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INTRODUCTION

The pursuit of quantum computers is driven by their potential to solve certain com-
putational problems exponentially faster than classical computers. In particular, quan-
tum computers could revolutionize fields like cryptography through Shor’s algorithm for
factoring large numbers [1], optimize complex logistics and financial modeling through
quantum optimization algorithms [2], and enable the simulation of quantum mechan-
ical systems [3, 4], a task that becomes exponentially complex on classical computers.
This latter capability could accelerate the discovery of new materials, catalysts, and drugs
by allowing scientists to accurately model molecular and chemical interactions at the
quantum level [5, 6].

While today’s most powerful supercomputers struggle with these problems, quan-
tum computers take advantage of quantum mechanical phenomena like superposition
and entanglement to process information in fundamentally different ways. For exam-
ple, where a classical computer with n bits can only be in one of 2" states at a time, a
quantum computer with n qubits can be in a quantum superposition of all 2" states.
This inherent parallelism, enables quantum algorithms that can solve certain problems
with dramatically fewer steps than their classical counterparts. However, harnessing this
computational advantage requires overcoming significant challenges in building and
controlling quantum systems while protecting their fragile quantum states.

Since Feynman’s seminal proposal for quantum computation in 1981 [3], several
qubit platforms have been investigated, including superconducting quantum circuits [7],
quantum dots in semiconductors [8], nitrogen-vacancy centers in diamond [9], topolog-
ical superconductors [10] and trapped ions [11]. The journey from theoretical proposals
to practical quantum computation devices has proven challenging, as quantum opera-
tion on qubits must be executed with exceptional precision and speed to outpace de-
coherence, the loss of quantum information due to interactions with the environment
surrounding the qubit. [12, 13].

While an ideally isolated qubit would maintain its quantum state indefinitely, prac-
tical quantum computation requires qubits to interact with each other and the exter-
nal world for operations and measurements. Quantum error correction enables reliable



2 1. INTRODUCTION

computation even in the presence of quantum errors, by encoding the information of
a single logical qubit across multiple physical qubits [14, 15]. However, implementing
error correction at scale requires a platform capable of supporting millions of physical
qubits with high coherence times and operation fidelities. [15, 16, 17].

In the past decade much of the effort towards a chip with quantum processing power
has focused on operation (qubit initialization, readout, single and two-qubits gates and
gate speed), quality (qubit coherence, uniformity and gate fidelities), and architecture
(qubits connectivity, layout and integration with classical electronics). Combined ad-
vances in these three areas are essential for building a scalable quantum processor that
integrates a large number of high-quality qubits in a scalable architecture.

Among the several candidates for building a quantum computer, semiconductor quan-
tum dot spin qubits stand out for their similarity to the classical transistors [18]. Quan-
tum dots can be fabricated using well-established semiconductor processing techniques
and can integrate with existing CMOS technology [19]. Their small footprint, typically
on the order of 30-100 nanometers, offers compelling advantages for scalability and in-
tegration with classical control electronics. In quantum dots, charge is confined using
gate electrodes to trap and manipulate individual charges much like traditional transis-
tors. However, the quantum operation regime of quantum dots introduces new chal-
lenges. Unlike classical transistors that operate with thousands of electrons, quantum
dots must precisely control individual electrons or holes, maintaining quantum coher-
ence and enabling high-fidelity operations.

Initial research focused on quantum dots in III-V semiconductor heterostructures
due to their compelling high carrier mobility (a proxy for the uniformity of the potential
landscape in a 2D carrier gas), and low effective mass, which translates to a larger en-
ergy spacing in quantum dots. However, in these materials, the intrinsic nuclear spin of
the host crystal couples to the qubit significantly reducing its coherence [20, 21]. A shift
to group IV semiconductors, which can be isotopically purified to zero nuclear spin, was
driven by the need for less noisy materials to host spin qubits. Silicon-Metal Oxide Semi-
conductor (Si-MOS) and Si/SiGe heterostructures represent the most widely adopted
semiconductor spin-qubit material platform in both the academic and industrial envi-
ronment. Due to separation from the defects at the Si-oxide interface, Si quantum wells
in Si/SiGe heterostructures present less disorder compared to Si-MOS where electrons
are accumulated directly at the Si-oxide interface [22].

Recently, Ge/SiGe planar heterostructures [23] have emerged as a promising candi-
date for hosting hole spin qubits. The low disorder achieved in these structures makes
it easy to confine single holes in quantum dots and the low effective mass reduces the
lithographic constraint of the devices, increasing the fabrication yield. Further, the strong
spin-orbit coupling enables all-electrical qubit control eliminating the needs for micro
magnet or strip-lines resulting in simpler and more scalable devices. Finally, thanks to
the Fermi-level pinning of several metals to the valence band of Ge, it is possible to
create transparent contacts including superconductor-semiconductor contacts, which
can provide avenues for long-range coupling of spin qubits and information transfer be-
tween different qubit types.

At the start of this Ph.D. work, the first Ge quantum dots and hole spin qubits in pla-
nar germanium heterostructures were reported, showing the formation of gate-controlled
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hole quantum dots [24], demonstration of fast two-qubit logic [25] and single-shot read-
out [26]. In addition, first demonstrations of superconducting aluminum contacts to pla-
nar germanium quantum devices was reported [27, 28]. Building on this foundation, my
Ph.D. research focused on expanding the germanium quantum toolbox in several direc-
tions. On the one hand, I contributed to designing, investigating, and validating different
flavors of Ge/SiGe heterostructures through systematic cycles of optimization and vali-
dation. On the other hand, I ventured into novel directions: Ge bilayers to support verti-
cally stacked quantum dots, Ge superconductor-semiconductor hybrid devices based on
a superconducting germanide for exploring monolithic superconductor-semiconductor
quantum circuits, and a quantum dots crossbar array for statistical characterization of
qubits at scale. The results and insights gained expand the foundations for future de-
velopment of scalable quantum processors in Ge, while also highlighting the remaining
challenges that must be addressed as the field continues to advance.

1.1. THESIS OUTLINE

The thesis is organized as follows.

Chapter 2 Introduces the theoretical concepts necessary to describe the physics of
holes in Ge/SiGe heterostructures, of superconductor-semiconductor hybrid systems,
and the basics of hole spin qubits in quantum dots.

