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ABSTRACT 

Strained germanium ( 𝜀-Ge) and strained silicon ( 𝜀-Si) buried quantum wells have enabled advanced spin-qubit quantum 

processors. However, in the absence of suitable lattice-matched substrates, 𝜀 -Ge and 𝜀 -Si are deposited on defective, metamorphic 
SiGe buffers, which may impact device performance and scaling. Here an alternative platform is introduced based on the 
heterojunction between bulk unstrained Ge and a lattice-matched strained silicon-germanium ( 𝜀-SiGe) barrier, eliminating the 
need for metamorphic buffers altogether. In a structure with a 52-nm-thick 𝜀-SiGe barrier, a low-disorder two-dimensional hole gas 
is demonstrated with a high-mobility of 1 . 33 × 105 cm2 ∕Vs and a low percolation density of 1 . 4(1) × 1010 cm− 2 . Quantum transport 
shows that holes confined in the buried unstrained Ge channel have a strong density-dependent in-plane effective mass and out- 
of-plane 𝑔-factor, pointing to a significant heavy-hole–light-hole mixing in agreement with theory. Measurements of Zeeman-split 
levels in quantum point contacts further highlight this character, showing a two-fold larger in-plane 𝑔-factor in Ge than in 𝜀-Ge. 
The prospects of strong spin–orbit interaction, isotopic purification, and of hosting superconducting pairing correlations make 
this platform appealing for fast quantum hardware and hybrid quantum systems. 

1 Introduction 

Continuous advances in materials underpin the development 
of semiconductor quantum technology [ 1 ] based on spin qubits 
in quantum dots [ 2 ] and superconductor–semiconductor hybrid 
devices [ 3 ]. Spin qubits were first realized in GaAs-based het- 
erostructures [ 4, 5 ], where lattice-matched GaAs/AlGaAs epitaxy 
produced buried, high-mobility electron gases and electrostati- 
cally defined quantum dots largely free of disorder [ 6 ]. However, 
the hyperfine interaction with the abundant nuclear spins in III–
V materials strongly limited spin coherence [ 7 ], motivating a shift 
toward group-IV semiconductors Si and Ge, which have a low 

natural abundance of nuclear spins and can be further isotopi- 
cally purified [ 8–10 ]. In Si metal-oxide-semiconductor devices 
(Si-MOS), isotopically purified Si epilayers are lattice matched 

to pristine, Si substrates [ 11, 12 ] and long spin coherence times 
have been demonstrated [ 13 ], while maintaining compatibility 
with advanced semiconductor manufacturing [ 14, 15 ]. Yet, qubits 
in Si-MOS are defined at the semiconductor-oxide interface, 
introducing electrostatic disorder and charge noise and posing a 
challenge for scaling [ 16 ]. 

Alternatively, spin-qubits in strained Ge ( 𝜀-Ge) [ 17–19 ] and 
strained Si ( 𝜀-Si) [ 20–23 ] buried quantum wells [ 24, 25 ] may 
experience a quiet electrical environment because the noisy 
semiconductor-oxide interface is separated by an epitaxial SiGe 
barrier [ 26 ]. In the absence of high-quality SiGe wafers for epitaxy, 
𝜀-Ge and 𝜀-Si quantum wells are grown on strain-relaxed SiGe 
buffers, which act as metamorphic substrates [ 27 ] bridging the 
lattice mismatch with the underlying Ge or Si wafers. However, 
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these SiGe metamorphic substrates rely on networks of disloca- 
tions for strain-release and are inherently defective, introducing 
topographic, strain, chemical, and band offset fluctuations in 
the strained quantum wells [ 28–30 ], thereby challenging the 
performance and cross-wafer uniformity of quantum devices. 

