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The nascent group IV GeSn alloys are highly attractive for spintronics applications, including quantum
computing, due to their ability to enable highly scalable fabrication and all-electrical spin manipulation.
In this work, we conduct an in-depth study of a two-dimensional hole gas in a Ge/GeSn quantum well,
exhibiting the integer quantum Hall effect and distinct Shubnikov-de Haas oscillations. Emphasis is
given to the determination of the Landé g-factor and its pronounced anisotropy in this two-
dimensional system, revealing values significantly higher than those in conventional Ge or SiGe/Ge
systems. Moreover, by modeling the spin-orbit interaction using the lordanskii-Lyanda-Geller-Pikus
theory, crucial cubic Rashba spin-orbit interaction coefficients, are extracted and their significance is
highlighted. This work provides the experimental validation of the theoretically predicted
enhancements in spin-orbit interaction and g-factors in GeSn alloys compared to Ge. Additionally, it
delivers essential parameters for the design of hole spin devices, such as hole qubits, utilizing GeSn-

based structures on the Si platform.

Spin-based computation, including spintronics'” and quantum
processing™ represents a transformative approach to information pro-
cessing by leveraging the intrinsic spin degree of freedom of electrons
alongside their charge. Spin devices such as spin field effect transistors
(FETs)**” and spin qubits*® hold strong potential for advancing both
quantum technologies and low-power consumption electronics, offering
advantages in energy efficiency, speed, and scalability. Although spin-
tronics and spin-based quantum processing require different device
architectures, the semiconductor components of these advanced devices
rely on equivalent material properties. The latter includes low effective
masses®’, low nuclear spin bath to prevent limitations on spin-
coherence’, high g-factors for higher spin-splitting as well as strong
spin-orbit interaction (SOI) in order to have electrically controlled spin-
flipping in spin-FETs and spin-qubits.

Group-IV material systems for spin devices provide a compelling
platform due to their low abundance of nuclear spins, which can be further
isotopically purified to eliminate nuclear spin, as shown already for Silicon
(Si)" and Germanium (Ge)''. Moreover, they can exploit the already
established Si-CMOS infrastructure, which has supported significant

12-14

breakthroughs on the Si platform'** and made Ge especially promising as it
provides the highest hole mobility among group IV semiconductors, strong
SOJ, and relatively large g-factors". Ge’s compatibility with the Si-CMOS
platform has already enabled significant achievements, such as spin-flipping
speeds up to 100 MHz compared to Si'*® and the demonstration of a 4-qubit
processor’”.

Building on these advancements, germanium-tin (GeSn) alloys —
recently developed group IV semiconductors with properties expected to
surpass those of pure Ge - are emerging as strong candidates for spin-based
applications'®. A distinction is the transition from an indirect to a
direct bandgap that has been investigated thoroughly for its photonic
applications'~' and FET electronics** applications. In addition to the low
effective mass of the I'-valley electrons at the minimum energy in the
conduction band, the holes’ effective mass also decreases, and SOI and
g-factor are expected to be larger. Recent works on GeSn phase-coherent
transport™, optical study of spin-dynamics™, the 2D hole-gas conduction in
undoped’® and modulation-doped”” GeSn heterostructures are encouraging
results. However, in the previous works on 2DHG in GeSn, key aspects such
as effective mass, quantum scattering times, g-factors were not addressed.
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Addressing these aspects is crucial for optimizing performance metrics,
which are pivotal for achieving high qubit fidelity.

This work provides key studies of the two-dimension (2D) hole gas
(2DHG) in Ge/Gey 9,51 05/Ge quantum well heterostructures, advancing
the field by delivering critical insights into fundamental material parameters
such as effective mass, g-factors and Rashba SOI strength for developing a
CMOS-compatible spintronics platform using this nascent alloy system.
The 2DHG is induced through applied gate bias on gated Hall bar field-
effect transistors (FETs). Key parameters, including hole mobility, effective
mass, quantum scattering times, and the anisotropy of the g-factor, are
extracted from angular and temperature-dependent measurements of
Shubnikov-de Haas (SdH) oscillations and Hall resistance quantization
steps. Moreover, the SO is characterized by analyzing the weak localization
(WL) to weak anti-localization (WAL) transition, fitted using the Iordanski-
Lyanda-Pikus (ILP) model. The results robustly highlight the significance of
the cubic component of the Rashba SOI. Notably, the spin-splitting energy
and the Rashba cubic coefficient are found to exceed previously reported
values for Ge and GeSn systems, reinforcing the potential of GeSn QW
heterostructures for fabricating high-performance spin devices, including
hole spin qubits.