Chapter 3 provides an overview of the experimental methods relevant to the results
presented in this thesis. I present numerical techniques for the simulations I performed
of charges in semiconductors with an applied electric field (Scrédinger-Poisson) and of
charge stability diagrams in a two quantum dot system (Fermi-Hubbard). Then I present
details of the crystal growth of Ge/SiGe heterostructures along with the structural char-
acterizations used in this thesis. Further, I present the fabrication techniques used for
the different devices I fabricated for the work in this thesis. Finally, I present the relevant
cryogenic setups I operated along with the measurement techniques commonly used to
characterize the devices.

Chapter 4 presents the effective mass experimental dependence on the carrier den-
sity in strained Ge/Sig 2Geg g heterostructures wells, confirming the prediction of a light
effective mass in compressively strained Germanium quantum wells, and shows the de-
pendence of the percolation density and mobility for different quantum well depths.

Chapter 5 shows classical and quantum transport on a lightly strained Ge quantum
well, achieved by growth on a Sig 1 Geg g strain-relaxed buffer. The purpose of this study
was to induce a stronger HH-LH mixing compared to the Ge/Sij »Gey g heterostructures,
study the effect on effective mass and g-factor, and to reduce disorder by reducing the
lattice mismatch between the QW and the substrate.

Chapter 6 presents the characterization of a Ge/Sip 2 Geg g heterostructure which is
grown starting from a Ge wafer (as opposed to the mainstream approach of starting from
a Si substrate) yielding to a substantial reduction of disorder because of the smaller lat-
tice mismatch between substrate and quantum well.

Chapter 7 describes experiments in which we expand our 2D Ge/SiGe system to
the third dimension by developing a high-mobility hole bilayer in a germanium dou-
ble quantum well. This system provides a platform for building 3D lattices of quantum
dots, and possibly a suitable testbed for exotic phenomena such as exciton condensation
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in the quantum Hall regime and counterflow superconductivity in solid state devices at
accessible temperatures.

Chapter 8 demonstrates the operation of a vertical gate defined quantum dot in a
Ge double quantum well system, where the charge state of the two quantum dots can
be controlled via electrostatic gates on the top of the heterostructure. Vertically coupled
quantum dots represent a crucial step toward three-dimensional quantum lattices of
quantum dots which may enable novel functionalities, such as integrated charge sens-
ing, coherent spin shuttling between layers, and the potential for new qubit implemen-
tations like vertical singlet-triplet qubits. Moreover, these structures open up new oppor-
tunities for analog quantum simulation of exotic physics like exciton condensation and
artificial superconductivity, which would be difficult to achieve in single-layer systems.

Chapter 9 introduces a novel superconductor-semiconductor interface between high-
mobility planar germanium and platinum-germanosilicide (PtSiGe). Creating hybrid
quantum systems that combine spin qubits with superconducting elements requires a
hard superconducting gap (meaning with no quasi particle states within the gap), a per-
sistent challenge in the field. We achieve this through a thermally-activated reaction be-
tween platinum and Ge/SiGe that creates an oxide-free, low-disorder interface. Through
measurements of quantum point contacts and Josephson junctions, we demonstrate
both near-unity contact transparency and a clean superconducting gap, marking an im-
portant step toward monolithic quantum circuits that combine the advantages of both
spin and superconducting systems.

Chapter 10 presents an innovative crossbar array architecture for measuring Ge spin
qubits at scale with a minimal number of connection lines. We perform charge charac-
terization of several devices in this array, and demonstrate single qubit operations for
one unit tile in the array:.

Finally, Chapter 11 discusses future directions and concludes this thesis.
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GERMANIUM QUANTUM
TECHNOLOGY

2.1. GE/SIGE HETEROSTRUCTURES

Si and Ge share the same zincblende crystal structure with a lattice constant of ag; =
0.5431nm ag. = 0.5658nm respectively. The epitaxial growth of strained Ge/SiGe het-
erostructure provides a compelling material platform for exploring the physical prop-
erties of quantum confined holes. Layers of Ge and SiGe can be stacked to provide a
potential landscape which confines holes in the z-direction, while the biaxial strain in
the x and y direction can be used to tune the physical properties of the confined carriers.

2.1.1. BAND STRUCTURE OF STRAINED GE QUANTUM WELLS
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Figure 2.1: a) Schematics of a Ge/SiGe heterostructure. b) Band structure for a tensile strained Ge QW of a Ge
Sig.2Gep g heterostructure calculated with 6-band k.p, the inset on the top right shows a zoom in around the I'
point (kxy = 0) and the one at the bottom right shows the calculated effective mass for the different bands. ¢
1D Schrodinger-Poisson simulation of a Ge/Sip 2 Geg.g QW with a 55 nm SiGe spacer. An electric field is applied
from a top gate separated from 30 nm of Al;O3 from the SiGe spacer. The HH and LH band edges are plotted
as a function of z (opposite to the growth direction of the heterostructure) for a small and a larger electric field
(left and right panel respectively). The bottom panels show the hole density for the first two energy states.
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Ge valence band electrons (holes) are situated in p-orbitals and a 6 fold degeneracy
is expected (from quantum numbers / = 1 and s = 1/2). However due to spin orbit the
angular momentum L and the spin S are coupled and therefore the total angular mo-
mentum L = S +J characterizes the electron states. At the top of the valence band the
six fold degeneracy spits into 4-fold degenerate states corresponding to j=3/2 and 2-fold
degenerate states corresponding to j=1/2 [1] and at the I" point they are separated by the
spin-orbit gap Ag.

The 4-fold degenerate states at the top of the valence band can be described with the
Luttinger-Kohn Hamiltonian. These states further split depending on the projections of
J on k into the heavy hole band (HH) with m; = +3/2 and the light hole band (LH) with
mj=+1/2.

