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Shallow and Undoped Germanium Quantum Wells:  
A Playground for Spin and Hybrid Quantum Technology
Amir Sammak, Diego Sabbagh, Nico W. Hendrickx, Mario Lodari, Brian Paquelet Wuetz, 
Alberto Tosato, LaReine Yeoh, Monica Bollani, Michele Virgilio, Markus Andreas Schubert, 
Peter Zaumseil, Giovanni Capellini, Menno Veldhorst, and Giordano Scappucci*

Buried-channel semiconductor heterostructures are an archetype material 
platform for the fabrication of gated semiconductor quantum devices. 
Sharp con�nement potential is obtained by positioning the channel near the 
surface; however, nearby surface states degrade the electrical properties of the 
starting material. Here, a 2D hole gas of high mobility (5 � 105 cm2 V�1 s�1)  
is demonstrated in a very shallow strained germanium (Ge) channel, which is 
located only 22 nm below the surface. The top-gate of a dopant-less �eld effect 
transistor controls the channel carrier density con�ned in an undoped Ge/SiGe 
heterostructure with reduced background contamination, sharp interfaces, and 
high uniformity. The high mobility leads to mean free paths � 6 �m, setting new 
benchmarks for holes in shallow �eld effect transistors. The high mobility, along 
with a percolation density of 1.2 � 1011cm�2, light effective mass (0.09me), and 
high effective g-factor (up to 9.2) highlight the potential of undoped Ge/SiGe as a 
low-disorder material platform for hybrid quantum technologies.
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1. Introduction
Germanium (Ge) has the highest hole 
mobility of common semiconductors and 
is integrated onto silicon (Si) substrates 
within a foundry-quali�ed process.[1] 
These properties make high-speed Ge 
transistors appealing for extending chip 
performance in classical computers 
beyond the limits imposed by miniaturiza-
tion. Ge is also emerging as a promising 
material for quantum technology as it 
contains crucial parameters for semicon-
ducting, superconducting, and topological 
quantum electronic devices. The high 
mobility of holes and their low effective 
mass promote the con�nement of spins in 
low-disorder Ge quantum dots by uniform 
potential landscapes.[2] Holes in Ge have 

large and tunable g-factors, with inherent strong spin�orbit 
interaction. These properties facilitate fast all-electrical qubit 
control,[3] qubit coupling at a distance via superconductors,[4] 
and are key ingredients for the emergence of Majorana zero 
modes for topological quantum computing.

Like Si, Ge can be isotopically puri�ed into a nuclear spin-free 
material to achieve long spin lifetimes.[5] In contrast, virtually 
every metal on Ge, including superconductors with high critical 
�elds, show a Fermi level pinned close to the valence band.[6] 
This facilitates the injection of holes and thus the formation of 
ohmic superconductor/semiconductor contacts, a key building 
block in hybrid quantum devices.

These enticing prospects have motivated the theoretical 
framework for Ge-based spin qubits[7] and Majorana fermions.[8] 
Experimental milestones in self-assembled Ge nanostructures 
include gate-tunable superconductivity in Ge/Si nanowires[9] 
and the demonstration of electrically driven spin qubits[3] and 
single-shot readout of single spins[10] in Ge hut wires.

Recently, Ge/SiGe heterostructures have emerged as 
a planar technology that can bring together low disorder, 
potential for fast qubit driving, and avenue for scaling due 
to the compatibility with large scale manufacturing. In 
Ge/SiGe, the band-edge pro�les between compressively 
strained Ge and relaxed Ge-rich Si1�yGey (Figure 1; star, 
y � 0.8) produce a type I band alignment.[11] This is different 
from Si/SiGe heterostructures (Figure 1; circle, y � 0.3) and 
Ge/Si core�shell nanowires (Figure 1; triangle), where a 
type II band alignment promotes con�nement of either elec-
trons or holes, respectively. Charge carriers can populate the 
quantum well either by doping the heterostructure or via top 
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gating. Holes con�ned in modulation doped Ge/SiGe have 
shown exceptionally high mobility of 1.5 million cm2 V�1 s�1,  
strong spin�orbit coupling,[12] large effective g-factors,[13] and 
fractional quantum Hall physics.[14] A very light effective 
mass of 0.055me

[15] was measured in Hall-bar devices aligned 
with the �110� crystallographic direction, further reduced 
to 0.035me for the �100� direction.

However, ionized impurities in the doped supply layer 
are a major source of scattering, charge noise, leakage, and 
instability for the low-temperature operation of quantum 
devices.[16] In analogy to electron spin qubits in Si/SiGe,[17] to 
fabricate gated Ge quantum devices it is preferable to com-
pletely eliminate dopant atoms from the Ge/SiGe hetero-
structure. Indeed, gate controlled quantum dots,[2] ballistic 1D 
channels,[18] and ballistic phase coherent superconductivity[19] 
were demonstrated recently by using undoped Ge/SiGe. So 
far the added complexity in developing reliable gate-stacks has 
limited the investigation of quantum transport properties in 
undoped Ge/SiGe to devices with mobilities signi�cantly infe-
rior compared to modulation-doped structures.[20�23]

In this paper, we demonstrate state-of-the-art, very shallow, 
undoped Ge/SiGe heterostructures and devise a process for 
fabricating dopant-less heterostructure �eld effect transis-
tors (H-FETs) without compromising on material quality. The 
capacitively induced 2D hole gas (2DHG) is positioned only 
22 nm below the surface and is therefore suitable for further 
nanofabrication of well-de�ned quantum devices.[2] A com-
prehensive investigation of key electrical properties, such as 
carriers mobility, critical density for conduction, effective mass, 
and effective g-factor, establishes undoped Ge/SiGe as a prom-
ising platform for future hybrid quantum technologies.

2. Results
2.1. Ge/SiGe Heterostructures

Figure 2 shows a schematic of the investigated undoped 
Ge/SiGe heterostructure along with the results of structural 
characterization to elucidate the crystallographic, morpholog-
ical, and chemical properties of the stack.
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Figure 1. Schematics of SiGe heterostructures band-edge pro�les as 
a function of the Ge concentration x and y in the active material and 
in the relaxed substrate, respectively. Star, circle, and triangle refer to 
Ge/SiGe, Si/SiGe, and Ge/Si heterostructures, respectively. Adapted 
from ref. [11]

Figure 2. Structural characterization of a Ge/SiGe heterostructure. a) Layer schematics. b) Ge, Si, and O signals from scanning transmission electron 
microscopy with energy dispersive X-ray analysis (STEM/EDX) of the Ge quantum well and nearby Si0.2Ge0.8. c) STEM of the heterostructure with Si 
and Ge concentration pro�les by SIMS. d�f) TEM images showing quantum well/barrier interface (red star) and barrier/surface interface (yellow circle). 
Superimposed concentration pro�les are measured by STEM/EDX. g) X-ray diffraction reciprocal space map of (�2�24) re�ection.














