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Electric field-tuneable crossing of hole Zeeman
splitting and orbital gaps in compressively strained
germanium semiconductor on silicon

Maksym Myronov® '™, Philip Waldron?, Pedro Barrios?, Alex Bogan? & Sergei Studenikin@® 2

With the emergence of the quantum computing era, the spin physics of engineered semi-
conductor materials with large and tuneable effective g*-factor, which is a measure of the
interaction between the magnetic field and the spin of the particle, has become of great
interest because it offers new physics and engineering tools for spin's manipulation and its
addressable control. Here we suggest a semi-empirical method to determine out of plane
effective g*-factor in high mobility 2D hole heterostructures. We experimentally study the
electric-field tuneablity of effective g*-factor of holes in a strained germanium quantum well
heterostructure. As a result of the material's engineering, the g*-factor can be tuned in a large
range from 13 to 24 that corresponds to the tuneable Zeeman spin splitting of heavy holes in
the range from smaller, to equal, and to larger than the orbital Landau level quantization gap.
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ith the advent of quantum computing, there is a fast-
growing interest in developing solid-state spin-based
devices, which rely on the manipulation and control of
the spin of electrons or holes in a solid-state system. One of the
key factors in achieving this control is the effective g*-factor,
which is a measure of the interaction strength between the
magnetic field and the spin of the particle. Materials with a
large and tuneable effective g*-factor offer new opportunities
for the advanced spin manipulation protocols required for
improved performance of addressable quantum gates and other
spin-based devices. In addition to their potential applications in
spin-based devices, such materials also have important implica-
tions for fundamental research in quantum and condensed matter
physics. They may provide new insights into the spin interactions
and spin-driven phase transitions in solid-state systems and offer
new opportunities for exploring the quantum nature of matter.
A spin qubit in a semiconductor quantum dot is one the most
promising platform for scalable quantum information processing
devices, including quantum computers!~3. However, even for
leading quantum computation platforms a large qubit circuit,
consisting of 1 Million qubits, would require a huge area chip
equal to a soccer field!*=® In contrast to it, the same 1 Million
qubits made of the compressively strained germanium on silicon
(cs-GoS) material platform” would occupy an area smaller than
200 mm diameter epi wafer. Holes, the empty states in the valence
energy band, have an internal angular momentum motion
parameter called spin, which is a purely quantum mechanical
property with no classical analog. Spin plays an important role in
determining the behavior of particles in a magnetic field and their
interactions with other particles. Spin can be imagined as an
internal inherent spinning or rotation of the elementary charge
around the axis, schematically shown in Fig. la. Particles with
spin s =1/2, such as electrons, are ideal microscopic objects for
spin qubits. Holes in the valence band have a total angular
momentum of ] = 3/2, but they still can serve as an excellent basis
for qubits with enhanced capabilities if the light hole (LH) band
states J, = + 1 are split from the heavy hole (HH) band J, = + 3
by strain, the spin-orbit interaction and/or the vertical
z-quantization in a quantum well (QW).

Figure 1b shows an energy level schematic of a QW filled with
free carriers at zero temperature and in zero magnetic field,
B, (left diagram) and for B>0 (right diagram). In zero B-field,
free Fermionic carriers occupy states of the conduction or valence
band up to the Fermi energy, Er. In non-zero field the 2D free
carriers’ spectrum is further quantized into the discrete, degen-
erate Landau levels (LL), each of which is split by the Zeeman, E,,
energy into two spin sublevels. Even or odd number, v, called the
filling factor of the discrete levels, can be occupied, depending on
the magnetic field strength and the 2D carrier areal density.

The effective g*-factor is the key parameter of spin qubits
characterizing the Larmor precession frequency or, equivalently,
the energy separation between the spin-split Zeeman energy
levels, given by E, = g*u,B, where y is the Bohr magneton, and
B is the magnetic field.