Results and Discussion

Material and Device characterization

To realize a 2D hole conduction channel, a Ge/Gey g,Sn, 8/Ge quantum well
heterostructure is epitaxially grown. The samples are grown on 200 mm Ge
buffered Si (100) wafers using an industrial reduced pressure - chemical
vapor deposition reactor. First, a 500 nm-thick Ge buffer is grown to reduce
the large lattice mismatch between Si substrate and the later GeSn layer. The
epitaxy of GeSn is performed at 340 °C, using Ge,Hg and SnCl, as pre-
cursors and N, as carrier gas, followed by isothermal growth of a 15 nm Ge
layer. Details can be found elsewhere” ™. The high crystalline quality of the
layer stack is confirmed by the high-resolution transmission electron
micrograph (HR-TEM) in Fig. 1a. The GeSn layer with a Sn concentration
of 8 at.% is pseudomorphic on the Ge buffer, which induces an in-plane
biaxial compressive strain of —1.05%. This is confirmed by the X-ray dif-
fraction (XRD) reciprocal space map (RSM), in Supplementary Fig. 2a. The
compressive strain lifts the degeneracy of valence band of the Geg9,Sng 0s
layer with the heavy-hole (HH) band at the top of the valence band
(explained further below). Additionally, this Sn concentration offers a
higher crystal quality than higher Sn content alloys.

The 2DHG is formed in the rectangular GeSn QW, as shown in the
simulated band structure, including quantization, in Fig. 1b showing the
confined HH levels from the k - p Hamiltonian. The band structure is
calculated using a strain-resolved 8-band k - p model, described in
reference’’. For bulk GeSn alloys, both the Sn content and the lattice strain

strongly influence the electronic band structures, including the position of
the T'-valley as well as the energy difference between I'-and L-valleys that
defines the “directness” of the semiconductor. However, for the case of
valence bands only the lattice strain defines the heavy holes (HH), light holes
(LH) and split-off (SO) bands energies, and consequently their energy dif-
ference. The energy quantization, however, depends on the well and the
barrier thicknesses, as well as the applied electric field (top gate voltage), and
adds to the splitting of the HH and LH bands. In the case of compressive
biaxial strain, the top VB is the HH sub-band with hole pseudo-spin states
J = % 3/2. The wavefunction density of the first five sub-bands of the con-
fined HH states in the quantum well is also shown in Fig. 1b. A Schrieffer-
Wolff transformation is employed to define an effective Hamiltonian (see
Supplementary Equations 1-6) from which material parameters are
extracted, as discussed later.

Gated Hall bar FETs are fabricated using standard Si process tech-
nology, which is presented in detail in Supplementary Fig. 1. We use a
100 nm-thick SiO, as gate dielectric in order to minimize the leakage cur-
rents for the magneto-transport measurements. A scanning electron
micrograph (SEM) of the final device structure is shown in Fig. Ic. The
overlap of the gate metal with the ohmic Al/Pt contacts at the source and
drain regions ensures better control of the complete conduction channel.
The I4-V, transfer characteristics for the gate Hall bar transistor measured at
5 K are plotted in Supplementary Fig. 2e. The device works as a p-channel
FET because of the 2DHG formation (details below) and low Schottky
barrier height of the metal (Al) to the valence band of Ge/GeSn™. Further
material details and device electrical characterization data can be found in
Supplementary section SI-2.

