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ABSTRACT: The integration of electron spin qubits on Si/SiGe 70 T
heterostructures requires precise control of valley splitting associated e
with conduction band degeneracy. This can be achieved by
introducing nanoscale oscillating Ge concentration profiles, known
as Wiggle Wells. However, the intermixing and segregation of Ge
during growth have hindered their realization. We report the growth
of Si/SiGe heterostructures with clear nanoscale composition
modulation within the quantum well using molecular beam epitaxy.
By oscillation of the growth temperature, Ge segregation is
suppressed, achieving a Ge concentration modulation of 30%/nm,
an order of magnitude higher than prior results. Tight-binding
simulations suggest that Wiggle Well heterostructures with sharp
compositional transitions significantly enhance valley splitting,
yielding average values exceeding 200 peV, with energy levels well separated from 0 peV. Hence, Wiggle Wells are a promising
approach for Si-based electronic qubits.
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lectron spin qubits in gate-defined silicon quantum dots g~ 20 nm™" (periodicity P = 0.32 nm) and g & 3.5 nm ™" (P =

based on SiGe heterostructures are a promising and fast- 1.8 nm), respectively. E, can be further enhanced by applying
developing technology for quantum computing. > These shear strain to the WQW (e.g., by fabricating special trenches
heterostructures typically consist of strained Si quantum well via lithography)."” While adding Ge atoms to the quantum
layers coherently grown on relaxed Siy,Geg 3, where the strain well layer comes with potential trade-offs such as an additional
partially lifts the conduction band valley degeneracy. Lifting disorder, as was shown by mobility measurements,lz WQWs
the remaining 2-fold degeneracy in a reliable way poses a promise enhancement of E, with a minimal amount of Ge in
Challen§e currently limiting the scalability of Si-based spin- the quantum well. Furthermore, this nanoscale Ge oscillation
qubits.””" Hence, leveraging advantages of the elaborated can also be utilized to enhance spin—orbit coupling, opening

fabrication techniques used in the silicon industry for quantum the possibility of utilizing intrinsic spin-obit coupling for fast
gate operations.

In the original proposal of WQW heterostructures,'”
quantum dot devices were demonstrated and their respective
valley splitting was determined by pulsed-gate spectroscopy.
Even though the valley splitting was large and tunable, between
54 and 239 peV, their simulations indicated that valley splitting
is dominated by random Ge concentration fluctuations

applications and consequently the reliable integration of a large
number of qubits in this material platform first requires a
technology that allows for a large and controllable valley
splitting E, of the conduction band valley degeneracy to be
achieved through material design.”

Several approaches have been proposed and explored in the
past, including SiGe heterostructures with atomically flat
interfaces, atomic fluctuations due to Ge alloying, and
modifications of the quantum well barriers.'”'" However,
most recently, a nanoscale oscillating Ge concentration in the Received:  October 25, 2024
quantum well, a so-called wiggle quantum well (WQW), was Revised:  January 6, 2025
proposed as a way to achieve a large and tunable E,."* Hereby, Accepted: January 6, 2025
a Ge oscillation with a wave vector g is chosen to couple the Published: March 4, 2025
conduction-band valleys within or between Brillouin zones.

For ideal coupling, this translates to real space oscillations with
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Figure 1. (a) shows an ADF-STEM image of a WQW heterostructure grown on a strain-relaxed SiGe buffer substrate with a S nm Si cap at a
growth temperature of S00 °C; the respective APT image is shown in (b). (c) shows the Si and Ge isotope concentration throughout the WQW.

associated with SiGe random-alloy disorder and not by the
distinct Ge concentration oscillations. This moderate valley
splitting (VS) can be ascribed to the limited Ge concentration
gradient, reducing the modulation amplitude in their
heterostructures grown by chemical vapor deposition (CVD)
at 600 °C growth temperature.'” At these elevated temper-
atures, growth is dominated by Ge segregation, which
ultimately limits spatial concentration gradients independent
of absolute Ge concentration.'®

Hence, further material development is required to realize
pronounced nanoscale Ge concentration oscillations. Another
relevant aspect is the impact of the postgrowth device
fabrication processes involving ion implantation and thermal
annealing on the Ge profile in the well, which is beyond the
scope of this work that focuses on the material growth
challenges.