The topic of electrically tuneable effective g*-factor has
attracted broad interest from both scientific and quantum device
engineering perspectives over the last two decades. With the
emergence of worldwide interest in the field of quantum com-
puting, the effective g*-factor has attracted even broader attention
as a critical characteristic of spin qubits for engineering large and
scalable quantum circuits with the capability of addressing indi-
vidual qubits required for quantum algorithms and the storage
and readout of quantum information38-13,

Many mechanisms for tuning the g*-factor have been reported
in the literature, but modifying the g*-factor of conduction band
(CB) electrons has proven to be challenging because it requires
barrier materials having a different material’s g*-factor and small
CB non-parabolicity!»!> or uses a compositionally graded para-
bolic QW!. To tackle these issues tuneable micromagnet tech-
nology was introduced!” that relied on the B-field gradients (8B;)
created by small, micro-sized magnets. Being helpful and widely
adopted!®-2! this technology has strong limitations due to very
close distances between neighboring qubits required to produce
necessary 8B, gradients at the individual sites, i.

Particularly in silicon (Si) devices, the effective g*-factor of an
electron bound to a donor can also be tuned by applying an
external electric field, which is known as the Stark effect®22. This
effect arises from the interaction between the electric field and the
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Fig. 1 A schematic visualization of effective spin 1/2 hole or electron quasiparticles and their Fermi-distribution in a quantum well with and without
external magnetic field. a A visualization of an elementary charge particle with internal quantum motion leading to quantized internal orbital momentum in
Plank’s constant # and associated magnetic momentum characterized by the effective g*-factor, g*u,, where yz = eh/2m, being the Bohr magneton;

Electrons have 1/2 spin which can be either up or down. When a magnetic field is applied to a magnetic moment, then the moment experiences a torque to
try to align the moment with the field to minimize energy. b Energy schematic of the quantum well filled with free carriers at zero temperature in zero
magnetic field (B =0, left image) and for B > O (right image). In zero field (B = 0) free Fermionic carriers occupy states of the band up to the Fermi energy,
Er. In non-zero field the free carriers’ spectrum is quantized in discrete degenerate Landau levels (LL), each of them is split by the Zeeman energy, E, in

two spin sublevels. The two-dimensional hole gas (2DHG) energy spectrum is characterized by the Zeeman and orbital gaps, E, and E,

o respectively. Even

or odd number of the discrete levels is occupied, called the filling factor, v, depending on the magnetic field strength and the 2D carrier areal density

controlled by the gate voltage in a field-effect device.
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orbital motion of an electron bound to an impurity, which can
shift the electron’s energy levels and change its effective g*-factor.
The Stark effect has been used to tune the effective g*-factor of
electrons in Si-based spin qubits, but this mechanism permits
changes of the effective g*-factor, 6g(V) that is too small to be
practical in large scale circuits. The demonstrated frequency
tuning range is limited to ~1 MHz/V at B, = 1.55T or a corre-
sponding resonance frequency ~43 GHz8 that is equivalent to a
g*-factor change of just 0.002%.

An electrical tuneability of effective hole g*-factor in Si
quantum dots (QDs) was studied in refs. 2324, where a much
larger range of g*-factor tuneability compared to the g*-factor
Stark shift?2 was shown. In particular, in ref. 23 a strong aniso-
tropy of g*-factor was observed in a Si planar metal-oxide-
semiconductor quantum dot [see Supplementary Note 3 for more
details] and its variation by a local gate in the range about from
1.2 to 2.5. The effective g*-factor tuning with local gates is a very
useful functionality for small-scale qubit devices, but may cause
certain challenges for large-scale applications, e.g., beyond a
thousand qubits in which every qubit has to be carefully tuned
and calibrated. Therefore, it is desirable to create materials with
tuneable g*-factor defined by the material’s stack. In other words,
search for materials with large g*-factor tuneability is desired for
spin applications. Let us emphasize once more, one should dis-
tinguish between a QD device-level and the material’s g*-factor
tuneability. In the first case, effective g*-factor is controlled by
local gates of a specific QD device in 3D geometry space. In the
second case, g*-factor is tuned by a global gate in 1D, producing
normal, ie., vertical electric filed along the growth direction.
Therefore, the material’s g*-factor engineering is more appealing
from the practical point of view for large scale devices when it is
preferable to have predictable and identical qubits defined purely
by the material’s stack properties.