Quantum Hall effect analysis

Magneto-transport measurements are performed using a variable tempera-
ture insert system with a base temperature of 1.5 K and maximum magnetic
fields B of 14 T. The longitudinal V,, and transversal (Hall), Vi voltages are
measured under AC currents of 100 nA using standard lock-in techniques
(described in Fig. 1¢). For angular dependence measurements, the sample is
rotated inside the cryostat to achieve different magnetic field orientations
with respect to the 2DHG. Clean Shubnikov-de Haas (SdH) oscillations are
observed at applied gate voltages above V= —20 V as exemplified in Fig. 2a.
The R, maxima appears in between the quantized plateaus in the Hall
resistance Ry, the steps corresponding to the Landau level filling. They are
marked with 1/n corresponding to the inverse of the conductance quantum
/e = 25.8 kQ. The Hall plateaus fit very well with the theoretical values, and
the Ry drops to zero at low Landau filling factors, proving solely 2D hole
conduction with no parallel conduction paths™*. Using the standard Hall
formulas (Supplementary Equation 9), the hole mobility (4) and con-
centration (#,p), dependent on the gate voltage, is calculated from the slope
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Fig. 1 | GeSn Material and device. a HR-TEM cross-section of the grown Ge/GeSn
layer with zoomed images of the marked regions as insets. b The electronic band-
structure, the first 5 confined HH energy levels and their corresponding wavefunctions

¢ Top-view SEM image of the gated Hall bar device annotated with measurement
variables.
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Fig. 2 | Quantum Hall analysis. a R,, and R, as a function of magnetic field at 1.6 K
and V; = —30V for the gated Hall bar. The dashed lines indicate quantization steps
in Ry, with 1/n of the conductance quantum (h/e?). Inset: zoom at low magnetic field.
b Hole mobility versus carrier concentration extracted using standard Hall equa-
tions. ¢ 3D plot of Ry, at different gate voltages. d FFT plots of the SdH oscillations
and the extracted 2-D carrier concentration from the frequency peak. Landau fan

n,, (10" cm2)

curve of f Ry, and e Landau filling factor as a function of carrier concentration and
magnetic field. The maxima of Ry coincide with the transition lines for LL-levels.
g Temperature dependent Ry, plots from 1.6 K to 10 K The fits for effective mass
extraction shown as inset. h Ratio of quantum scattering time to the transport
scattering time (T4/T,,) and extracted effective mass (in m, units) as a function of
carrier concentration.

of R,y and R,y at zero field and plotted in Fig. 2b. The carrier concentrations
are found to vary from 2.5x 10" cm™ to 5x 10" cm™ and the mobility
increases up to a value of ~18,200 cm® V's™". The increase in mobility with the
carrier concentration shows screening of scattering mechanisms with
increasing carrier density. From the conductivity dependence on the carrier
concentration (Supplementary Fig. 3a), a percolation threshold density (r,,)

of 1.1 x 10" cm™ is extracted, which is comparable to undoped SiGe/Ge
heterostructures™, suggesting the viability of future quantum devices on
GeSn heterostructures. The Ry, signal at different gate voltages is plotted in
Fig. 2¢ and shows an increasing frequency of the oscillations with the gate
voltage (Fig. 2d). The values for #,p, obtained from the SdH frequency of R,
versus B are in good agreement with the values obtained from the Hall data,
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further proof of a single conduction channel. The presence of double peaks
for the lowest n,p, is an artifact caused by FFT calculation (second harmonic
of the main frequency) and not additional conduction channels (FFT analysis
in Supplementary Fig. 3b).

The Landau fan diagram for R, and the Landau filling factor, con-
verted from Ry as 25.8 kQ)/R,y are plotted in Fig. 2e,f. At every value of ,p,
the maxima of the resistance appear at the switching of the Landau filling
factor and in-between the switching the resistance reaches almost zero
(black color). Due to the sufficient high mobility of the holes, the oscillation
minima are still visible down to a magnetic field B = 0.5 T, especially for the
highest carrier concentration. The depletion of the Landau levels to only the
singular level takes place at B = 12 T and already suggests an elevated value
of the g-factor. The Landau fan is simulated in Supplementary Fig. 4a;
however, it requires further experimental parameters, such as the g-factor,
which is discussed in the next section.