Ge/SiGe heterostructures 2.1a can be used to confine holes in a Ge quantum well
thanks to the band offset which results from the different band-gaps of Ge and SiGe. The
Ge-SiGe interface of these heterostructures brakes the Ge crystal symmetry resulting in
a splitting of the HH and LH bands and inverting the masses of these two bands at the T’

point. At the I point therefore the HH mass mpyy = yln}r(;/s = 0.055 is lighter than the LH

mass mpy = Y”_l‘;,s = 0.125 where the Luttinger parameters for Ge are for Ge, y; = 13 and
Ys = 5 [1], meaning that HH and LH sub-bands have reversed characters for the in-plane
motion. When epitaxially grown, the Ge in the quantum well is compressively strained
in the xy direction, this biaxial strain further increases the HH-LH splitting. Figure 2.1b
shows the valence-band of a strained Ge quantum well in a Ge/Siy 2Geg g heterostruc-
ture. At the I" point the HH effective mass is ~ 0.05my, for larger k-vectors the HH mass
increases while the LH mass decreases and at ky, ~0.09 nm~! which corresponds to a
hole density of ~1.3 10''cm™2 the HH and LH masses cross.

Holes can be accumulated in the quantum well by applying an electric field in the
z-direction, which tilts the valence band till the top of the HH band in the Ge quantum
well region crosses the Fermi energy. Figure 2.1c shows the HH and LH bands and the
resulting hole density upon the application of an electric field (from left to right the in-
tensity of the electric field is increased). An increase in electric field results in an increase
in hole density in the quantum well region, until the HH band at the SiGe-oxide inter-
face crosses the Fermi level and forms a triangular well filled with holes at that interface
(Fig. 2.1cright panel). From there onward a further increase in electric field results in an
increase in hole density in the triangular well, leaving the density in the quantum well
relatively unchanged.

The HH-LH splitting observed in the SiGe region in the simulation of Figure 2.1c
arises from the residual tensile strain which is typical in heterostructures with a SiGe vir-
tual substrate. This is due to the difference in thermal contraction coefficients of Si and
Ge [2] from the growth temperature and only affects Ge/SiGe heterostructures grown on
Si wafers.

2.1.2. CLASSICAL AND QUANTUM TRANSPORT METRICS IN 2D SYSTEMS

The transport properties of carriers confined in two-dimensional (2D) systems are a
crucial tool to the development of quantum materials, offering insight on bandstruc-
ture properties, and information about disorder and impurities in the system. A trans-
port experiment is typically performed with a Hall-bar device which it easy to fabricate
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and quick to measure, thereby providing a rapid feedback to material stack design and
growth. Some of the common metrics that can be extracted by such a device include the
carrier effective mass (m*), which accounts for the periodic electric potential of atoms
in the crystal, this quantity is crucial in the design of the confinement potential for quan-
tum dots as it determines the quantized levels energy spacing. The effective g-factor (g*)
which determines the energy levels splitting under a magnetic field. The carrier mobility
(w) at different carrier density (n) which gives insights on the uniformity of the potential
landscape and the various scattering sources, and the quantum lifetime (7 4) which is a
good proxy for the quantum system quality.

Classical transport of a 2D electron/hole gas can be described by the following con-
ductivity equation:

_| Oxx ny) _ 0o ( 1 —wcr)
o= = (2.1)
(_ny Oxx 1+w§72 WcT 1

with o¢ = ne’r/m being the normal Drude conductivity, and w. = eB/m the cyclotron

energy.
The resistivity is then defined as the inverse of the conductivity
p=(p’”‘ ”"y)za—1=i( ! “’C’) 2.2)
—Pxy Pxx O \—WcT 1

The off-diagonal elements of resistivity matrix depend only on the density, and are there-
fore independent on the scattering time and the effective mass. Therefore measuring the
transversal resistance Ry gives directly access to the density (in cm™1):

dRyy 4 -
=|—==el0 2.3
n (dB e ) (2.3)

The mobility u = v,/E is defined as drift velocity (v4) of the charge carriers per unit
electric field (E) from the Drude formula we can derive 0 = nep which enables us to
calculate the mobility given the density and the longitudinal resistivity at zero magnetic
field (po):

1

p=(nepo)” (2.9

From the mobility then one can calculate the transport lifetime 7, = um*/e and the
mean free path I, = h(27n)! " p/e.

A quantum mechanical treatment of free particles moving in a magnetic field re-
quires to solve the following Hamiltonian

_ b 2
= (p+en) (2.5)

with p being the canonical momentum, and A being the gauge potential such that VxA =
Bz. This Hamiltonian yields the following energy states:

1
Enzhwc(n+5) neN (2.6)
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From which we learn that the energy levels of an electron (or hole) system in a mag-
netic field are quantized and equally spaced from each other with an energy separation
proportional to the magnetic field. These levels are know as Landau levels.

The integer quantum Hall effect is a consequence of this quantization, and results in
plateaus in the py, and vanishing of the p,, for magnetic field values corresponding to

_ 2nhn
T ve

n
B =—Q®y veZ 2.7)
v

On the pyy, plateaus the resistivity takes the value

2nh 1
Pxy =~ 7 (2.8)

Peak mobility is often quoted as a metric for comparing the quality of 2D charge
systems. Mobility itself however depends on the carrier density and on the effective mass
m*, which in the case of Ge/SiGe quantum wells, can vary even within the same sample
depending on the density (k-vector) (Fig. 2.1). The transport time which 7, = um*/e is
independent of the mass, and therefore would be a more suitable metric for comparing
2D systems at the same carrier density. However, for 2D systems, mobility in general is
not a good proxy for quality since the scattering events used to compute this metric are
weighted by the scattering angle 1 — cosOy [3], which makes forward scattering events
(scattering with small angle 8) poorly captured by 7;. A more suitable proxy for quality
of a 2D system is the quantum lifetime 74. In a model which consider only remote and
background impurities, with a 2D-density nr of remote charged impurities at a distance
dp from the 2D electron/hole gas and a 2D-density np of background charge impurities,
the two characteristic times are described by the following equation:

1 _2_n(2ne2)2 A’k 8(Ex—Ep

Tig 0) x (n,F K1 ny), 29
Tt,q h (2]-[)2 qTF_'_lk_k,'zft,q( )X{ne nB} ( )

K

where the only difference between 7, and 7, is the factor f;(0) = 1- cosOyy and
f4(0) = 1. In the limit 2krdg > 1 one can write an analytical solution to the integral

17t = A% ngi@kpdg)® + AP ng, (2.10)
1, = Al gl @kpdg) + A ng, (2.11)
where A is a prefactor [3]. If the condition
2kpdg < ngl/ng < (2kpdg)® (2.12)
is satisfied the transport lifetime (mobility) is controlled by background impurities while

the quantum lifetime or quality (quantum mobility) is controlled by the remote impuri-
ties, giving rise to a mobility/quality dichotomy:.
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Figure 2.2: Schematic diagram of energy vs momentum at the normal-superconducting interface for an elec-
tron incident to an NS interface (blue dot), along with the transmitted and reflected particles resulting from
different mechanisms. Open and closed circles denote electrons receptively. The arrows represent the group
velocity. The blue circle represents the impinging electron to the NS interface. Note: in the BTK theory the
dispersion relation for a metal around the Fermi energy is approximated with a straight line.