The development of high-quality p-type semiconductor mate-
rials and successful single-hole spin devices demonstration has
led to various novel opportunities for g*-factor research and
engineering. The more complex energy band structure of the
valence band, involving LH and HH bands combined with their
strong spin-orbit interaction holes offer unique opportunities for
tuneable g*-factor engineering required for practical realizations
of large qubit arrays!~32>. There are many more mechanisms for
tuning of the g*-factor in QD devices by employing discrete
energy spectra of QDs. One of a such g*-factor’s tuning
mechanisms was reported in a lateral p-GaAs double quantum
dot operating in a single-hole regime employing spin orbit
interaction (SOI) with an empty level of an auxiliary QD!3:26, For
electron devices this mechanism does not work because the CB
SOI is too weak. For the valence band holes, most of works
mentioned above were devoted to different mechanisms of the g*-
factor tunability utilizing QD gated devices. However, the
essential and very desirable mechanism would be the one that
would allow an ultimate g*-factor control in an engineered
material, e.g., using a classical field effect transistor (FET)-like
operation by an electric field perpendicular to the surface. The
quantum properties of such devices could be more reliably
designed and engineered because they rely on the 2D hole band
structure defined by the material’s stack, which can be simulated
theoretically and carefully controlled by epitaxial growth techni-
ques. This would essentially reduce complexity of the expensive
calibration processes of large qubit circuits?”.

Small carrier effective mass m* is another very valuable
property for quantum qubit architectures. A small effective mass
allows for relatively large dimensions of the QD’s lateral confining
potential formed by the surface split gates?8. The 3D shape of the
resultant QD confining potentials becomes very flat, with the
lateral in-plane dimensions being much larger than the vertical

confining QW thickness. Therefore, the QDs attain a very pro-
nounced 2D character defined by the material’s stack. In addition,
larger lateral size of QDs leads to suppression of nuclear effects
due to averaging over a larger number of nuclei?®. And the last,
but a very important feature offered by small m* is larger lateral
QD dimensions, which allows positioning QD spin qubits deeper
below the surface that is vital for reduction of all sorts of noise
effects produced by unavoidable surface charges and defects>.

Holes in compressively strained germanium (s-Ge) possess
unique properties compared to other semiconductors, including
p-Si and p-GaAs. Recently, it has been shown that holes in s-Ge
QW heterostructures outperform electrons in all group-IV
semiconductor materials by a number of metrics’, including
greater free carrier hole mobility (>4 x 106 cm?V—1s~1), lower
percolation density and effective mass, which can be engineered
to be as small as 0.035m,. Moreover, Ge has a centrosymmetric
crystal structure and therefore does not inherit the large bulk
Dresselhaus component of SOI that would arise from bulk
inversion asymmetry’. The bulk Dresselhaus SOI is very strong in
III-V compound semiconductors, which causes additional spin-
orbit (SO) mediated decoherence processes that are harmful for
spin qubit devices30. On the other hand, SO is a useful interaction
mechanism if it can be controlled, which is exactly the case for
s-Ge devices that have structural inversion asymmetry in the
growth direction. Indeed, in s-Ge structures only the Rashba SO
component remains active, which can be engineered and con-
trolled by a gate voltage of a FET device. This allows for rapid on-
off switching, which is desirable for spin manipulations and
quantum information processing?3!. The Rashba-type SOI is
advantageous compared to Dresselhaus coupling®?, whose cou-
pling parameter is a bulk material constant that cannot be tuned
by external electric fields.

In this article we suggest a semi-empirical method to determine
out of plane effective g*-factor in high mobility 2D hole s-Ge
QW heterostructures. We experimentally study the electric-field
tuneablity of effective g*-factor of holes in large gated Hall bar
devices, fabricated from a s-Ge QW heterostructures, epitaxially
grown on a standard Si wafer, whose spin properties are fully
defined by the material’s stack. As a result of the material’s
engineering, the g*-factor can be tuned in a large range from 13
to 24 that corresponds to the tuneable Zeeman spin splitting of
heavy holes in the range from smaller, to equal, and to larger than
the orbital Landau level quantization gap. The obtained results
are appealing to studies of fundamental physics, e.g., the ferro-
magnetic phase transitions and the fractional quantum Hall effect
involving spin states, and also open new opportunities for
developments of spin-based devices such as qubits, spin field-
effect and spin-orbit transistors, including their operation at
elevated temperatures at and above ~4 K.