The temperature dependence of the SdH oscillations at the highest
measured 71,4 of 5.05 x 10" cm™ (Fig. 2g), allows for the extraction of holes’
effective mass, ., in the Ge/GeSn QW as well as the quantum scattering
time, 7y, that sheds light on the scattering mechanisms. The SdH data below
B =4.5T are used for the m.g determination™, where the Zeeman splitting
contribution can be neglected. Details are provided in Supporting Infor-
mation file (Supplementary Fig. 3c), and the fits (according to Supple-
mentary Equation 11) are plotted in the inset of Fig. 2g.

The effective mass predicted from the k - p model for the first confined
HH sub-band is 0.061 m,, with mj the free electron mass (from Supple-
mentary Equation 7). This value is at the top of the HH band mass, and the
non-parabolicity due to the band mixing will lead to a bit larger value of
effective mass for higher hole densities in the QW. The extracted effective
masses as a function of the carrier concentration shown in Fig. 2h, varies
from 0.059 m, to 0.063 m, due to the high non-parabolicity of the valence
band. The values are in good agreement to the effective mass values pre-
dicted from the k - p model of 0.061 m,. Compared to literature data, these
values are smaller than for Ge or GeSn values of 0.07-0.1 m,”". This value is
reproduced by different devices (see Supplementary Figs. 3d,e) and there-
fore, can be considered as the in-plane effective mass of the holes in the Ge/
GegoaSngps System considered here. As the value doesn’t change sig-
nificantly with carrier concentration, for the rest of the analysis presented in
this work, an averaged value of 0.061 1, is used.

The quantum scattering time () is extracted from the fit of the decay
of the oscillation amplitude versus 1/B using the exponential part of the
Dingle equation™ (Supplementary Equation 12). The transport scattering
time, 7, which is the average time before an inelastic scattering event occurs,
is estimated from the previously calculated mobility and the effective mass as
T, = ’WT‘ff, where e is the electron charge. The ratio 7,/7, plotted in Fig. 2h,
shows a ratio of ~3-4 for all carrier concentrations (fitting plot in Supple-
mentary Fig. 3f). The relative values of the scattering times close to 1 indi-
cates alloy disorder scattering or interface roughness being the dominant
mechanisms for limiting the 2DHG mobility’*’. High values, >10, are
typically reported in literature for modulation-doped QW structures, where
long-range scattering is from the separated layer of dopants responsible for
the scattering. Here, the obtained values can be interpreted as a combination
of short- and long-range scattering mechanisms. As the GeSn semi-
conductor is a random alloy, the alloy disorder is expected to contribute to
the short-range scattering, whereas scattering at charges/defects at the SiO,/
Ge or Si/Ge interfaces affects the long-range scattering contributions.
Therefore, pseudomorphic growth on Ge wafers, and improving the
interface quality between the dielectric and top Ge layer are expected to
strongly improve mobilities of 2DHG in GeSn even further. An average
value below 4 for 7,/74 is a decent value compared to other shallow undoped
group-IV QW structures having 1.5 and indicates that thicker Ge top layer
is beneficial for mobility improvement. The thicker top layer is crucial to
screen scattering contributions from the Ge-oxide interface by moving the
quantum well deeper, and helps in reducing charge noise and increasing
the quantum mobility*, which enables low noise spin-qubit operation'”*.
The low effective mass of 0.061 m, together with the large mobility, cements

the prospects of 2DHG in GeSn structures for applications as HFETSs in
electronics and as spin-qubits for quantum computing.

Holes g-factor in GeSn QWs

The Landé g-factor describes the responsiveness of the electron or hole spin
state to an external field and is a key metric for the strength of spin splitting.
The estimation of the g-factor from the quantum Hall effect is performed via
angular measurements, where the magnetic field orientation is changed in
order to change the Landau level (LL) splitting with respect to the Zeeman