2.2. HYBRID SUPERCONDUTOR-SEMICONDUCTOR SYSTEMS

2.2.1. TRANSPORT IN NS JUNCTION

Transport through a superconducting-normal interface with a delta barrier of strength
Z in between is described by the BTK model [4]. An electron with energy E > A, incident
on a NS interface, can undergo through different processes described in Figure 22 and
for each process a probability is defined. B is the probability that the electron is elas-
tically reflected into a state with opposite momentum. C is the probability of transmis-
sion through the NS interface into a quasi-particle state with the same wave vector at the
same side of the Fermi surface. D is the probability of transmission to a state with same
group velocity but at the opposite side Fermi surface. And finally, A is the probability of
Andreev reflection as a hole on the opposite side of the Fermi surface, this process in-
volves the transfer of a pair across the interface with charge 2e. In the Andreev reflection
process the hole is generated as far below the chemical potential as much as the incident
electron was above, this condition ensures energy conservation. Note that for energy
conservation the sum of the probabilities A(E) + B(E) + C(E) + D(E) = 1, and for energies
below the gap E < A there can be no transmitted quasiparticles, so that C = D =0.

The current through an NS interface is given by

Ins :2N(0)evpa¢f [f(E—eV) —f(E)] [1+A(E)-B(E)IdE (2.13)

with N(0) being the density of state of the metal, v the fermi velocity, <f is an effective-
neck cross-sectional area, and f the Fermi-Dirac distribution. Figure 2.3a shows the dif-
ferential conductance calculated from the current from the equation above, as a function
of the applied voltage bias for different transparencies for a single mode. For low trans-
parencies the in gap conductance is strongly suppressed, while for high transparencies
the ingap conductance doubles owing to the Andreev reflection process which effectively
transports 2 electrons at the time.

When T = 0 the quantity [1+ A(eV) — B(eV)] is proportional to the differential con-
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Figure 2.3: a) Simulated differential conductance across an NS junction as a function of the bias voltage (Vs
for different transparencies T b) Simulated zero-bias conductance ratio Gg/ Gy vs transparency 7.

ductance G=dI/dV:

202
G(Vns) = % (1+A(eVns) — B(eVns)) (2.14)

with Vs being the bias applied across the junction. For perfect transmission (7 =1,
Z = 0) the conductance exhibit a plateau at 4e?/h inside the gap, which indicates the
the incident electrons are perfectly Andreev reflected. For small transmission (strong
barrier Z»1) the in-gap conductance is strongly suppressed compared to the out of gap
conductance. Conductance through a single channel at zero bias (Gs) is well described
by the Beenakker formula [5]
C _2¢* 272 )15
= T -T2 (2.15)

Single channel conductance for a metal-metal junction is Gy = % T, this is also the
conductance expected for a NS junction when the applied bias is much larger than the
gap Vns> A
2¢* 2T
Gs/GN=—

The ratio in-gap to out-of-gap conductance (plotted in Figure 2.3) is commonly used
to asses the quality of the superconducting gap. A good fit with the BTK model or the
Beenakker model ensures the absence of quasi-particle states within the gap which may
arise from disorder or impurities at the NS interface. In the absence of in gap states we
call the superconducting gap a hard gap. We note that a two-orders of magnitude sup-
pression of in-gap conductance compared to the out-of-gap conductance is consistent
with a hard gap only when the out-of-gap conductance is Gy ~ 0.02.
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Figure 2.4: a) Simulated differential conductance through a SNS junction for different bias voltages V' and
different transparencies computed numerically using the scattering approach [6]. b) Linecuts from panel a.

2.2.2. TRANSPORT IN SNS JUNCTION

Supercurrent transport in an superconducting-normal-superconducting (SNS) junction
is mediated by Andreev reflection processes. When a SNS junction is biased and the
bias and the bias is eV < 2A with A being the superconducting gap, single particle trans-
port is not allowed as there are no direct states to tunnel to. However charge can still be
transported via multiple Andreev reflection processes. In a MAR process of order n = 1
a single Andreev reflection occurs: an electron from the valence band of the left super-
conductor is Andreev reflected on the right NS interface and the hole is injected back
in the valence band of the left superconductor. A MAR process of order n = 2 involves
two Andreev reflections, first a hole is Andreev reflected from the incident electron on
the right NS interface, this hole then is incident on the left NS interface but has energy
within the superconducting gap of the left superconductor, so an electron is Andreev
reflected from the left NS interface and finally injected in the conduction band of the
right superconductor. This effectively transports a cooper pair and one electron from
the left superconductor to the right superconductor. This MARs processes give rise to
conductance peaks at specific bias voltages, if the superconducting gap of the left and
right superconductor is the same, then conductance peaks are observed at 2A/ne with n
being the order of the MAR process. For normal regions with transmission of the N sec-
tion T < 1 the contribution of the n-th order MAR is reduced by T", therefore observing
larger order MARs implies a higher transparency of the SNS junction.