Here, we demonstrate and investigate the potential of
growing SiGe WQW heterostructures by molecular beam
epitaxy (MBE) on strain-relaxed SiGe buffers. MBE allows for
growth at lower temperatures utilizing ultrahigh vacuum
(UHV) yielding ultimately higher compositional control and
steeper concentration gradients.'” We investigated the
materials challenges to realize sharp and substantial Ge-profiles
in WQWs, in particular approaches to suppress Ge segregation
in MBE, while maintaining high-quality crystalline material as
well as the demonstration of the robustness of WQW-induced
VS against statistical fluctuations by numerical means. The
focus lies hereby on the material development of quantum well
layers with Ge concentration oscillations with 4 and 5 periods.
This corresponds to wavelengths of around 1.8 and 2.3 nm for
a typical quantum well layer thickness of 10 nm, which is still
below the critical thickness for relaxation.

Tight-binding (TB) simulations based on the actually
achieved material contrast of MBE-grown material reveal
robust values for the valley splitting energies E, above 200 peV,
significantly higher compared to the estimated valley splitting
of random Ge alloy contributions alone and with an energy
distribution which is clearly offset from 0 peV.

We start our discussion by considering a Siy,Ge,;/Si/
Sip;Gegs heterostructure (target composition) grown at a
constant growth temperature of 500 °C with P = 1.8 nm as
shown in the scanning transmission electron microscopy
(STEM) image in Figure la. Hereby, 500 °C is the optimal
temperature to grow Siy;Gey; and Si in molecular beam
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epitaxy, allowing for a growth interrupt-free process.” Further
experiments at different growth conditions are presented in
Supporting Information S1.

A distinct Ge concentration oscillation, apparently more
pronounced than the originally reported WQW heterostruc-
tures grown by CVD at 600 °C, can be identified."” The atom
probe tomography (APT) data in Figure 1b reveal a deviation
from the targeted composition of the barriers (38% Ge instead
of 30% Ge). This increase is Ge content has no impact on the
conclusions drawn from these investigations. Furthermore, the
APT data reveal that the WQW exhibits a Ge modulation of
only a few atomic % around a medium value of 20% Ge, even
though from the respective evaporation rates of Ge and Si one
would naively expect a Ge concentration modulation of at least
38%.

This can be explained by the growth-related phenomenon
referred to as Ge segregation.'”'” Hereby, the formation of an
energetically favorable Ge adlayer results in site exchange
between subsurface Ge and surface Si atoms, blurring the
interfaces. For growth temperatures of 380 °C and above,
concentration slopes limited to 3%/nm independent of
concentration and growth temperature were reported.”’ The
segregation can be reduced by lowering the growth temper-
ature or the use of surfactants (e.g, Bi, Sb, Ga) during
epitaxy.”””' However, surfactants are ruled out here due to the
high additional quality requirements for spin qubit operation
(undoped, without charge traps, and nuclear spin-free).

Figure lc shows the isotope concentration in the WQW.
Hereby, natural Ge and an isotopically enriched **Si source
have been utilized.”> Hence, while the Ge isotope concen-
trations of °Ge, ”*Ge, "*Ge, "*Ge, and "°Ge are in agreement
with the natural isotope abundance, the heterostructure
exhibits a sufficiently low concentration of *Si and °Si of
1071 % and 1072 %, respectively. Ultimately, qubits based on
Si/SiGe heterostructures have to leverage the possibility of
being grown nuclear spin-free, which, in particular, means free
of ¥Si and "*Ge. In the future, the use of nuclear spin-free Ge
source material and experimental demonstration of devices is
planned but is currently beyond the scope of this work.