heBi) depends only on the perpendicular

Mefp

splitting. The LL splitting (ELL =
component of the magnetic field while the Zeeman splitting depends on the
absolute magnetic field (E, = guB)". The angle-dependent measurements
performed at a hole concentration of 71,4 _ 5.05 x 10" cm™ are plotted in
Fig. 3a. As expected, the SdH oscillations vanish for the in-plane orientation
of the magnetic field, By. Replotting the data as a function of the perpen-
dicular magnetic field, B,, Fig. 3b, the numbered levels do not adjust in
spacing as expected for standard coincidence measurements. This is ascri-
bed to the high anisotropy of the valence band in k-space, which significantly
reduces the g-factor when moving from out-of-plane, B, to the in-plane, By,
orientation leading to almost constant SdH oscillation minima positions.
Therefore, for holes with anisotropic valence band, like group-IV QW
heterostructures based on Ge, alternate methods are usually employed to
estimate the g-factor, such as gate-dependent coincidence methods™*,
temperature dependence of oscillations” or angle dependence decay for
2DHG in GaAs®. The gate-dependent coincidence relies on tuning the
g-factor and, therefore, the Zeeman splitting energy using the gate voltage, as
Ge-based systems are shown to have a carrier concentration-dependent g-
factor. The carrier concentration dependence is plotted in Fig. 3c, where
only the 1, 3, and 5 odd Landau level-indices have a minimum and then only
minima at even levels are observed for all carrier concentrations. Therefore,
the coincidence is not observed possibly due to the relatively higher
carrier concentration compared with the one reported in literature of about
10" cm™ for observing the coincidence. Therefore, temperature dependence
of the oscillations similar to reference® are used for analyzing the g-factor in
the Ge/GeSn QW system.

The temperature dependence of Ry, as a function of the Landau-filling
factor is plotted in Fig. 3d. From the decays of the minima of different
indices, an activation energy A, is extracted using an exponential approx-
imation exp(zfﬁ) and the fits are shown as the inset in Fig. 3d. The odd and
even levels depend on different expressions as follows:

Apia = 814gB —T'p O
heB
Aeven = :1_; - gLnuBB - FB

where, g, is the g-factor, B the magnetic field, pip the Bohr magneton, and I'y
is used to denote the Landau level broadening as CVB with C as a fitting
parameter. The equations are solved for each odd and even pair, (see Sup-
plementary Tables 1,2 for more details) and the averaged g-factor as a
function of carrier density is shown in Fig. 3e, alongside literature
benchmark of g-factors of Ge 2DHG at similar carrier concentrations'"*.
Similar to compressively strained Ge in SiGe/Ge QW system, the g-factor
decreases from ~15 to 13 with the increase in carrier density. However, the
addition of Sn enhances this effect by reducing the effective mass and,
consequently, increasing the g-factor. The values are large compared to
electrons in Si (g = 2) or Ge (g = 2.04)" and also relatively large compared to
other 2DEG systems such as InGaAs (¢~ 5)* and GaSb (g=8)"' and
comparable to InAs (g=15)", highlighting the advantages of using GeSn
holes for spintronics applications. For calculating the g-factor from the
valence band structurein k - p theory, the Luttinger parameter, k, is required
however, it is not known for the GeSn system. A simple linear interpolation
between the values of k for Ge and Sn, yields a relatively small g-factor for the
first confined level of 5.5. This indicates that the value of k deviates
significantly and using the presented experimental data, ak ~ 3.5 is extracted
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for a GepgpSnggs quantum well (from Supplementary Equation 7),
suggesting high bowing in the alloy. Using this Luttinger parameter , the
first confined state is found to have a g, =13, being much closer to the
experimental value. Furthermore, for completion, the method was also
applied at different angular orientations of the magnetic field to obtain the
angular dependence of the g-factor, as shown in Fig. 3f. For a heavy hole
system, the g-factor is expected to completely vanish under the in-plane
direction of the magnetic field”. An almost sinusoidal decrease is observed
with the g-factor reaching 5 at 20° angle between the B and sample plane,
while a value between 0.5-1 by fitting the data with Supplementary
Equation 13 for the in-plane g-factor, g. The latter is predicted from k - p
modelling to be around 0.23, which is consistent with the experimental
results due to the corrected Luttinger parameter. The Landau fan modelling
from newly extracted x is obtained Supplementary Fig. 4a is obtained,
providing similar behavior as observed in the experimental Landau fan,
providing robust verification of the g-factor values and Luttinger parameter
in the GeSn alloys. This high anisotropy of the g-factor is consistent with the
experimental measurements, and the measured high values of g-factor
around 15 confirm the 2DHG GeSn system as a strong candidate for
implementing spintronics devices in the future.