2.2.3. JOSEPHSON JUNCTIONS AND SQUIDS

A Josephson junction (J]) consist of two superconducting electrodes connected by a
weak link. This weak link can be an insulating layer (as initially proposed by Josephson),
a normal layer, or a constriction in the superconductor. Transport through a Josephson
junction is described by the Josephson equations

I=1I.sinAg, (2.17)
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Figure 2.5: a) Critical current of a Josephson junction as a function of magnetic flux through the junction,
also referred to as Fraunhofer patter. b) SQUID critical current I vs magnetic flux through the SQUID & for
different ratios of the critical current of the two separate junctions of the squid I.2/1.1

where Ag is the difference in the phase of the Ginzburg-Landau wavefunction in the two
electrodes, and I, is the critical current of the junction.

dp 2e
dt h
Which indicate that an alternating current results from applying a bias (V) to the junc-
tion.
When a rectangular Josepshon junction is placed in a magnetic field (B) an interfer-
ence pattern is observed (Fig. 2.5a), which is described by:

(2.18)

sin (m®/dq)

I.(B)=1
c( ) c,0 (nd)/fbo)

(2.19)

with I the critical current at zero field, and & the flux quantum, and ® = B, A is the
quantum flux through the junction area A (the effective area is typically larger than the
geometric area due to the flux focusing effect from the superconducting leads).

A DC SQUID consist of two JJs connected in parallel and connected by a supercon-
ducting loop. The supercurrent through this device is:

Isquip = Ic1sin(@1) + Icz sin(¢2) (2.20)

where ¢; and ¢ are the phase differences across each junction. These are related to the
magnetic flux ® through the superconducting loop by:

[
(pl—(p2:2][ao (2.21)

From the last two equation one can calculate the critical current for the SQUID:

D
I.sQuID = \/ I2, + I2, + 211 Iz cos (Zna) (2.22)
0
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Figure 2.5 shows the SQUID critical current vs flux for different ratios I/ 1.

Measurements of SQUIDs are used as a common experimental method to investi-
gate the current phase relation (CPR) of a Josephson junction. This is possible if the crit-
ical current of the junction under investigation is much smaller than the other junction
(Ic1 < I2). In these conditions the magnetic flux modulates the phase difference of the
junction with smaller critical current, while on the other junction it remains relatively
constant.

2.2.4. PROXIMITY EFFECT

The BTK model assumes a step-like superconducting pair potential at the NS interface.
Inreality the cooper pairs can leak into the normal conductor where, although there is no
strong enough electron-phonon interaction to overcome Coulomb repulsion, they can
maintain phase coherence for a certain time, before it is destroyed by scattering events.
The phase coherence decay in the normal part of the NS junction decays exponentially
with characteristic coherence length ¢ . One can distinguish to cases for which the co-
herence lenght can be described analytically. The clean case where the scattering length
is much larger than the coherence length (I, > &,):

hvp n*V2n

— = 2.23
en 2nkgT 2nm*kgT " ( )
and the dirty limit where [, > £, which results in
nD n3
d n
= = Vi 2.24
N \/anBT \/Zm*ekBT Hn ( )

In the dirty limit the coherence length depends in the square root of the density and
mobility of the normal region.

2.3. HOLE SPIN QUBITS IN QUANTUM DOTS

Ge/SiGe heterostructures allow to define a confining potential for holes in the z direc-
tion. In these structures, single charges can be confined by patterning electrostatics
gates on top of the heterostructures, therefore providing an electrical mean for shap-
ing the lateral electrostatic potential. The spin of a single electron or hole in a magnetic
field can then be used as a physical system to implement a qubit.

2.3.1. ELECTROSTATICALLY DEFINED QUANTUM DOTS

With the confinement in the z-direction provided by the band alignment of the different
layers of the heterostructure, the confinement in the x- and y-directions can be achieved
by shaping the potential landscape by patterning metal electrodes and applying an elec-
trical potential. Since the Ge QW populates with holes upon application of a negative
potential, it is sufficient to use a circular metal electrode (plunger gate) biased to a nega-
tive potential to confine a quantum dot. In practice, to control the tunnel coupling with
neighboring dots or with Ohmic contacts and to screen the electric field of the lead to the
plunger gate, smaller barrier electrodes often surround the plunger gate. These barrier
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Figure 2.6: 2D Schroédinger-Poisson simulation of a quantum dot device in a Ge/Sig 2 Geg g heterostructure with
a 55 nm SiGe spacer and a 16 nm QW. Two barrier gates (30 nm diameter) and a plunger gate (180 nm diameter)
are position on top of the heterostructure separated by 5 and 10 nm of Al, O3 respectively. a) colorplot of the
HH band edge with a negative potential applied to the barrier and the plunger gate. b) line-cut of the HH band
edge in panel a at x = 0 along with the Fermi energy Er. c) line-cut of the HH band edge in panel a at z = 60
(within the QW region) along with the first three energy levels. d wavefunction amplitudes of the first three
states.

and screening gates can be grounded if their purpose is just to screen an electrode or are
biased positively or negatively to shape the confinement potential or to tune the tunnel
coupling.

Figure 2.6 a shows the potential landscape calculated from a 2D Schrodinger-Poisson
simulation of a Ge/Sip2Gegps quantum well with a plunger gate and a barrier gate on
each side. Linecuts of the potential landscape along the x and z directions are presented
in panels b and c respectively. Panel b shows for x = 0, that the edge of the HH band
rapidly decays moving away from the surface, unlike a Hall-bar device where the po-
tential decays linearly due to the infinitely large gate size. This poses a limit on how far
the quantum well can be positioned from the surface before states become available for
holes in the SiGe spacer. Panel c shows the harmonic like potential potential of the HH
band-edge in a line-cut along the x axis taken at the center of the QW, along with the first
three energy states. We note that the position of the first energy state is pushed to lower
energies due to the sharp QW confinement in the z-direction. Since in a real system it
is desirable to obtain the dot at the center of the plunger and to minimize the risk of
creating spurious dots, it is crucial that the first energy level lies below the potential fluc-
tuations of the HH band edge that arise from disorder in the material stack. To achieve
this, one can shrink the QW width or the plunger gate diameter to create a stronger con-
finement potential. Panel d shows the wavefunction amplitude for the first three energy
states.
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2.3.2. QUBIT CONTROL AND READOUT
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Figure 2.7: Energy diagram of a double quantum dot, along with the charge stability diagram aligned with the
detuning axis. The spin orbit interaction term (z50) enables a coupling between S(0,2) and the parallel spin
states. The inter-dot tunneling coupling term (#p) enables coupling between the S(0,2) and the antiparallel
spin states. The detuning is set to 0 at the inter-dot line between (1,1) and (0,2).

