clavier
gates within the comparatively small field of view of the
SXDM measurement. Thus, we study the effect of the MD
network with μ-Raman shift mapping. The μ-Raman data,
which are shown in the Supplemental Material [35], con-
firm that the magnitude of the corresponding modulation
of the lattice strain is approximately 5 × 10−4, but it takes
place on a length scale larger than 1 μm, i.e., very long
compared to the abrupt modulations induced by the clavier
electrodes. We point also out that SXDM strain maps taken
from the relaxed Si0.66Ge0.34 layers likewise confirm that
the magnitude of the strain modulations due to the MD
network is on the order of about a few 10−4.

To evaluate the impact of the electrode-driven lattice
deformation on the energy landscape, we determine, within
the framework of deformation-potential theory, the strain-
dependent conduction-band minimum in the Si QW layer
[34], since it represents a key ingredient for the calculation
of the eigenvalue spectrum of few-electron QD systems
[48]. Due to the average tensile biaxial strain in the Si
layer, the bottom of the conduction band in this region
is controlled by the strain-induced fluctuation of the �2
energy.

In Fig. 4, line profiles taken across five clavier electrodes
along the y direction are shown for the strain components
εyy (panel a) and εzz (panel b) measured in the QW layer at
room temperature. The amplitudes of the electrode-driven
strain fluctuations are, on average, larger by a factor of
approximately 2 for high-stress sample A compared to
low-stress sample B. This demonstrates that, even after
lithography and structuring, the deposition of a high-stress
TiN layer causes a stronger deformation in the underly-
ing semiconductor compared to the TiN with weaker initial
stress.

For what concerns the band edge, correspondingly, we
observe that the �2 energy (panel c) undergoes larger
local modulations in sample A, for which we estimate a
bandwidth of ±4 meV to be compared with the range of
±2 meV calculated for sample B. The maxima of the �2
levels are located directly underneath the electrodes, while
the minima are in the gap between them. Thus, without
biasing the system, potential barriers of up to approxi-
mately 8 meV for sample A and approximately 4 meV for
B are already present between the electrodes.

Tunnel-coupled QDs formed by periodic metal gates can
be optimized to achieve low-variance �orb of the orbital
energy, Eorb (e.g., Eorb ≈ 3 meV, �orb ≈ 0.2 meV for an
array of 9 QDs in Ref. [10]), suggesting the low impact
of the strain potential. However, we suggest that several
effects could increase the impact of the electrodes.

First, the strain modulations we observe for the TiN
electrodes are much stronger compared with those we

(a)

(b)

(c)

ε y
y (

%
)

ε z
z (

%
)

X (μm)

Δ 2
 (m

eV
)

A, high stress 
B, low stress 

FIG. 4 Profiles across five clavier-gate electrodes of (a) in-
plane strain εyy , (b) out-of-plane strain εzz , and (c) lower
conduction-band-edge offset �2. Extent of the electrodes is
shaded in green.

previously measured in a device with metal (Ti/Pd, Al)
electrodes [23]. This is due to the stronger stress (a few
GPa) in TiN, compared with, e.g., Pd electrodes, which
typically experience smaller stresses (<1 GPa) [49]. Thus,
the impact of the TiN electrode studied here on the poten-
tial level of the band edge is larger than that of gate
electrodes fabricated from metals such as Pd and Pt.

Second, the impact may be lowered by larger coverage,
as usually at least two interleaved layers are used in quan-
tum devices. Global strain will change the average level
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of the band energy but not create barriers between the
QDs in the qubus, which would obstruct shuttling. How-
ever, the coverage of the sample surface with gate material
will not be complete, and the gate layers may be deposited
at varying heights or with different processes. Thus, local
modulations of the strain may still occur, even for devices
with multiple gate layers.