Here, we develop a group IV semiconductor heterostructure 
that has the potential to unite in a single material stack three 
key merits sought for spin qubits materials—buried channels 
for low electrostatic disorder, lattice matching to the substrate 
for a defect-free crystal, and possibility of isotopic purification 
for long spin coherence–whereas preceding architectures offered 
only subsets of these advantages. The heterostructure is based on 
the heterojunction between unstrained Ge and a strained SiGe ( 𝜀- 
SiGe) barrier that is lattice-matched to a pristine Ge substrate, 
eliminating the need for metamorphic substrates. Building on 
the recent use of Ge wafers for SiGe heterostructures epitaxy [ 19, 
31 ], this approach realizes a seminal but long-overlooked design 
principle [ 32 ]: that two-dimensional systems can be formed in 
elemental Ge by exploiting the band alignment of coherently 
strained SiGe barriers on Ge substrates. 

These early oversimplified calculations [ 32 ] neglected the signif- 
icant energy splitting between heavy-holes (HH) and light holes 
(LH) due to quantum confinement [ 24, 33, 34 ] in the Ge channel 
at the heterojunction, leading to the challenging proposal of 
depositing highly strained Si 0 . 5 Ge 0 . 5 barriers to achieve sufficient 
band offset for confining a two-dimensional hole gas (2DHG). 
This approach proved impractical in early experiments [ 35 ] 
and was soon abandoned in favor of 𝜀-Ge quantum wells on 
strain-relaxed SiGe buffers [ 36 ]. Instead, from measurements 
on undoped insulated-gate field-effect transistors, supported by 
comprehensive self-consistent Poisson–Schrödinger simulations, 
we demonstrate that even a moderately tensile-strained Si 0 . 2 Ge 0 . 8 
barrier provides sufficient band offset for robust confinement of 
a 2DHG at the buried heterojunction in Ge. The 2DHG has high 
mobility, low percolation density, and shows fractional quantum 

Hall states at low density. Quantum transport, supported by theo- 
retical calculations, reveals electrically-tunable in-plane effective 
mass ( 𝑚∗ ) and out-of-plane 𝑔-factor ( 𝑔∗ 

⟂
), highlighting confine- 

ment dominated moderate HH–LH energy splitting leading to 
significant HH–LH mixing and enhanced spin–orbit interaction 
in unstrained Ge that marks a clear distinction from strain- 
dominated HH-LH large splittings in 𝜀-Ge quantum wells. This 
distinction is reinforced by further confinement into quantum 

point contacts, where the characterization of Zeeman-split one 
dimensional subbands reveals a much larger in-plane 𝑔-factor 
( 𝑔∗ 

∥
) in Ge compared to 𝜀-Ge. 

2 Results and Discussion 

The lattice-matched Ge/ 𝜀-SiGe heterostructure is grown by 
reduced-pressure chemical vapour deposition on a 100 mm 

Ge(001) wafer. As shown in Figure 1a (left panel), the semicon- 
ductor stack design comprises an unstrained 250 nm epitaxial 
Ge buffer layer, a tensile-strained 52 nm Si 0 . 2 Ge 0 . 8 barrier, and a 
final sacrificial Si cap. Details of the epitaxy conditions for Ge and 
SiGe layers on Ge wafers are reported in [ 31 ]. Hall-bar shaped het- 
erostructure field effect transistors (H-FETs) are fabricated with a 
low-thermal budget process featuring platinum–germanosilicide 

ohmic contacts and an Al 2 O3 /Ti/Pd gate stack as described in [ 37, 
38 ]. Unlike defective metamorphic substrates, where strain relax- 
ation is promoted by pre-existing dislocations [ 39 ], growth on a 
pristine substrate allows for a sufficiently thick strained barrier to 
separate the heterojunction from the disordered dielectric, while 
still remaining below the theoretical critical thickness for strain 
relaxation [ 40–42 ]. 