The contrast in annular dark-field (ADF) imaging by STEM
depends on the atomic number Z of the investigated material
and consequently embodies a powerful technique to
investigate concentration modulations with a high spatial
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resolution. It has been reported that the ADF contrast Qupg is
a power law in form of”’

Qupr Z zi
i (1)
where Z; is the atomic number of the ith atom in the unit cell
and n is a parameter typically between 1 and 2. Substituting
this sum with an average atomic number of (1 — x)Zg + x-Zg,
of a perfect Si;_,Ge, random alloy by using and applying the
logarithm on both sides allows us to rewrite eq 1 as

log(QADF) x n-log(AZ-x + Zg,) (2)

Hence, the Ge concentration x can be calculated from the
ADF-STEM contrast for a given measurement condition,
provided that n is determined with a reference measurement.
Here, this is achieved by comparison to APT data, as can be
seen in Figure 2. Note that the data related to the Si cap

a)
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35 ,'“
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30 i
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4.Si cap log(AZ-x + Zs)
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b
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Figure 2. (a) Display of the recorded intensity Qpp of the ADF-
STEM measurements and the Ge concentration x, weighted by the
difference in atomic numbers AZ between Zg and Zg, in black. The
red dotted line shows the least-squares fit of a power law with n =
1.36. (b) Compositional data from APT compared with the calculated
composition from the STEM measurement using the above model.

interfaces of the substrate were removed, as well as the very
surface of the heterostructure. The data corresponding to the
barrier, WQW, and Si cap are labeled in Figure 2a. The data
points between the barriers and the WQW correspond to the
interfaces at the boundary of the WQW. The slope of a least-
squares fit to the power law described in eqs 1 and 2 is

indicated by the red dotted line and results in the exponent n =
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1.36. We will exploit this model to quantify the Ge content
from STEM images of the heterostructures discussed below.

The realization of a WQW with enhanced valley splitting
requires pronounced Ge concentration oscillations. Hereby, it
is clear that controlling Ge segregation is key. One way to
suppress Ge segregation is a reduction of the growth
temperature.

It was shown that segregation is effectively suppressed by
growing the first Ge-rich layers on Si-rich SiGe below 330 °C
and the Si-rich layers on Ge-rich SiGe at 300 °C.** However,
below 400 °C Si growth with smooth surfaces and large terrace
widths cannot be accomplished.”® Consequently, for an ideal
WQW growth, one has to oscillate the growth temperature,
realizing lower temperatures at the interfaces to suppress
segregation and higher temperatures in between to achieve
smooth surfaces.

We have realized SiGe growth with such a temperature
variation. In Figure 3, we compare a sample grown at constant
growth temperature with a heterostructure grown at optimized
temperatures at each step of the heterostructure. The required
oscillating growth temperature as a function of time together
with the Si and Ge shutter configurations is depicted in Figure
3d.

The fast Ge oscillation in the proposed WQW hetero-
structures makes the growth a nontrivial task and requires
extremely low growth rates due to the limited heating/cooling
ramps that can be realized in MBE, which in turn requires
controlled growth conditions (e.g., vacuum conditions). Here,
evaporation rates of 0.001 nm/s (around 0.1 monolayer/min)
were employed for the heterostructure shown in Figure 3e.

The comparison between ADF-STEM images of the two
heterostructures displays a striking difference in the Z-contrast
and consequently in the Ge concentration modulation. The
respective Ge concentration profile along the WQW calculated
from the STEM images according to the model described in
the previous section, is depicted in Figure 3c,f. This approach
is justified since the measurement conditions were identical
(see the experimental section in the Supporting Information
for greater detail). The suppression of the Ge segregation at
reduced growth temperatures allows for much lower average
Ge concentrations in the WQW. It is not unambiguously clear
to which degree the remaining Ge concentration in the valleys
of the WQW is real or an artifact resulting from the TEM
contrast interpretation. From the Ge concentration profiles the
maximal slopes in the WQWs can be quantified to be 10%/nm
for a constant growth temperature of 500 °C and up to 30%/
nm for oscillating growth temperature. In particular the latter
demonstrates the efficiency in suppressing Ge-segregation, by
reduced temperature growth.