If we consider the 6 lowest energy states of a double quantum dot system and write
the Hamiltonian in the two spin basis {|2,0),10,2),[1,1),1l, 1,11, ), ], D}

U-e¢ 0 —1s0,y +ilso,x  f0-ilso,z  ~lo—ifs0z 80,y ~ilsO,x
0 U+e —150,y tilso,x  fo+ilso,z  ~lo+ifsoz  —I180,y T ils0,x
H= 7tSO,y7itSO,x 77:50,)/7”50,}6 Ez 8EzI2 0 0 2.25)
o +ifs0,z o —its0,z O0Ez/2 0 —8Ez /2 0
—lp+itso,z —tp—itso,z 0 —0Ez/2 0 -Ez
—130,y +ilso,x  —180,y ~i130,x 0 0 -Ez 0

with #y being the inter-dot tunnel coupling and 7 = {f,y, Iso,y» Lso,z} the spin-orbit
interaction which enables spin-flip tunneling. From performing perturbation theory we
can define an analytical relation of the exchange energy Jj as a function of detuning e:

4U¢
T U2 —¢2

Initialization. The spins can be initialized by adiabatically (slowly) pulsing from the
(0,2) to the center of the (1,1) charge region.

Single qubit gates. The full single qubit Hilbert space can be accessed by applying a
microwave pulse which results into a effective magnetic field orthogonal to the direction
of B to the qubit resonant to the Zeeman splitting E; = g* upB. The length of the pulse
determines the angle of spin rotation, while the phase of the microwaves determines the
direction of the rotation axis. Together they allow to access any point in the Bloch sphere.

Two qubit gates. Two qubit gates can be implemented via the exchange interaction
(Jo). The strength of Jj is typically controlled by either varying the detuning (to increase
the exchange, one can pulse the detuningtoward the anti-crossings) or by varying the
tunnel coupling (exchange increases when tunnel coupling is increased),

0 (2.26)
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Read-out. The magnetic moment of an electron or hole spin is very small and there-
fore hard to measure directly. To overcome this limitation, one can use spin-to-charge
conversion. A common way to achieve spin-to-charge conversion is to use the Pauli
spin blockade readout mechanism. This technique involves two tunnel coupled quan-
tum dots in a finite magnetic field. The detuning of the double quantum dot system is
adiabatically pulsed from the (1,1) charge region to the (0,2) charge region, the lowest
laying antiparallel state is the only state which can adiabatically get to the S(0,2), while
the remaining three states are blocked in the T(1,1) until due to spin relaxation eventu-
ally decays the system into the S(0,2) ground state.
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METHODS

3.1. BANDSTRUCTURE DESIGN AND SIMULATIONS

3.1.1. SCHRODINGER-POISSON
The self consistent Schrodinger-Poisson equation is key tool to design new heterostruc-
tures and devices as it allows to simulate charge carriers in quantum-confined systems
upon the application of electrical potentials. Initially I developed a python based code
to perform 1D simulations which allows to simulate confinement of carriers in 2D, then
we moved to a commercial tool (Nextnano) which provides also support for 2D and 3D
simulations.

The simulation process consists in iteratively solving the Poisson and Schcrodinger
equations. First the Poisson equation is solved

-V-(eVV)=p (3.1)

where V is the electrical potential, € is the permittivity and p the spatial charge density.
Second, the potential energy U = gV is added to the band edge energy profile of the
heterostructure and plugged in the Schcrédinger equation, then the latter is solved with
a numerical model. For this we used a matrix solutions of the discretised Schrodinger
equation
-h? ¢°
@u/(z) +U(2)y(2) = Ey(z) 3.2)

2m*

Using the finite-difference on the second derivitive and taking a small §z such that the
approximation is good, then:

aipi1+bidp;i+ci+¢pi1 =Ep,; 3.3)
with
2 hZ

= —Zm*(éz)z and —m*)(6z)2 +V; (3.4)

Ajs1=Cj bi =
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where each index i denotes a sample of the wavefunction such that ¢¢ = ¢(0), ¢ =6)
and so on. Taking the standard boundary condition ¢y = ¢n+1 = 0 eq. 3.3 can be ex-
pressed at each point using a system of equations which can be represented in matrix
form:

Hy = Ey (3.5
with H being the coefficient matrix:
by ¢ 0 0
a b 0
H=|o "~ . : (3.6)

: an-1 by cNa
0 0 an bN

The solution of this eigenvalue problem yields to the wavefunction and respective
energies of the system.
Third the electron/hole density profile is calculated from the weighted sum of the
probability densities
Mot(2) = ) Ni|¥;[? 3.7)
4

where the the weight N; is given by integrating the Fermi-Dirac distribution for the en-
ergy level E;.

Finally, the so obtained charge density is plugged back into the Poisson equation
(step 1) and the steps are repeated until convergence.

3.1.2. FERMI HUBBARD
To perform simulations of the charge stability diagram of two tunnel coupled quantum
dots we use the Fermi-Hubbard model:

H=H,+H;+Hy+ Hj (3.8)
The first term describes the chemical potential energy

Hy ==} pinio (3.9)
10

the second term describes the tunnel coupling

Hy=-) (t] cog+h.c) (3.10)
o

the third term consists of the Coulomb repulsion

Hy =Uinmyyny + Uzngyng) + Ura(niyng) + nyyngy) + (Ui — Je) (nyy gy + nypnpy), (3.11)

Solving the spinless part of this Hamiltonian and obtaining the transition lines corre-
sponding to the interdot and reservoir transitions. This was particularly useful to inter-
pret the results obtained for the vertical quantum dots in the Ge bilayer system (Chap-
ter 8)
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3.2. CRYSTAL GROWTH

The different heterostructures presented in this thesis are grown starting from a Si or a Ge
substrate. First, a SiGe strain relaxed buffer (SRB) is grown, in order to produce a "virtual"
substrate with the desired chemical composition and lattice constant. The chemical
composition of the top layer of the SRB sets the band offset between the quantum well
and the adjacent SiGe layers, this band offset arises from both the difference in bandgap
between SiGe and Ge (Ge has the smaller bandgap) and the strain, determined by the
lattice mismatch between Ge and SiGe. Second the active region of the heterostructure
is grown this typically comprises a SiGe layer with composition that matches the top of
the SRB, the Ge quantum well and another SiGe layer with the same composition. This
same structure can be extended to multiple quantum wells interleaved with a layer of
SiGe. Finally, the heterostructure is terminated by a Si cap which will form natural oxide
when exposed to air.