Results and discussion
Here we report on the new method of extraction of the semi-
conductor material’s effective hole g*-factor, tuneable by the
external electric field and realized in a s-Ge QW heterostructure
FET-like Hall-bar device. The cross-section of the gated Hall-bar
device along with a 3D drawing are shown in Fig. 2a, b, respec-
tively. A two-dimensional hole gas (2DHG) is created in a 15 nm
thick s-Ge QW positioned ~100 nm below the semiconductor/
dielectric interface and controlled by applying a negative gate
voltage. The current flows between the source and drain contacts
of the Hall-bar device. The longitudinal magnetoresistivity,
Pxx(B), and the Hall-effect resistance, R,,(B), are measured using
the corresponding potential probes along and across the Hall bar.
Figure 2c-e show three selected traces of magnetoresistivity
and the filling factor calculated from measured Hall resistance,
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Fig. 2 Device schematic and Shubnikov-de Haas (SdH) traces for the three special situations. a Cross-section schematic of the material's stack in the
fabricated devices; a 15 nm s-Ge QW is positioned ~100 nm below the dielectric /semiconductor interface. The magnetic field is applied normal to

the surface (for more details see text). b 3D-visualization of the gated Hall bar device. ¢, d, e The magnetoresistivity, p,.(B), and corresponding filling
factor traces v = R;/R,, for three selected values of hole densities. f, g, h diagrams of the level structure for the traces shown above, £, being orbital
and E;, being the Zeeman splitting gaps. i Magnetoresistivity traces as a function of the filling factor for selected hole densities, p, in the range of
0.565-1.485 x 10" cm~2,
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¢, d, e Examples of the Arrhenius-type analysis of the orbital (even) and Zeeman (odd) wave components for the three selected concentrations (marked in

the graphs) corresponding to traces in Fig. 2c-e.

R, asv = R, /R, (left and right scales correspondingly), where
R = eﬁz = 25812.80745 Q) is the von Klitzing constant and & is
Planck’s constant?3. Figure 2f-h show the energy levels sche-
matics corresponding to the three traces above them. Figure 2i
shows selected magnetoresistivity traces as a function of the filling
factor, v = ph/Be, which in turn varies with inverse magnetic field.
The magnetoresistivity minima and the Hall effect plateaus occur
at odd and even integer filling factors (v = 11, 12, 13 are marked
by arrows in Fig. 2i).

A careful analysis of the Shubnikov-de Haas (SdH) oscillations
and the R, quantization levels of the Hall conductance,
v=R,/R,,, (right axis of Fig. 2c-e) allows us to identify the
hierarchy of the energy gaps as a function of carrier density.
Qualitatively, the depth of the minima associated with odd/even
values of v decay exponentially with the size of the energy gaps
associated with the orbital (E,;)/Zeeman (E,) splitting. It is
evident in Fig. 3c that the minima associated with even filling
factors are deeper those of the odd minima (e.g., compare v = 14
and 15 indicated in the graph). This implies that the orbital gap
between LLs (E,,;,) is larger than the Zeeman spin gap (E,). This
ordinary situation, shown in Fig. 2f, occurs in most semi-
conducting materials including narrow band gap semiconductors
like InSb, where the electron g*-factor is ~504. In contrast,
Fig. 2e shows the reverse situation: minima associated with odd v
are deeper than those of even v, indicating E,,;, < E,,.

However, Fig. 2d, shows the crossover regime, where the
minima of even and odd filling factors are equal for the whole
range of magnetic field and the SdH oscillations disappear

completely at small fields. The same cross-over value is confirmed
in an additional experiment on another device, made from the
same epiwafer, but presented in the Supplementary Note 1. This
situation corresponds to the condition of the equally spaced
energy level ladder shown in Fig. 2g, where the spin and orbital
quantization gaps are equal, E,;, = E,. This, so-called coin-
cidence method was employed to determine g*-factor of electrons
using tilted magnetic fields to regulate the ratio E,/E,,;>°. It
should be stressed that the tilted field technique does not gen-
erally work for holes due to the very strong g*-factor anisotropy,
with its in-plane component close to zero3. But the s-Ge QW
material provides unique opportunity to tune g*-factor, by the
accumulation gate voltage tuning, in a large range, including
crossing at the coincidence point. This allows us to reliably
determine the hole g*-factor at this specific condition; the ana-
lysis will be discussed later.