The experimentally derived concentration profiles are used
as inputs to tight-binding simulations to determine realistic
heterostructure designs and their respective predicted valley
splitting.

The expected valley splitting of a variety of possible WQW
heterostructures was determined by tight-binding simulations,
taking into consideration the obtained sharpness in composi-
tional transitions (a maximum of 30%/nm). The sp3dSs*
Hamiltonian is constructed based on parameters from refs 26
and 27 and comparable to the models used in recent modeling
studies.'””® A representative simulation cell of a WQW
heterostructure is shown in Figure 4a. Ge oscillations with a
peak concentration 71, of 20% and 10% with a period length of
13 monolayers (P = 1.76 nm) and 17 monolayers (P = 2.31

https://doi.org/10.1021/acs.nanolett.4c05326
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Figure 3. Comparison of two heterostructures grown at constant temperature (a—c) and oscillation growth temperature (d—f), respectively. (a)
and (d) show the nominal growth temperature over time together with the Si and Ge shutter configurations where black indicates a closed shutter,
with the Si and Ge source kept at the same rate as for the barrier growth. (b, e) Atomic-resolution ADF-STEM images of the heterostructures and

(¢, f) the Ge concentration along the heterostructure.
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Figure 4. TB model and valley splitting results. (a) Side view of the simulation cell consisting of 230 000 atoms, where the atoms in black represent
Ge. (b) Investigated Ge profiles. The length of one oscillation period is given by P. The profile in the top panel is inspired by the Ge profiles in this
work. The lower panel shows a Ge profile with a Ge oscillation with wave vector g = 3.5 nm™". (c) Results for valley splittings obtained by sp3dSs*
TB calculations for the profiles shown in (b) at an electric field of E, = S mV/nm. For each Ge profile, the valley splitting of SO configurations of Ge
atoms was calculated and the median values are given by orange lines; the boxes represent the 25—75 percentile ranges, and the whiskers show the
full range of data points. Values are given for peak heights of fi, = 20%, fig, = 10% and for constant Ge distributions in the well with the same total

amount of Ge as obtained for 75, = 20%.

nm) were considered, as depicted in Figure 4b. This
corresponds to five and four Ge peaks in a 10 nm Si QW
layer, respectively.

A constant unmodulated Ge profile (random distribution) in
the quantum well layer enhances valley splitting compared with
a pure Si one. Hence, the theoretical valley splittings E, of the
simulated WQWSs are compared to QWSs containing an
equivalent amount of Ge but with a constant concentration
profile in Figure 4c. The dashed line in this plot marks E, =
200 peV. This value is large enough to provide a stable
platform to host leakage-free electron spin qubit systems,
where E, < 100 ueV is considered critical for qubit operation.”’
Hence, we utilize 200 peV as a benchmark. Furthermore, 200
peV seems to be a rather large value that cannot be reached
reliably with clean Si QWs or uncorrelated Ge concentrations
in the wells given the data reported in the literature.””~*

Profile A in Figure 4b shows a Ge profile that closely
resembles the MBE-grown WQW heterostructure presented in
Figure 3e, without rounded-off Ge concentration peaks and
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consequently slightly lower maximal concentration slopes
(229%/nm).

As shown in Figure 4c, the theoretical median value for the
valley splitting is just above the benchmark value of 200 peV.
This value decreases with decreasing height of the Ge peaks
fige. The oscillating Ge concentration has a significant effect as
indicated by the enhancement with respect to wells in which
the same amount of Ge is evenly distributed (Ge const.). The
median values for E, as well as the spreads (indicated by the
boxes in Figure 4c) depend on the in-plane size of the
simulation cell. Although the median values are well converged
for this 13.2 X 13.2 nm” supercell (as shown in the Supporting
Information), the actual distributions of E, in a quantum
device are determined by the lateral extend of the quantum
dot. Larger dots will show smaller spreads as a result of self-
averaging over the atomic fluctuations in the nanostructure.