One-dimensional Schrödinger–Poisson simulations of the heavy- 
hole (HH) and light-hole (LH) band edges along the growth 
direction 𝑧 are shown in the right panel of Figure 1a . The electric 
field from the insulated top-gate induces a triangular quantum 

well at the buried Ge/ 𝜀- Si 0 . 2 Ge 0 . 8 heterojunction for accumulation 
of a 2DHG [ 43 ], advancing the theoretical understanding of 
these heterojunction presented in earlier work [ 32 ]. The HH 

wavefunction ( |𝜓|) resides predominantly in the unstrained Ge 
layer, where charge carrier confinement is promoted by a band- 
offset of about 125 meV at the heterojunction, arising from the 
strain-induced splitting of the HH and LH bands in the 𝜀- Si 0 . 2 Ge 0 . 8 
layer and from quantum confinement of gate-induced charge 
within the Ge layer. While the band offset is comparable to that 
in 𝜀-Ge quantum wells ( ∼ 130 meV ) [ 37 ], the HH–LH energy 
splitting is quite different. In this case, quantum confinement 
in the unstrained Ge layer yields a HH–LH splitting of about 
3 meV —much smaller than the 70 meV typically observed in 𝜀- 
Ge. Nevertheless, this splitting remains sufficiently large to avoid 
the valley splitting challenge present for electrons in strained Si 
quantum wells [ 44, 45 ]. 

Figure 1b shows a high angle annular dark field (HAADF) 
scanning transmission electron microscopy (STEM) image of 
the active layers of the heterostructure, along with the energy 
dispersive X-ray (EDX) profile of the Ge concentration 𝑥Ge . 
The image confirms the high-quality epitaxial deposition of a 
52(1) nm thick Si 0 . 2 Ge 0 . 8 barrier with no visible defects crossing 
the buried heterojunction. We estimate an upper bound for the 
characteristic length-scale 4 𝜏 of the heterojunction interface of 
3 . 8(3) nm by fitting the Ge content profile to a sigmoid model (see 
the Supporting Information ). 

As shown in the Supporting Information, characterization of 
the as-grown heterostructure by atomic force microscopy and 
scanning Raman spectroscopy indicates that the Si 0 . 2 Ge 0 . 8 barrier 
is flat (root mean square roughness ∼ 0 . 4 nm ), tensile-strained 
(average in-plane strain 𝜀∥ = 1 . 0(4) × 10− 2 ), and exhibits no signs 
of a cross-hatch pattern [ 46 ]. This marks a major difference 
compared to 𝜀-Ge (or 𝜀-Si) quantum wells, where the strain field 
associated with the underlying network of misfit dislocations in 
the strain-relaxed buffer induces a prominent cross-hatch pattern 
[ 29, 31, 45 ]. 

In Figure 1c (left panel), high resolution X-ray diffraction recip- 
rocal space mapping using the (–404) reflection shows that the 
𝜀- Si 0 . 2 Ge 0 . 8 and Ge peaks lie on the same vertical line. The 
position 𝑄x of their lattice spacing in reciprocal space differs by 
only 0.07%, highlighting the similar in-plane lattice constant and 
confirming the heterostructure is lattice-matched. In the 𝜔- 2 𝜃
scan around the Ge (004) peak (right panel), pronounced Pendel- 
lösung fringes indicate high crystalline quality with flat, parallel 
interfaces [ 47 ]. Analysis of their separation yields a 263 . 1(1) nm 

epitaxial Ge layer with a 52 . 7(5) nm 𝜀- Si 0 . 2 Ge 0 . 8 barrier on 
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FIGURE 1 (a) Layer schematic of the semiconductor heterostructure and gate stack featuring an heterojunction between an unstrained Ge buffer 
and a strained SiGe ( 𝜀-SiGe) barrier (left) and simulated band-edges (right) with heavy holes (HH, green line), light holes (LH, light green line). The 
ground state heavy hole wavefunction |𝜓| (black line) resides primarily in the Ge buffer, lattice-matched to the Ge substrate. The Fermi energy is set 
as the reference energy at 0 eV . (b) HAADF-STEM image of the active layers of the Ge/ 𝜀-SiGe heterostructure (left) with EDX profile (red line, right) 
showing the Ge alloy concentration ( 𝑥Ge ) as a red curve and fit to a sigmoid function (dotted black line). The vertical 𝑧-axis scale is as in (a). (c) X-ray 
diffraction reciprocal space map of the (–404) planes (left) as a function of the in-plane ( 𝑄x ) and out-of-plane ( 𝑄z ) inverse of lattice spacing, with a 
high-resolution 𝜔/ 2 𝜃 scan around the Ge (004) peak (right). 𝐼 is the signal intensity in arbitrary units. 

top, in agreement with the intended design and HAADF-STEM 

characterization. 