From the next panel of Fig. 2e it is evident that the situation
has reversed compared to the panel of Fig. 2c: the odd (spin)
minima are deeper than the even (orbital) minima. It qualitatively
proves that in this condition the Zeeman gaps are larger than the
orbital ones, as sketched in the corresponding level diagram in
Fig. 2h. The same conclusion can be deduced from the evolution
of odd/even peaks (e.g., v = 11,12,13) presented in Fig. 2i.

To summarize, Fig. 2 qualitatively demonstrates that in a s-Ge
QW heterostructure the effective hole g*-factor can be efficiently
tuned by the accumulation gate voltage (FET-like operation),
making it capable of reaching all three important regimes: where
the Zeeman splitting is smaller (E, <E_,;), equal (E, = E,,;) and
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Fig. 4 Spin-split Zeeman energy as a function of the gate voltage controlling perpendicular electric filed and hole density, along with the qualitative
visualization of spin-split hole levels in a magnetic field and proposed scalable spin-qubit architecture. a Zeeman spin split energy at B=1T as a
function of hole density controlled by the gate voltage (plotted as top axis) determined from the Arrhenius analysis shown in Fig. 3c-e. The right scale is
given in temperature units. Insert shows the orbital splitting of the Landau levels ladder shown in (¢). b Hole effective g*-factor as a function of density
(gate voltage), line is the fit function f=29.5-11.0 p; error bars in (@) and (b) are defined as one standard error deviation determined in the fitting
procedure of Arrhenius plots. ¢ schematic of the Landau levels filled by degenerate 2D hole gas for two situations, when Fermi level position is located in
the orbital gap (left) or between the spin split levels (right) corresponding to even and odd series of SdH oscillations. d A sample schematic for a scalable

spin-qubit architecture using the gate-tuneable g*-factor.

larger E, >E_,;, than the orbital (E,, = E. — E,) quantization
gap. Details of the spin and orbital gaps analysis, which was used
to determine the effective g*-factor can be found in the Methods
section of the article.

Figure 3a, b show an example of the SdH oscillations for the
2DHG carrier density of p = 1.485x 10''cm™2. Two compo-
nents of SdH oscillations are evident, which correspond to even
(orbital) and odd (spin) filling factors. For clarity, these even
and odd components, termed waves, are marked with thick
lines in panels (a) and (b), respectively. A schematic energy
spectrum corresponding to the odd and even waves of the SdAH
oscillations is presented in Fig. 4c. Uniquely, our devices pro-
vide odd and even waves that have a sufficient number of
oscillations for the Arrhenius-kind analysis in the small-field
region where the oscillation amplitude is sensitive to the E_,,
and E, energy splitting, shown in Fig. 3c-e. Following standard
SdH equations3®37 we assume that the amplitude of exponen—
tially decaymg even/odd SdH waves is described by A

even

exp odd O €xp(— 7Th) where 7, is the quantum
eh

relaxatlon time, E.,, = E, — E, = (he g yB)B where p, = £-
is the Bohr magneton, and m, is the free electron mass. In our
semi-empirical approach to determine the effective g*-factor we
use the ratio of two slopes o = k,,;,/k, with k, and k,,, corre-
sponding to the fit slopes in the semi-logarithmic scale vs 1/B of
odd and even waves in Fig. 3c—e. The advantage of this method
is that the odd/even SdH waves occur in the same B-range
and therefore does not require any assumption about possible

B-dependence of the 7,(B) that is still a challenging problem to
identify experimentally3. From the above equation, we can
write « = (E, — E;)/E, = E./E, — 1 and find the effective g*-
factor from the experlmentally determined ratio of even/odd
slopes a: g = hriz oHI—I = il m**