Characterization of SOI

In order to characterize the spin-splitting caused by the SOI, high-resolution
magnetic field scans are performed close to zero magnetic field at different
carrier concentrations. The symmetrized magneto-conductance (AG) data
(Supplementary Fig. 5a for raw data) is shown in Fig. 4a. At low carrier
concentrations, a WL effect, ie., a dip at zero field, is observed, which

gradually changes to WAL as the carrier density increases due to the increase
in both SOI strength and phase coherence length. To quantify the SOI
strength, the conductance plots are fitted using the ILP formalism™, which
allows for estimation of the phase-coherence length (I,) and the spin-orbit
lengths connected to the linear (Iso;) and the cubic component (Iso3)
components of the Rashba SOL, respectively. From the fit (inset of Fig. 4a), a
very large value of lso; (» 100 pm) is obtained indicating almost no spin
precession caused by the linear component and that only the cubic com-
ponent of the SOI is considered responsible. It indicates that the cubic
Rashba SOI becomes the dominant contribution. This behavior is also
found in Ge QW heterostructures™°. It was also claimed in a previous GeSn
2DHG work, but still only the HLN formalism was used”’ (data for com-
parison in Supplementary Figs. 5e,f). The definitive proof using the ILP
formalism is here demonstrated. The HLN theory considers the Elliot- Yafet
spin relaxation mechanism originating from impurity scattering, while the
ILP theory assumes D’yakonov-Perel’ spin relaxation induced by Rashba
SOL. The values extracted using the ILP fits are plotted in Fig. 4b and indicate
increasing I, to a maximum of (856 +5)nm and decreasing lso3 to a
minimum value of (242 + 1) nm, respectively with increasing carrier con-
centration similar to previous work. Subsequently, the characteristic times
are extracted from the fitted lengths using the diffusion constant (D)
(according to Supplementary Equation 15) as 7, = /D and plotted in
Fig. 4c. The transport scattering time, 7, with 0.64 ps at 1, of 5 x 10" cm?,
is found to be smaller than both 7,, (17.43 + 0.19 ps) and 750 (1.58 +0.01 ps)
indicating a quantum diffusive regime. Furthermore, the coherence time is
inversely proportional to the spin-orbit time, indicating that the D’yakonov-
Perel' relaxation mechanism is the appropriate mechanism for spin
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Fig. 4 | Rashba SOI characterization. a Magneto-conductivity (AG) in a low field
range at different carrier concentrations at 1.6 K (values give on the right). A clear
transition from WL to WAL is observed. Data is offset (by 0.03 e’/h) for better
visibility. (a,) ILP fitting (black) at 5.05 x 10" cm™ shown in the inset.

b Characteristic lengths (I, 1, Iso) as a function of carrier density. ¢ Characteristic
time extracted from the characteristic lengths using the diffusion constants.

d Magneto-conductivity (AG) in a low field range at different temperatures at 5.05 x
10" cm? density (offset by 0.01 €’/h). The WAL gradually vanishes with increasing

Temperature (K)

N, (x10" cm2)

temperature. e Temperature dependence of characteristic lengths. (e;) The inset
shows a logarithmic plot of 1, with temperature with linear fitting (dashed line).

f Rashba spin-splitting energy dependence on carrier density together with data of
previous work on GeSn and Ge QW structures. g Cubic Rashba spin-orbit coefficient
(red balls, left axis) g plotted as a function of carrier density with maximum value of
80 eV-A®. Linear Rashba coefficient (blue stars, right axis) ag calculated for com-
parison with linear SOI systems.

relaxation. Note that the Elliot-Yafet spin relaxation implies that the
coherence time is proportional to the spin-orbit time, which is not the case
for our observation. Both of these observations are consistent with the
requirements of the ILP fit, and thus definitively prove the presence of cubic
Rashba SOI and its increasing contribution with increasing carrier density.