A crucial aspect of the growth process is to manage strain relaxation in the SiGe SRB.
The build up of strain originates from growing epitaxial layers with different chemical
composition of Si and Ge, which have different lattice constant. The mechanism that al-
lows for lattice relaxation is the addition of misfit dislocations in the crystal lattice, these
dislocations extend in the <110> direction but get blocked when crossing each-other in
the same plane, and generate a threading dislocation, which typically extends along the
111 planes. The pile-up of misfit dislocations in the SRB generates strain fluctuations in
the substrate and in the quantum well. Such strain fluctuations give rise to the typical
cross-hatch pattern visible with an optical microscope on the surface of the heterostruc-
ture. The threading dislocations can reach the surface of the heterostructure, inducing
defects in the quantum well, and can be visualized at the microscope after a HCl etching
process.

Overall, the Ge/SiGe heterostructures described in this thesis comprise the following
parts:

1. substrate: Si or Ge wafer, this sets the lattice mismatch that the following SiGe SRB
needs to accommodate.

2. SiGe strain relaxed buffer (SRB): comprising a graded and a uniform composition
layer, it serves the purpose of engineering the lattice parameter of the subsequent
quantum well.

3. Ge quantum well: is grown pseudomorphic to the SiGe SRB, therefore it has the
same lattice parameter, which is mismatched to the substrate wafer.

4. SiGe barrier: is lattice matched to the QW and the SRB and serves the purpose to
separate the QW from the dielectric interface

5. Cap: provides a better interface for subsequent processing.

3.2.1. EPITAXIAL DEPOSITION PROCESS

The Ge/SiGe heterostructures are grown at the Else Kooi Laboratories (EKL) of TU Delft
via reduced-pressure chemical vapor deposition (RP-CVD) in an industrial reactor (ASMI
Epsilon 2000). The substrate used for growing the heterostructures in this thesis is either
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Figure 3.1: Epitaxial Growth: a) Schematics of the RP-CVD used to grow Ge/SiGe heterostructures. b)
schematics of the wafer with the precursor gases reacting during growth. c¢). Schematics of a Ge/SiGe het-
erostructure grown starting from either a Si or a Ge wafer.

a Si(001) or a Ge(001) wafer (diameter of 100 mm), to explore the influence of a different
lattice mismatch that the SRB needs to accommodate onto the structural and electrical
properties of the heterostructure. A schematic of the RP-CVD reactor is shown in Figure
3.1a, in the reactor chamber a selection of precursor gases flow along with the hydro-
gen carrier gas into the quartz chamber were the wafer is located on top of a graphite
susceptor plate. The wafer is heated from from radiant heat supplied by lamp arrays on
top and below the quartz chamber. We use germane and dichlorosilane as precursors
to grow germanium and silicon which on the heated substrate undergo to the following
reactions Si H,Cl, — Si+ H» + Cly, GeHy — Ge+2H,, yielding to an epitaxial deposition
of Ge and Si (Fig. 3.1b).

Starting from a Si substrate, after a cleaning step, we grow a 420 C seed layer, after
which we grow high T epitaxial Ge at 625 C and repeat this sequence 5 times. Then we
anneal at 800 C. This process reduces the amount of threading dislocations to 1x 108 cm?
This is followed by a higher temperature (625 °C) relaxed Ge layer . The temperature is
then increased to 800 °C to grow the graded Si;_xGeyx layer where the chemical compo-
sition of the SiGe alloys (x) varies from 1 to the desired chemical composition (typically
0.8-0.9). The main reason to increase the temperature in this layer is to boost the growth
rate given that the thickness of this layer is approximately 1 um. These layers all together
constitute the strain relaxed buffer (SRB).

Starting from a Ge substrate, after a cleaning step, we grow directly the 800 °C graded
Si;_xGex layer where the Ge concentration in the SiGe alloy (x) varies from 1 to the de-
sired chemical composition. This forms the SRB.

Finally we grow the layers which define the quantum well: a constant composition
layer of SiGe (matching the chemical composition of the top of the SRB), one or more
Ge quantum wells, and a final layer of SiGe. The lower growth temperature of these
layers (500 °C) is chosen as a trade-off between having a low background concentration
of contaminants (lower oxygen content at higher temperatures) and sharp interfaces,
whilst avoiding strain relaxation [1], in the proximity of the quantum well.

3.2.2. STRUCTURAL CHARACTERIZATION

We use a wide set of material characterization techniques to investigate the structural
properties of the grown heterostructures and to inspect the fabricated devices. Some
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of these analysis are outsourced to trusted companies to have reproducible results and
baselines. The following list comprises the set of techniques commonly used to provide
feedback to our material stack and fabrication, and that were key to the advancement
presented in this thesis.

* Secondaryion mass spectroscopy (SIMS): We use the SIMS technique to assess the
thickness, composition and isotopic concentration of the different layers which
comprise the heterostructure.

e X-ray diffraction (XRD): The XRD technique provides us with insights on the lattice
parameter of the semiconductor layers at the top of the heterostructure.

* Raman spectroscopy: allows to map the strain of the top most layer of the het-
erostructure in the planar direction.

e Tunneling electron microscopy (TEM): provides us with a clear picture of the cross-
section of the heterostructure, from which we typically extract the thickness of the
different layers and sharpness of the interfaces. It can be combined with energy
discursive x-ray spectroscopy (EDX) or electron energy loss spectroscopy (EELS) to
also provide respectively qualitative and quantitative information on the chemical
composition. Further it allows to visualize defects and specifically dislocations.

* AFM: Atomic force microscopy is an essential feedback tool for fabrication, as it
allows to non-destructively analyze the development of the resist after each litho-
graphic step and the morphology of each layer of the device. It also allows to inves-
tigate the surface of the heterostructure, allowing to map roughness, strain fluctu-
ations, and pits which may arise from contaminations.

* Optical inspection: at the naked eye, the reflectivity of a wafer correlates to the
cristallinity, while the color provides insights on the composition of the top layers
of the heterostructure, or on the different depth or thickness of the quantum well.
With the microscope one can observe the cross-hatch pattern, which stems from
the pile-up of misfit dislocations in the SRB, and correlates with the strain fluc-
tuations in the heterostructure. Along with an HCI etching process in the growth
chamber, the optical microscope also allows for quantifying the number of thread-
ing dislocations.