The hole effect1ve mass m* = 0.054m, is determined from the
temperature dependence of the amplitude of SdH oscillations in
small magnetic fields in the high-density regime where cyclotron
LL oscillations dominate, i.e., when the spin splitting is not
resolved37-3%, There may be some variation of the effective mass
with the hole density due to hole-hole interaction3”49, and/or
due to variations of the valance band energy spectrum caused by
the strong vertical electric filed*!. We argue that a possible small
change of m* would be much smaller than the overall tuneable
variation of the effective g*-factor reported here [see Supple-
mentary Note 2 for details]. Figure 3c—e show Arrhenius analysis
plots of the odd/even waves of the SdH amplitude versus the
inverse magnetic field corresponding to the SdH traces of
Fig. 2c-e. We emphasize that the spin (odd) and orbital (even)
SdH waves occur in the same magnetic field range; no assump-
tions are therefore required about the possible field dependence of
the LL width!2-3842,

The results of the outlined analysis are presented in Fig. 4. The
Zeeman spin split energy is plotted in Fig. 4a for magnetic field of
B=1T, and the effective g*-factor is plotted in Fig. 4b. It is
evident from Fig. 4a that the spin splitting can reach values of
over 1.35meV, or equivalently ~16 K (right axis), which bodes
well for the possibility of spin devices operating at temperatures
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above 10 K. This is an important milestone in the development of
new materials for high temperature qubit operation as a larger
Zeeman spin splitting is desirable for higher fidelity operations
and readout>#3-4>. Nowadays, single spin qubit operation in Si
devices at higher temperatures is indeed limited by the Zeeman
energy?>4* as the qubit efficiency reported in references*344
quickly deteriorates for temperatures above 1K. The obtained
hole effective g*-factor, shown in Fig. 4b, increases from ~13 up
to 24 as the 2DHG density decreases from ~1.5 x 1011 cm~2 down
to ~0.5x 1011 cm~2, respectively. In contrast to published theo-
retical predictions?®, the effective g*-factor measured in this s-Ge
material could in principle reach values as large as g* ~ 29 for
smaller 2DHG densities, assuming linear extrapolation of the
obtained results in Fig. 4b and also reported in%’.

As discussed in refs. 2846, hole’s g*-factor is very sensitive to
relative position of heavy and light hole states. In general, the
valance band levels can be described by a reduced 4 x 4 Luttinger-
Kohn Hamiltonian®, or by full 6 x 6 Luttinger-Kohn-Bir-Pikus
(LKBP) Hamiltonian?8, Compared to CB electrons, which g*-
factor has very small variations due to external fields!4!>, hole’s
effective g*-factor strongly depends on specific parameters of the
material’s stack and on details of interaction and mixing LH and
HH states confined in the quantum well structure28:46,

The g*-factor tuneability by a local gate is a very valuable
feature for designing scalable quantum computing architectures
based on the solid-state spin qubits. One example of such a
scalable qubit architecture is shown in Fig. 4d. A global, con-
tinuous microwave (MW) excitation field can be provided, for
example, by a MW strip-line antenna, as depicted schematically
in the diagram®48 or, i.e., by using a three-dimensional dielectric
resonator?®. Selected qubits can be tuned in the Electric Dipole
Resonance (EDSR) condition by pulsed gate voltages using
¢*(V;) to make required quantum-gate operations, while other
qubits stay off-resonance for storing quantum information or
awaiting future processing. In our proposed device architecture
there is no need for pulsed magnetic fields or micromagnet
technology. Operation with DC gate pulsing is sufficient, which
simplifies the design of scalable qubit circuits significantly?.
Therefore, the demonstrated large and tuneable hole’s g*-factor
in the s-Ge semiconductor material offers the unprecedented
potential for spin-qubits that would operate at desired elevated
temperatures equal or above 4K. This compares favorably to
hole-based spin devices in Si, with g*(Si) & 2 implying operating
temperatures around 1K in a magnetic field of 1.6 T43,

Methods

Epitaxial growth of s-Ge QW heterostructures. For the reported
research, undoped s-Ge QW heterostructures were grown by RP-
CVD on a relaxed Si; 15Geg g5 buffer on a standard Si(001) wafer
of 150 mm diameter’3%°0, A schematic cross section of the het-
erostructure and fabricated gated Hall bar device, with its source
(S) and drain (D) ohmic contacts and gate (G) stack is shown in
Fig. 2a. All epilayers were intentionally undoped. Accumulated by
the negative gate voltage, holes are confined in the 15 nm thick
undoped QW, positioned ~100 nm below the Sig;5Geg g5 spacer
and ~1nm thick Ge cap interface. A thick Siy;5Geggs spacer
epilayer was intentionally selected to minimize impact of the
remote ionized impurities located at the Ge cap/AL,O; gate
dielectric interface and within the gate dielectric®.