The temperature dependence of SOI is analyzed at the highest carrier
concentration (Fig. 4d, other concentrations in Supplementary Fig. 5f). The
WAL effect is observed to vanish above a temperature of 7 K. The extracted
values of I, and [so; are plotted as a function of temperature in Fig. 4e and
only the coherence length is found to decrease with increasing temperature,
while 503 remains constant. The inset of Fig. 4e shows a linear fit with a
slope of -1 in logarithmic plot of 7, and T, describing the hole-hole inter-
action being the dominant mechanism for phase-relaxation™, as is expected
for a 2D conduction system.

From the scattering times, the spin precession frequency (Q;) is
extracted as 1/7so = 2 Q3’1 and consequently the spin-splitting energy Aso
is extracted as 7Q); to quantify the SOI strength™. The values are bench-
marked in Fig. 4f together with literature data®®”. The plot shows similar
behavior with increasing spin-splitting as the hole density increases. In

addition, our data shows larger values of (0.462 + 0.002) meV compared to
values in previous reports on similar materials. The cubic Rashba coefficient
(Br = 03E,, where E, is the perpendicular electric field) calculated from Ago
(Aso = Brks, where ki is the Fermi wave vector in Supplementary Equa-
tion 15) is plotted in Fig. 4h and shows almost more than twice increase
compared to the Ge reference due to the increased SOI caused by the
alloying of Sn. The increase is expected as a simulation of the Rasbha
coefficient at zero electric field shows a value of 22 eV-A® for the investigated
Ge/GeSn QW compared to only 3eV-A’ for a SiGe/Ge QW system.
However, an order increase was not observed experimentally, which hints
that further optimizations are required in epitaxy to reach this theoretical
prediction. Regardless, the maximum value of 80 eV-A? is close to the
highest reported value® of 100 eV-A® obtained for an optimized Ge system.
For comparison with linear SOI systems the linear term (ag) is also extracted
(although not completely accurate, Ago = or-ky) and a maximum value of
2.5 x10™"? eV-m is obtained which is comparable to InGaAs 2DEGs™**". The
comparison values were obtained in modulation doped QWs and at a much
higher carrier concentration, and can also be considered to implement for
GeSn in the future. Therefore, affirmative results for SOI strength in GeSn
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2DHGs are obtained with very high values of the spin-orbit coefficient, as
well as the large tunability of the SOI evident from the switching from WL to
WAL in Fig. 4a. Further optimizations in both theory and epitaxy are
required to design Ge/GeSn heterostructures to maximize the cubic Rashba
SOl in such materials to implement spin-based devices, such as spin-FET's
and all-electrical spin-qubits for fast and scalable quantum computing.

Conclusion and outlook

This paper establishes the key parameters underlying hole spin behaviour in
GeSn-based 2DHG for spintronic applications, highlighting the potential of
the material for spin transport, manipulation, and detection. The holes’
transport in heterostructures is characterized by low-temperature magneto-
transport measurements. The 2D hole transport is robustly demonstrated
via QHE and a hole mobility as high as 18,200 cm>V"'s ' and a low effective
mass of 0.061 my, close to the theoretical calculations for in-plane HH
effective mass. Scattering time ratio of around 4, highlights relatively low
contribution from alloy scattering in limiting the carrier mobility. Angular
measurements show strong g-factor anisotropy, expected for a HH system,
with a maximum value of 15. The value is higher than for Ge at similar
carrier density and is expected to further increase at lower carrier densities.
Last but not least, the WL-WAL transition the SOl is evaluated using the ILP
model, extracting the cubic component of the Rashba SOI and a large range
of T, is extracted from 6.8 ps to 1.6 ps highlighting significant tuning of the
SOL A maximum spin-splitting energy of 0.46 meV and the a g value of 80
eV-A® are found to be higher than previously measured GeSn systems and
close to the more mature Ge systems. The results confirm as well as improve
over the already established high SOI expected from the alloying of Sn into
Ge, as well as provide values of the effective masses and the g-factor con-
sistent with theoretical predictions. Therefore, the work provides ample
insight into 2D hole gases in GeSn QWs, and allows further steps in the
future for fabricating specialized devices such as gate-defined quantum-dot
devices to benchmark the Sn-based alloys for their ultimate potential in
spintronics and quantum computing.

Data availability
The datasets generated and/or analyzed during the current study are
available from the corresponding authors upon reasonable request.
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