We also highlight that the spatial periodicity of the strain
follows the periodicity of the gates, and thus, that of the
QDs. However, in a qubus device operated in conveyor
mode, a QD adiabatically propagating has to be formed at
all positions along the qubus. If gate biases are engineered
without accounting for the unintentional barriers caused by
the strain modulation and the amplitude of the shuttling
pulse applied to the qubus is too small, the position of
the electron may become undetermined during shuttling,
in particular for TiN devices under high stress. We note
that electron shuttling in a qubus device was shown with
a typical QD confinement energy in Ref. [10], but there
Pt electrodes were used and some signatures of tunneling
were found during the conveyor-mode shuttle process [12].
Therefore, a tailored shaping of the periodic input signals
of the shuttle device may be necessary to compensate for
this effect.

To gain a better physical insight into the electrode-
induced strain, we numerically assess the spatial dis-
tribution of the lattice deformation. To this aim, we
model the heterostructure and the TiN electrodes with
the solid mechanics module of the COMSOL Multi-
physics suite to simulate the electrode-relaxation process
through two-dimensional (2D) simulations based on the
FEM.

It is well established that both the intrinsic stress, σ

[28], and the Young’s modulus, E, of sputtered TiN depend
on the deposition parameters [50,51]. Since these quan-
tities are required as input parameters for mechanical
modeling, we preliminarily estimate the stress in the TiN
electrodes from sample-curvature measurements by XRD
as σA = (−2.6 ± 0.5) GPa and σB = (−1.5 ± 0.5) GPa
and their Young’s moduli by nanoindentation as EA =
(106 ± 25) GPa and EB = (91 ± 19) GPa. As detailed in
the Supplemental Material [35], we feed the FEM sim-
ulation with these data from sample A to calculate the
deviations induced in the multilayer stack with respect to
the average biaxial strain, which results from the relaxation
of the TiN gates.

The Young’s modulus of the CVD-grown SiO2 layer
separating the electrodes and the semiconductor layers is
assumed from literature values [52]. It may vary for the
ultrathin films studied here, depending on the deposition
parameters with which the oxide is grown [53]. We note
that, with regard to the strain distribution in the VS, the
effect of increasing the stress in the TiN electrodes is
similar to increasing the Young’s modulus of SiO2.

Our main results are summarized in Fig. 5, where we
show the deviations of εyy and εzz from the average biax-
ial strain along the y-z plane, as calculated for a 1-μm-wide
TiN contact pad (panels a and b) and for an array of clavier
electrodes featuring a width of 160 nm and a pitch of
140 nm between them (panels c and d).

For the wide pad, we observe that the in-plane strain,
shown in Fig. 5(a), is more positive underneath the center
of the TiN slab, representing an expansion of the lattice
along the in-plane direction, which propagates down to a
depth of >200 nm below the sample surface. This behavior
is in agreement with the positive in-plain strain modulation
observed by SXDM in the Si QW layer under the wide
(>1 μm) TiN pads. The modulation of εzz underneath the
wide pad [Fig. 5(b)] is negative in the same region down
to >100 nm below the surface, and thus, opposite in sign
to εyy , as expected due to the Poisson effect and likewise
observed underneath wide pads in the SXDM strain maps
for the QW layer.

Also below the narrow clavier electrodes, down to a
shallow depth of about 30 nm, the modulation of the
in-plane strain, εyy , induced in the Si0.66Ge0.34 material
[Fig. 5(c)] is positive, due to the downward propagation of
the tensile deformation experienced by the gates once they
partially release their initial compressive stress. However,
deeper in the sample, we observe an inversion of the sign
for εyy which becomes negative, resulting in a compression
of the lattice along the in-plane direction. In other words,
and quite surprisingly, directly underneath a narrow com-
pressively stressed electrode, we observe a compressive
modulation of εyy .

To qualitatively understand this counterintuitive effect,
we observe that the tensile field from the bottom surface
of the electrode propagates downward, mainly from its
edges, and at an angle of about 45°, in line with numeri-
cal results reported in Ref. [54] for compressively strained
Si0.60Ge0.40 stripes deposited on Si. On the other hand, the
tensile field in the central electrode region does not prop-
agate effectively downward. Consequently, starting from
a certain depth, the central material region is sandwiched
between two tensile strained domains; this induces its
compressive distortion.