The electrical properties of the buried Ge/ 𝜀-SiGe heterojunction 
are characterized by magnetotransport measurements of the 
H-FET at a temperature of 60 mK , using four-terminal low- 
frequency lock-in techniques. Applying a negative gate voltage 𝑉g 

forms a 2DHG in accumulation mode with a tunable carrier den- 
sity 𝑝. In the Supporting Information, we show the two-terminal 
turn-on curve of the H-FET, measuring the source-drain current 
as a function of 𝑉g . The observed linear 𝑝- 𝑉g relationship in 
Figure 2a (black curve) confirms a capacitively induced channel 
and excludes charge tunnelling into the SiGe LH states or toward 
the surface [ 48 ]. However, applying increasingly negative gate 
voltages above a density of 8 . 0 × 1010 cm− 2 causes a shift in the 
device characteristics due to charge trapping within the dielectric 
or at the semiconductor-dielectric interface [ 49, 50 ], screening 
the further charge accumulation at the buried interface. From 

the fit (dashed red line) we estimate a capacitance per unit area 
𝐶 of 112 . 87(1) nF∕cm2 , in agreement with 𝜀-Ge quantum wells 
with similar barrier and dielectric thicknesses [ 38 ], indicating 
the 2DHG is formed at the buried heterojunction. Furthermore, 
we measure a minimum Hall density of 2 . 6 × 1010 cm− 2 , on par 
with 𝜀-Ge quantum wells used for large spin qubit arrays [ 31, 38 ], 
hinting at a very low disorder channel. 

The top and bottom panels in Figure 2b show the density- 
dependent hole mobility 𝜇( 𝑝) and longitudinal conductivity 
𝜎xx ( 𝑝) , respectively. We measure a maximum mobility 𝜇max of 
1 . 33 × 105 cm2 ∕Vs at a saturation density 𝑝sat of 8 . 0 × 1010 cm− 2 . 
Fitting the density-dependent conductivity to 2D percolation 
theory, 𝜎xx ∝ ( 𝑝 − 𝑝p )

1 . 31 [ 51, 52 ], we estimate a percolation- 
induced critical density 𝑝p of 1 . 4(1) × 1010 cm− 2 , approaching 
the value of 1 . 22(3) × 1010 cm− 2 achieved in 𝜀-Ge/SiGe quantum 

wells grown on Ge wafers with a similarly thick SiGe barrier 

[ 31 ]. This comparison suggests a similarly low-disorder potential 
landscape at low densities, implying that quantum dots of about 
1∕

√
𝑝p ∼ 80 nm in size, informative about the average distance 

between charge traps, are essentially disorder-free [ 25 ]. However, 
the maximum mobility in Ge/ 𝜀-SiGe is more than an order 
of magnitude lower than in 𝜀-Ge/SiGe. We speculate that the 
discrepancy in mobility at high density arises from impurity 
scattering from unwanted oxygen accumulation at the Ge/ 𝜀-SiGe 
interface [ 53, 54 ], as shown by the secondary ion mass spectrome- 
try in the Supporting Information, and from interface roughness 
scattering [ 55 ] associated with the rather diffused Ge/ 𝜀-SiGe 
interface. Starting from this proof-of-principle heterostructure, 
we expect to reduce oxygen incorporation in the Ge and SiGe 
films by installing chemical filters in the gas precursor lines, 
leading to a potential mobility improvement up to 4 × [ 54 ], or 
by refining the growth temperature profile during epitaxy [ 56, 
57 ]. Furthermore, as discussed below, the heavier mass associated 
with HH–LH mixing at the higher end of the investigated density 
range contributes significantly to the observed mobility difference 
with 𝜀-Ge/SiGe quantum wells. A supplementary comparison 
of mobility, percolation density, and transport scattering time 
across group-IV platforms for spin qubits is provided in the 
Supporting Information. This comparison shows that Ge/ 𝜀-SiGe 
already significantly outperforms 𝜀-Si/SiGe and Si-MOS when 
benchmarked in the low carrier density regime ( < 1 × 1011 cm− 2 ) 
relevant for quantum dot qubit operation. 