Field effect gated Hall bar devices microfabrication. For mag-
netotransport characterization of 2DHG vs. gate voltage, gated
Hall bars were fabricated using standard UV lithography,
dry etching and thin film deposition techniques’. Fig. 2b shows a
3D image of a Hall bar with its channel oriented along the <110>

in-plane crystallographic direction®® and defined by the mesa
structure etched in a Cl,/Ar plasma. The Hall bar’s channel width
is 100 um and the distance between adjacent contacts is 200 um.
The alloyed AlSiGe Ohmic contacts were prepared by evaporating
a 120 nm thick Al film and annealing at ~275°C in N, ambient
for 30 min. The contacts show low resistivity and excellent linear
ohmic behavior at cryogenic temperatures. The top accumulation
gate is made of 20 nm Ti followed by 200 nm Au on a 50 nm thick
Al,O5 dielectric layer deposited by Atomic Layer Deposition at
200 °C.

Magnetotransport characterization. The gated Hall bar was
mounted in a 3He cryostat equipped with a superconducting
solenoid. For the low-temperature transport measurements, we
employed a standard lock-in technique with an excitation current,
I, of 20 nA limited by a 1 MQ in-series resistor. We used two
synchronized lock-in amplifiers at 88 Hz to measure longitudinal
(Ux) and transverse or Hall (U,,) voltages simultaneously. Zero
magnetic field resistivity, p,(0) = wU,,/IL, and the Hall voltage
in a small magnetic field were measured to calculate carrier

density p=_~ of 2DHG and carrier transport mobility,
xy
y= ;Z:Z)). A gate voltage applied between the gate G and the

drain D was used to change the electric field across the QW
structure and control the 2DHG density accumulated in the s-Ge
QW channel.

SdH oscillations analysis to obtain g*-factor. The SdH oscilla-
tions of magnetoresistivity is an equilibrium transport phenom-
enon determined by the free carriers’ diffusive motion at the
Fermi level within the thermal broadening of the Fermi dis-
tribution function. Thanks to the small hole effective mass and
large g*-factor, in our experiment the temperature correction
factor is small, less than 10% at B>0.3T, where the Arrhenius
analysis is performed (Fig. 2c-e). We therefore ignore the tem-
perature correction and defer consideration to future work. We
use the ratio method (discussed below) of the slopes measured in
the same range of magnetic fields, which compensates for possible
uncertainties due to unseen corrections due to temperature or
unknown shape of the LL function. For previous methods used to
determine effective g*-factor from SdH oscillations see Supple-
mentary Note 4.

In two dimensions the free carrier systems the density of states
(DOS) is a constant function: DOS = ﬂ'"—f; All available states
below the Fermi level are filled, while above they are empty as is
schematically shown in Fig. 1b (left diagram). In a magnetic field
the free carrier DOS becomes discrete and is described by the LL’s
energy spectrum E; = (3 + N)hw,+ 1¢*u;B and a correspond-
ing DOS38>1>2, where N is the LL orbital quantization number. It
is a very challenging problem to determine the precise shape of
the DOS, both theoretically>? and experimentally>*. SdH oscilla-
tions arise due to the LL ladder moving relative to the Fermi level
as the magnetic field changes. In principle, SdH oscillations
cannot be used for spectroscopy of a strongly quantized energy
spectrum of free carriers because the Fermi level is not constant
and quickly jumps between the LL levels®. However, in relatively
small magnetic fields where LL are not fully separated, the SdH
amplitude, Ag;y, becomes sensitive to the energy separation
between the levels. We exploit this spectroscopic regime here to
probe E_,;, and E,.