Having in mind this kind of phenomenology, we can bet-
ter understand the SXDM strain maps, where we observe
that, underneath the clavier electrodes, the modulations in
εyy are negative (compressive) rather than positive (ten-
sile). We therefore conclude that this depth-dependent
strain inversion obtained by FEM may be the reason for
the qualitative difference between the wide and narrow
structures in the experimental data.

A similar inversion effect is also observed for the εzz
strain component underneath the narrow electrodes, as
shown in [Fig. 5(d)]. Indeed, at shallow depth, it is nega-
tive or close to zero underneath each clavier electrode, but
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FIG. 5. Simulated maps in the vertical y-z plane of the TiN-induced modulation of the diagonal strain components around the
device structures. Maps around a TiN contact pad of 1 μm width of (a) εyy and (b) εzz . Maps of (c) εyy and (d) εzz around the qubus
clavier region in sample A, featuring 160-nm-wide electrodes with 140-nm pitch. Maps of isotropic (hydrostatic) strain εV (e),(f). TiN
electrodes are indicated by magenta bars; SiO2 dielectric is the cyan layer. Scales and color bars are the same for all images.

becomes positive at larger depths, in line with the expected
opposite behavior of εyy and εzz.

With the previously determined Poisson number, ν, we
calculate the local isotropic lattice constant, a0, which is
only affected by isotropic strain, according to [55]

a0 = ν(a + b) + (1 − ν)c
(1 + v)

. (6)

With a0, we determine the local isotropic (hydrostatic)
strain, εV, by

εV = a0

aSi
− 1 = ν(a + b) + (1 − ν)c

aSi(1 + v)
− 1, (7)

which is plotted in Figs. 5(e) and 5(f) underneath the wide
contact pad and the clavier electrode array, respectively. In
both cases, we observe volume expansion underneath the
compressively stressed electrodes, i.e., εV is positive. Both
at the sides of the wide contact pad and between the narrow
clavier electrodes, the volume strain is compressive and εV
is negative. No change of sign at some depth occurs for the
isotropic strain.

In the qubus, the electrons are shuttled horizontally
within the Si QW, between the electrostatic QDs controlled
by the clavier gates. To avoid potential barriers blocking

shuttling, we propose that extrema of the potential level
of the Si conduction-band minimum should be avoided
between the clavier electrodes. The FEM simulations in
cross section demonstrate that the strain in the QW will
depend on its distance from the sample surface. Therefore,
to investigate the optimal depth at which the QW should be
placed, we study horizontal line profiles of εzz across the
simulated clavier electrodes, as shown in Fig. 6(a). They
are taken as horizontal cuts from the simulated strain maps
in cross section at four different depths from the sample
surface. In Fig. 6(b), the corresponding profiles of the �2
energy level are presented.

There is no depth at which the modulations of εzz and
�2 vanish along the horizontal profile. At each depth from
z = 25 to 85 nm, they present a maximum beneath the cen-
ter of each electrode. We consider this modulation of the
�2 level acceptable, since an energy offset within the elec-
trostatic QDs can be accounted for by suitably tuning the
voltage applied to the plunger gates, if the offset is similar
for all QDs.

However, to avoid potential barriers between QDs dur-
ing shuttling, we suggest that secondary �2 modulations
should be avoided between the clavier electrodes. In
Fig. 6(b), for the curves taken at shallow depths, z < 65 nm,
we observe secondary maxima in �2 of a height of sev-
eral meV at the midpoints between the electrodes. When
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(a)

(b)

FIG. 6. Simulated profiles of (a) εzz and (b) the lower
conduction-band-edge offset �2 across five clavier-gate elec-
trodes at different depths within the sample. Solid yellow line
indicates the depth of the QW within the measured samples.
Extent of the electrodes is shaded in green.

comparing the profiles at different depths, it is apparent that
the amplitudes of these secondary maxima in �2 decrease
with depth. In particular, for z = 85 nm, they flatten out to
a height of less than 1 meV, which is much smaller than
the typical orbital energy of the QDs [10], and thus, not
expected to obstruct coherent electron shuttling.