We further highlight the low-disorder properties of the 2DHG 

by performing quantum transport measurements at higher per- 
pendicular magnetic fields. The Landau level fan diagram in the 
top panel of Figure 2c shows 𝜌xx as a function of perpendicular 
𝐵 and 𝑝 . This has been calculated from the measurement of 
𝜌xx of a function of sweeping 𝑉g and stepping perpendicular 
𝐵 as shown in the Supporting Information. Dark blue regions 
correspond to dips in 𝜌xx and highlight the density-dependent 
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FIGURE 2 (a) Hall density ( 𝑝) as a function of gate voltage ( 𝑉g ) for a Ge/ 𝜀-SiGe heterostructure field effect transistor (black curve) and 
corresponding linear fit (dashed red line). (b) Hole mobility ( 𝜇) in the top panel and longitudinal conductivity ( 𝜎xx ) as black curve in the bottom 

panel as a function of 𝑝. The red dashed line is a fit to percolation theory in two-dimensions. (c) Top panel: Landau fan diagram with longitudinal 
resistivity ( 𝜌xx ) as a function of perpendicular magnetic field 𝐵 and 𝑝, obtained by stepping 𝐵 and sweeping 𝑉g . The dashed white line marks the density 
𝑝 = 4 . 8 × 1010 cm− 2 for detailed measurements of transversal conductivity 𝜎xy (central panel) and of 𝜌xx (bottom panel). Quantum Hall plateaus and 
related Shubnikov–de Haas oscillation minima for integer and fractional states are highlighted with black dashed lines. All measurements are performed 
at a temperature of 60 mK measured at the mixing chamber of the dilution refrigerator. 

evolution of integer and fractional filling factors 𝜈 = 1∕3 , 2∕3 , 1 , 2 , 
which fan out toward higher magnetic field and density. The 
dashed white line in the fan diagram indicates the magnetic field 
range selected for higher resolution measurements of 𝜌xx and 
the transversal conductivity 𝜎xy at a fixed density of 𝑝 = 4 . 8 ×
1010 cm− 2 , as shown in bottom and central panels of Figure 2c , 
respectively. A highlight of these measurements is the clear dip 
in 𝜌xx corresponding to 𝜈 = 1∕3 , a fractional quantum Hall state 
previously observed in lightly-strained Ge quantum wells with 
hole mobility exceeding one million cm 

2 /Vs [ 49 ] and relevant to 
the direct observation of anionic braiding statistics in GaAs [ 58 ]. 

We simulate the band structure of the Ge/ 𝜀-SiGe strained-barrier 
heterojunction and, as a reference, of the 𝜀-Ge quantum well 
including electric and magnetic fields (see Supporting Informa- 
tion) to evaluate and benchmark 𝑚∗ and 𝑔∗ 

⟂
. These band structure 

parameters exhibit substantial variations between the two sys- 
tems because of the large difference in HH–LH splitting. The 
simulated spin-dependent energy dispersions at zero magnetic 
field are shown in Figure 3a,b . 

As a reference, in 𝜀-Ge quantum wells, the HH–LH splitting 
is largely dominated by the compressive strain in Ge, which 
shifts the lowest LH level roughly 70 meV above the HH ground 
state. This large separation leads to an HH energy dispersion 
that at low densities is mostly parabolic, spin-independent, and 
with a small in-plane effective mass [ 59, 60 ]. In contrast, in the 
unstrained Ge channel at the Ge/ 𝜀-SiGe heterojunction, the HH- 
LH energy splitting is ∼ 3 meV and is caused by the electric 
field-induced quantum confinement, which differs for HHs and 
LHs because of their different out-of-plane mass. In this case, the 
HH ground state dispersion shows a strong non-parabolicity and 

spin-dependence at densities comparable to the one measured 
in our H-FETs ( 𝑘x = 0 . 1 nm− 1 corresponds to 𝑝 ∼ 1011 cm− 2 ), as 
seen in Figure 3a,b . The large and tunable HH–LH mixing in 
the ground state of the heterojunction leads to an increase of 𝑚∗ 

and a decrease of 𝑔∗ 
⟂
compared to the strained quantum well, in 

agreement with the measurements in our devices. 