Profile B also closely corresponds to the grown WQW
heterostructure and could be realized upon further optimiza-
tion of the herein-proposed growth techniques but is yet to be

https://doi.org/10.1021/acs.nanolett.4c05326
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achieved experimentally. The Ge concentration profile consists
of sharp Ge peaks with a maximum concentration slope of
30%/nm and without any intermediate plateaus. This profile
shows consequently a shorter period length of P = 1.76 nm,
which corresponds to a wave vector g = 27/P = 3.5 nm™!
enabling scattering across the Brillouin zone.'?

With this profile and fg, = 20%, we anticipate valley
splittings reliably above 200 peV for all realizations as gate-
defined quantum dots are typically larger than the considered
simulation cell which would decrease the variability in E,.
Furthermore, a median value as large as E, = 310 eV can be
expected for devices based on profile B.

Modifications to Ge oscillations in the WQW, such as spike-
like peaks and more trapezoidal-like oscillations, as well as
residual Ge concentration in the valleys, were investigated (see
Supporting Information). In particular, the calculated valley
splitting displays only minor sensitivity to rounding off the
sharp peaks of the triangular Ge concentration profiles seen in
Figure 4b. We explain this with the Fourier transform of the
Ge profile being relatively broad and has finite components in
both the 1.8 and 0.32 nm peaks. This explains as well why the
choice of the exact value of the oscillation wavelength does not
affect the valley splitting a lot.

We interpret this as evidence that the WQW approach is
quite robust in enhancing the E,, independent of the exact Ge
profile. Furthermore, it is important to note that all investigated
WQWs exhibit an increased E, value compared to the equivalent
constant Ge distribution.

In summary, we were able to demonstrate a method to
suppress Ge segregation during MBE growth of WQW Si/SiGe
heterostructure with nanoscale Ge concentration oscillations
on the order of 1.7-2.3 nm in the quantum well to enhance
valley splitting. This involves an oscillating growth temperature
where the growth of interfaces below a certain temperature is
required, namely, 300 and 330 °C for Si on SiGe and SiGe on
Si, respectively. An elevated intermediate growth temperature
of 400 °C ensured smooth surfaces. STEM and APT revealed
Ge concentration oscillations with the necessary short period
length and concentration slopes of Ge 30%/nm. Tight-binding
simulations suggest an average valley splitting of the grown
WQW heterostructures of 210 peV and heterostructure design
with values up to 310 ueV, which is well above comparable
distributions of Ge with a constant Ge concentration in the
QW. Hence, we show that with MBE it is possible to achieve
sufficient modulation of the Ge concentration to significantly
enhance valley splitting. Therefore, wiggle quantum wells
might constitute a promising approach to enhance the
performance of Si-based electronic qubits.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05326.

Experimental details on growth of Si/SiGe hetero-
structures by MBE, including substrate preparation,
MBE growth conditions, and in situ annealing; materials
characterization using STEM sample preparation and
imaging, and APT sample preparation and analysis for
concentration profiling; tight-binding simulations of
valley splitting based on Ge concentration profiles in
the quantum well; complementary experiments on
growth by molecular beam epitaxy, details of test
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structures, Ge oscillation growth parameters, and TEM
analysis of Ge segregation; materials characterization
using AFM, XRD, STEM, and APT data showcasing
heterostructure surface roughness, strain, and composi-
tion; simulation robustness from impact of periodic Ge
profiles on valley splitting, including imperfections and
periodicity robustness; convergence study involving
analysis of lateral supercell size effects on valley splitting
and alloy disorder influence (PDF)
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