In the spectroscopic regime Ag;; depends on the shape and
width of the LL DOS3%°1:>2, In the case where spin splitting is not
resolved and the orbital splitting is defined by the cyclotron
energy hw, = 1B, the SdH amplitude decays exponentially with

m*>
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the inverse magnetic field: APLO”‘ =4 exp(— L) Dy,(X7), where 7,

Ty0,
is the quantum relaxation time and D,, = X/ sinh(X;) is the
thermal damping factor with X; = 272k, T /hw 3037 While this
equation assumes the LL DOS is either Lorentzian with constant
width, T, or Gaussian with T oc +/B3$52, it is often used to
determine the effective mass from temperature damping
measurements3’ even when the shape of the LL DOS is not
known. Applying this approach in the high-concentration range
where Zeeman splitting is not resolved in the small field range,
i.e, where the LL separation is determined by the cyclotron
energy hw,, we determine m* = 0.054m,.

Due to the electron-electron (e-e) exchange interaction, the
resultant spin-splitting is a complex problem requiring the self-
consistent Born approximation (SCBA) approach to determine
the B-dependent broadening of LLs, and the exchange contribu-
tion to the spin splitting energy37-°3°6:57, Experimentally the e—e
interaction leads to a very strong effective g*-factor enhancement;
in materials with small bare g*-factor such as GaAs, we have
g*(GaAs) ~ 0.44385859  The exchange contribution to the g*-
factor depends on the filling factor, temperature, and LL
broadening, and is further complicated by the important role of
the LL shape in the SCBA approach. This challenging issue is still
not fully resolved and requires further experimental studies and
theoretical attention. Here we have developed a semi-empirical
approach to tackle the above problem in order to gain reliable
information about the material’s g*-factor and its tunability.
Several features of the presented s-Ge material system allow us to
gain this information. First, the effective g*-factor in the
presented material is very large compared to CB electrons in
GaAs (g*(GaAs) =~ 0.44) and Si (g*(Si) ~ 2). In addition, the hole
effective g*-factor is tuneable in large range that allows us to
reach the three special conditions shown in Fig. 2c-e that is
important to reliably determine g*-factor, in particular, at the
coincidence point shown in Fig. 2d.

As a consequence of the very large carrier mobility of more
than 4 x 10 cm?V~1s717, we are able to observe a large number
of SdH oscillations down to very small fields (B ~ 120 mT). The
SdH oscillations, e.g., displayed in Fig. 2c—e, and Fig. 3a, b clearly
reveal two distinct, well resolved components corresponding to
even and odd filling factors (herein referred to as odd and even
waves). These two components appear in the same range of small
magnetic fields when the SdH minima do not reach zero and
therefore are sensitive to the LL broadening and the energy gaps,
E,,, and E,. These factors allow us to develop a semi-empirical
method (described in the main text) to attain information about
the effective g*-factor.

Note, that g*-factor in the reported s-Ge material is over 10
times larger than that of other materials, including group-IV and
III-V semiconductors. Additionally, in our gated Hall bar devices,
metallic gate is positioned at a distance of 150 nm from the
2DHG (a 100nm SiGe cap epilayer plus a 50 nm AlL,O; gate
dielectric). This is comparable to the average distance between
carriers, (r), which is &~ 30 nm for n, = 10''cm™2. Under these
conditions, the metallic gate produces essential screening of the
Coulomb e-e interaction and therefore reduces the correction to
the effective g*-factor enhancement due to the e-e exchange
interaction®>>’. Other mechanisms may lead to further suppres-
sion of the g*-factor exchange contribution in hole systems due to
HH-LH interaction®. More rigorous theoretical analysis is
required to carefully investigate the remaining exchange interac-
tion effects in FET-like gated hole devices like one under the
discussion here. Based on the above, we argue that exchange
contribution is small compared to the bare material g*-factor and
we can therefore neglect it here in order to extract information

about the material effective g*-factor and its tunability with the
gate voltage in a FET-like gated structure using the Arrhenius-
kind analysis, described in the main text.

Data availability
All data are available in the main text and supplementary materials. Any additional data
are available from the corresponding author upon request.
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