We estimate in-plane 𝑚∗ and 𝑔∗ 
⟂
from the temperature-dependent 

decay of the Shubnikov–de Haas oscillation resistivity 𝜌xx minima 
for different integer filling factors 𝜈 = 𝑝h∕e 𝐵ν, where 𝐵ν is the 
magnetic field at integer 𝜈. Figure 3c shows, for the H-FET 
discussed in Figure 2 , an exemplary dataset comprising magne- 
toresistivity 𝜌xx ( 𝐵) curves measured at a fixed density ( 𝑝 = 4 . 55 ×
1010 cm− 2 ) for different temperature 𝑇 in the 60 to 850 mK range. 
Thermally activated Shubnikov–de Haas oscillations minima are 
visible at filling factors 𝜈 = 1 , 2 , 3 from which we extract 𝑚∗ 

and 𝑔∗ 
⟂
according to the procedure in Ref. [ 49 ] and discussed in 

the Supporting Information. We repeat these measurements for 
five different densities from 4.2 to 6 . 3 × 1010 cm− 2 and plot the 
obtained density dependent 𝑚∗ and 𝑔∗ 

⟂
in Figure 3d (filled circles). 

At the lowest measured density ( 4 . 2 × 1010 cm− 2 ) we obtain an 
effective mass of 0 . 17m0 and a 𝑔∗ ⟂ of 4.85. We also report, as 
a comparison, previous data from 𝜀-Ge quantum wells [ 59, 61 ] 
(open circles). 

In both systems, the measured trends are in satisfactory agree- 
ment with our theoretical predictions based on Landau levels 
simulations (Supporting Information). At a fixed density, holes 
confined in the Ge/ 𝜀-SiGe heterojunction have a larger 𝑚∗ and 
smaller 𝑔∗ 

⟂
compared to the 𝜀-Ge quantum well, with a more 

pronounced sensitivity to the change in density caused by electric 
fields. This behavior arises from the reduced HH–LH energy 
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FIGURE 3 (a) Simulation of the first four energy levels at zero magnetic field and 𝑘y = 0 for the 2DHG in the strained Ge ( 𝜀-Ge) quantum well 
(top, four HH levels) and in the unstrained Ge at the Ge/ 𝜀-SiGe strained barrier heterojunction (bottom, two HH levels, blue and red, and two LH levels, 
green and purple). (b) Corresponding simulated dispersion relation of the spin up (red) and spin down (blue) ground state of the 𝜀-Ge quantum well (top) 
and of the unstrained Ge channel in the Ge/ 𝜀-SiGe heterojunction (bottom). (c) Longitudinal resistivity ( 𝜌xx ) as a function of perpendicular magnetic 
field 𝐵 at Hall density 𝑝 = 4 . 55 × 1010 cm− 2 , measured at different temperatures, ranging from from 60 mK (blue) to 850 mK (yellow) and measured at 
the mixing chamber of the dilution refrigerator. (d) Extracted in-plane effective mass ( 𝑚∗ ) and effective out-of-plane 𝑔-factor ( 𝑔∗ 

⟂
) values for the 2DHG 

in Ge/ 𝜀-SiGe (filled circles) and in 𝜀-Ge/SiGe (open circles) with theoretical simulation of these parameters (dashed red lines). 

splitting in the Ge/ 𝜀-SiGe heterojunction, which leads to an 
enhanced and density-dependent HH–LH mixing that increases 
at larger densities. 