IV. DISCUSSION

Here, we investigated the effect of CMOS-processed
TiN electrodes on the lateral-stain distribution in a 10-
nm-thick Si QW. For several components of the strain
tensor, local modulations of 2−8 × 10−4 due to the stress-
ing action of the TiN stripes were observed. By comparison
of the global stress determined from the sample bowing in
extended TiN films to the strain modulations caused by the
small electrodes, we found that the macroscopic stress in
the gate material was proportional to the microscopic strain
induced by the electrodes. From band-structure calcula-
tions, we translated the electrode-driven strain modulations
into local changes of the potential level of the conduction-
band minimum with a bandwidth of several meV, similar
to the orbital energy of an electrostatic QD hosting a few
electrons [10]. These might act as unintentional barriers,
hindering spin-coherent shuttling of electrons in conveyer
mode [22], as well as affect charging energies and gate
voltages required to operate spin qubits in large arrays
[23,24].

We furthermore observed size effects of the electrode-
induced strain modulations in the QW layer. From 2D
FEM simulations, we found that, underneath a thin com-
pressively stressed electrode, an inversion of the sign of

the strain occurred approximately 50 nm from the sam-
ple surface. This supported the experimental strain maps
determined by SXDM, where we observed strain modula-
tions of different signs underneath TiN stripes of 160 nm
and >1-μm lateral extent, respectively.

Based on the simulation, QWs should be placed at
a depth below 80 nm from the surface to avoid strain-
induced potential barriers between the clavier electrodes
studied here. However, simultaneously, the depth depen-
dence of their electric field, voltage-pulse amplitudes
applied to gates, and charging of a Si-capping layer need
to be taken into account for the optimization of device per-
formance. Moreover, we highlight that the optimal depth
for the active layer with regard to strain depends on the
device geometry, in particular, the width and spacing of
the electrodes.

It is worth noting that, when cooled to typical opera-
tion temperatures in a quantum processor of approximately
20 mK, the strain landscape changes due to the different
CTEs of all the materials in the sample.

We employed our FEM model for thermomechanical
simulations, using literature values for the CTEs of TiN,
SiO2, Si0.66Ge0.34, and Si [56,57]. Simulated profiles of the
strain, which are provided in the Supplemental Material
[35], suggest that, by cooling the sample to <20 K, the
amplitude of the electrode-induced strain modulations will
decrease by about 1–2 × 10−4. Albeit this thermal strain
is rather small compared to the strain modulations we
observed under standard condition, it needs to be taken into
account when employing strain engineering to improve the
device at its operating temperature.

We expect that a more detailed characterization of func-
tional qubus devices will be required in the future. More-
over, we anticipate that similar modulations of the spatial
landscapes of strain and potential occur in other technol-
ogy platforms for quantum computing featuring micron-
scale lithographic structures. The impact of electrode-
driven strain may be even more significant in metal-oxide-
semiconductor-type devices, in which the quantum dots
are located directly underneath the interface between the
electrode and the oxide.

In summary, we demonstrate that strain induced in a
thin Si QW layer by gate electrodes depends not only
on the stress in the gate material, but also on the lat-
eral dimensions of the electrodes and the depth of the
QW layer in the sample. We predict that this effect is
of a magnitude sufficient to affect the performance of
quantum devices, such as coherent electron shuttles, but
may be minimized by placing the QW layer at a suitable
depth beneath the sample surface. Moreover, our results
highlight the potential of SXDM as a structurally nonde-
structive technique to study complex strain distributions
in microscopic devices and to access important material-
related information for microelectronics and quantum
technology.
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Raw data were generated at the ESRF Synchrotron Radi-
ation Facility [63]. Derived data supporting the findings
of this study are available from the corresponding authors
upon reasonable request.
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