To extend the investigation of the electronic and spin properties of 
these HH–LH mixed states, we fabricated quantum point contacts 
(QPCs) using the same low-thermal-budget process employed for 
the H-FETs. The further quantum confinement offered by these 
devices serves as a proxy for the future realization of quantum 

dots on this novel platform. Figure 4 ad shows representative 
atomic force microscopy (AFM) images of QPC devices realized 
on 𝜀-Ge/SiGe quantum wells and on the same Ge/ 𝜀-SiGe het- 
erojunction characterized for quantum transport. An insulated 
global top accumulation gate (not shown) induces a 2DHG of 
density 𝑝2D , which is subsequently laterally confined into a one- 
dimensional channel by the two side gates. The lithographically 
defined 1D channels formed by the two side gates have lateral 
dimensions of ∼ 300 nm × 300 nm , consistent with previous 
designs on Ge quantum wells [ 62 ], and ∼ 200 nm × 200 nm , 

respectively. The lithographically smaller channel implemented 
on the Ge/ 𝜀-SiGe heterojunction provides stronger lateral con- 
finement, beneficial to effectively confine the expected heavier 
carriers. The AFM images highlight that the vertical undulation 
of the cross-hatch pattern in 𝜀-Ge quantum wells has a length 
scale comparable to the size of the QPC nanoscale gate elec- 
trodes, potentially impacting device electrostatics. Instead, this 
undulation is absent in the lattice-matched Ge/ 𝜀-SiGe platform, 
providing a smooth and featureless template for nanofabrication. 

We observe quantized conductance plateaus as a function of side- 
gate voltage, indicative of ballistic transport in both material 
platforms, as shown in the Supporting Information. Source–drain 
bias spectroscopy of the differential transconductance 𝜕 𝐺xx ∕𝜕 𝑉sg 

as a function of the side-gate voltage 𝑉sg and source–drain bias 
𝑉sd (Figure 4b–e ) reveals clear 1D subband quantization in both 
𝜀-Ge/SiGe and Ge/ 𝜀-SiGe. The corresponding 1D subband energy 
spacings 𝐸𝑁 ,𝑁 + 1 are extracted from these measurements by evalu- 
ating the gate lever arm from the slopes of the transconductance 
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FIGURE 4 (a), (d) Atomic force microscopy (AFM) images of quantum point contact (QPC) devices fabricated on 𝜀-Ge/SiGe and on Ge/ 𝜀-SiGe 
heterostructures, showing the device constriction side gates and the absence of cross-hatch pattern in the lattice-matched platform. (b),(e) Source–drain 
bias spectroscopy of the differential transconductance ( 𝜕 𝐺xx ∕𝜕 𝑉sg ) as a function of side-gate voltage ( 𝑉sg ) and source–drain bias ( 𝑉sd ) at a density of 
8 × 1010 cm− 2 , revealing clear 1D subband quantization. The asymmetry with respect to zero bias is due to a DC voltage offset of ∼ 0 . 1 mV in our 
measurement electronics. (c),(f) Zeeman spectroscopy of the QPCs at a density of 8 × 1010 cm− 2 , showing the evolution of spin-resolved 1D subbands 
with in-plane magnetic field 𝐵. (g) Extracted 1D subband spacings ( 𝐸𝑁 ,𝑁 + 1 ) from (b),(e) as a function of subband index ( 𝑁) for the 𝜀-Ge quantum well 
(white points, measured at Hall density of 8 × 1010 cm− 2 ) and the unstrained Ge channel at the Ge/ 𝜀-SiGe heterojunction (black points, measured at 
Hall density of (4 , 6 , 8) × 1010 cm− 2 ). (h) Effective in-plane 𝑔-factor ( 𝑔∗ 

∥
) as a function of 𝑁 for both platforms at the same densities, extracted from the 

Zeeman splitting in (c), (f). 

diamond edges following the procedure described in Ref. [ 62 ] 
and are shown in Figure 4g as a function of subband index 
𝑁. Also displayed are simulations of the subband energy spac- 
ings from adjusted in-plane confinement profiles and identical 
heterostructure parameters as in the calculation of the 2DHG 

confined within the heterojunction plane. For the unstrained 
Ge channel at the Ge/ 𝜀-SiGe heterojunction, we measured three 
different Hall densities of (4 , 6 , 8) × 1010 cm− 2 and the subband 
energy spacings are in good agreement with those computed from 

a simple parabolic model with characteristic length 𝓁 = 28 nm for 
all analyzed densities. For the 𝜀-Ge quantum well, measured at a 
density 𝑝2D = 8 × 1010 cm− 2 , the spacings become smaller with 𝑁, 
indicating a weaker confinement strength for excited subbands. 
In this case, the experimental spacings are in good agreement 
with a confinement profile of effective length 𝓁 = 9 . 9 nm and 

barrier height 𝑉0 = 13 . 5 meV (see Supporting Information). 
These values are also consistent with those reported for 𝜀-Ge 
quantum wells on Si wafers [ 62 ], which confirms the quality and 
reproducibility of Ge quantum point contacts. The reduced values 
observed in the unstrained heterojunction reflect the expected 
heavier effective mass. 

Zeeman spectroscopy of the QPCs Figure 4c–f ), shows the 
corresponding evolution of spin-resolved 1D subbands with in- 
plane magnetic field 𝐵. From these measurements we evaluate 
the effective in-plane 𝑔 -factor 𝑔∗ 

∥
, at the same densities considered 

in the subband energy spectroscopy. The in-plane 𝑔-factor is 
a key parameter for electrically driven spin-qubit operation in 
current hole-based quantum computing schemes, because it sets 
the Zeeman splitting and thus the qubit resonance condition for 
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electric-dipole spin-resonance (EDSR) driving. As summarized in 
Figure 4h , the unstrained Ge QPC in Ge/ 𝜀-SiGe exhibits higher 
𝑔∗ 
∥
values compared to 𝜀-Ge/SiGe, consistent with the enhanced 

heavy-hole–light-hole mixing discussed above. The substantial 
error bars for the strained Ge quantum well 𝑔-factor arise 
because its near-zero in-plane 𝑔-factor produces minimal sub- 
band splitting, making the extraction uncertainty highly sensitive 
to intrinsic band broadening. For this first estimate, 𝑔∗ 

∥
values are 

extracted assuming a zero Zeeman splitting at 𝐵 = 0 T, growing 
linearly as a function of in-plane magnetic field. A quantitative 
agreement between experiment and theory is presented in the 
Supporting Information, where we account for the complex 
magnetic field dependence of 𝑔∗ 

∥
, arising from the richer valence 

band structure of Ge compared to 𝜀-Ge quantum wells. 

3 Conclusions 

In conclusion, we have introduced and experimentally validated a 
group IV semiconductor platform that hosts a high-quality buried 
channel in a defect-free crystalline host environment. Being 
lattice-matched to the Ge substrate, our approach eliminates 
the need for strained relaxed buffer layers, which is promising 
for improving the homogeneity of future quantum dot devices 
built on this platform toward scalable quantum computing 
architectures. The absence of sizeable fluctuations of strain, and 
consequently band-offset, in the Ge/ 𝜀SiGe heterostructure results 
in a heightened susceptibility of bandstructure parameters to 
external electric fields, offering avenues for quantum engineer- 
ing in a low-disorder, dislocation-free planar platform. Further 
tuning of the deposition parameters is expected to improve the 
disorder properties of the 2DHG, which already sets a benchmark 
for lattice-matched material stacks in group IV semiconductor, 
such as electrons in Si-MOS [ 63, 64 ]. The strong HH–LH mixing, 
induced by the rich valence band structure, induces in 2DHGs a 
tunable out-of-plane 𝑔-factor and in-plane effective mass, which 
stays light in the limit of small densities. Further confining 
to QPCs highlights the strong admixture of HH and LH, with 
smaller subband energies and larger 𝑔∗ 

∥
in Ge than in 𝜀-Ge, 

consistent with theoretical expectations. 

Unstrained Ge layers hold promise for hole spin qubits, with 
significantly enhanced Rabi frequencies and quality factors 
predicted in comparison to 𝜀-Ge quantum wells [ 65–67 ]. The 
enhanced spin–orbit coupling expected in this low-disorder 
system, along with the potential to host superconducting pairing 
correlations and the observation of fractional quantum Hall 
states, make this dislocation-free Ge platform promising for fast 
quantum hardware based on spin qubits, hybrid quantum sys- 
tems based on semiconductor-superconductor quantum devices 
and fundamental condensed matter physics studies. 
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