3.3. DEVICE FABRICATION

During my thesis I fabricated several devices, Figure 3.2a shows the most relevant ones.
Hall-bar devices (a) were instrumental for the development and understanding of new
heterostructures, e.g. bilayers, lowering the strain in the QW or switching from Si to Ge

wafers (see results in chapters 4-7). Normal-superconductor QPCs and normal-superconductor-
normal QPC devices, SQUID devices and superconductor-semiconductor arrays (b) were

used for studying the superconductor-semiconductor systems in Ge (chapter 9). Quan-

tum dots devices (c) were used for studying holes occupation of vertically stacked quan-

tum dots (chapter 8 and charge noise in ref. [2]. A crossbar array of accumulation and
barrier gates (d) was fabricated to map threshold voltages across a chip and where crucial
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Figure 3.2: Selection of devices I fabricated: a) Optical image of a Hall-bar device (scale-bar corresponds to
20um). b The top two panels show SEM images of a SNS and a NS gpc (scale-bars corresponds to 300 nm).
Bottom panel shows an SEM image of a SQUID device (scale-bar corresponds to 1pum). Right panel shows
schematics of a Hall-bar shaped device comprising an array of superconducting islands (light blue). ¢) AFM
images of a two-dots device with two sensors (top), and a four-dots device with two sensors (bottom). Scale-
bars corresponds to 100 nm. d) SEM image of a crossbar array where each unit cell comprises an horizontal
accumulation gate crossed by a vertical barrier gate (scale-bar corresponds to 100 pm and 2 pm in the inset).
e False colored SEM image of a QARPET device: a crossbar array with 529 unit cells where each unit cell com-
prises two quantum dots and a sensor (scale-bar corresponds to 325 nm).

to developing the fabrication techniques and skills necessary for more complex crossbar
architecture. And finally, a qubit-array research-platform for engineering and testing
(QARPET), a crossbar array of hosting over a thousand potential spin qubits with an in-
terconnect compatible with modern dilution refrigerators (e).

The devices in this thesis are fabricated using a lift-off based multi-layer fabrication
process. Starting from a 4 inch wafer, we dice the wafer in 20x20mm coupons. Each
coupon typically contains 9 4x4mm cells which are diced into chips when the multi-layer
fabrication is completed. For all devices in this thesis the first layer consist of alignment
markers. These are typically made with a thick layer of Ti/Pt (3nm if Ti and 50 nm or
more of Pt), which thanks to the Pt high Z number is well suited for the SEM detection
system of the e-beam lithography machine. The second layer we deposit is a thick insu-
lating layer of SizN4 which is positioned under the gate bonding pads, this ensures that
when bonding a wire to a gate bonding pad no electrical short is created between the
gate electrode and the quantum well.
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3.3.1. HETEROSTRUCTURE FIELD EFFECT TRANSISTOR

Heterostructure field effect transistors consist of two layers, one for the ohmic contacts
and one for the gate. These layers are typically patterned using a laser writer given their
macroscopic size. First we pattern the ohmic layer and after resist development we per-
form a 15 s dip in buffer oxide etch to remove, within the ohmic contact, the thin Si oxide
layer which caps the heterostructure. Then we deposit via e-beam evaporation 15-60nm
of Pt, depending on the depth of the quantum well we are intending to contact. We an-
neal the Pt into the heterostructure either for 30 minutes at 300 °C in the ALD machine
(next step) or at 400 °C for 15 min in the rapid thermal annealer in argon atmosphere.
Both methods provide a sufficient thermal budget to promote the diffusion of Pt into the
heterostructure. We then deposit via atomic layer deposition at 300 C a 30 nm thick layer
of Al,O3 to insulate the ohmic layer from the gate layer. Finally, proceed with patterning
and depositing 3 nm of Ti and 17 nm of Pd.

3.3.2. HYBRID SUPERCONDUCTOR-SEMICONDUCTOR DEVICES

Our approach to fabricating superconducting contacts for hybrid devices is to deposit a
metal on top of the heterostructure and anneal it to form a metal-germanosilicide. The
annealing process provides energy for a solid state reaction between the metal and the
Si and Ge where the Pt diffuses into the SiGe and Si and Ge diffuse into metal. The fab-
rication of the superconducting PtGeSi contacts proceeds similarly to the fabrication of
ohmic contacts, etching the Si cap, and depositing 15 nm of Pt via e-beam evaporation.
We preform annealing in a rapid thermal annealer (the heat is provided by a infrared light
source) in argon gas to ensure a non reactive environment. Then we deposit alternating
layers of Al,O3 and TiPd gates which are used to define the shape of the electrostatical
potential in the quantum well.

3.3.3. QUANTUM DOTS AND CROSSBAR ARRAYS

The fabrication process for quantum dots and crossbar arrays is similar to that for hy-
brid devices. Although the width of the ohmic contacts is rather small ~50 nm the Pt
annealing recipe used for superconducting devices works well also to form small ohmic
contacts close to the device. An important aspect of the fabrication of tightly packed
gate layers (like in the case of crossbars) is to add additional topography to ease liftoff of
enclosed areas, this can be done by patterning dummy squares and avoiding continuous
long parallel electrode lines at sub-micron distance. We perform the liftoff of critical lay-
ers in a 40 C bath of AR600-74 with substantial sonication power for 1 h, with the coupon
facing downwards to avoid particle deposition on the coupon.

3.4. CRYOGENIC SETUP AND MEASUREMENTS

During my Ph.D. I used different low-temperature systems to investigate the electrical
properties of the devices.

3.4.1. DIPSTICK
This system allows to dip devices in liquid He at 4K. It offers a fast way to character-
ize transport through devices and assess whether all gates are modulating the potential
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landscape in the quantum well as desired. For Hallbar shaped devices one can apply an
out of plane magnetic field, measure classical Hall effect through the device and calcu-
late mobility, density, and capacitance of the device. This offers preliminary informa-
tion on the quality of the heterostructure, stability of the device, and offers insights in
possible flaws in the fabrication process. For Ge quantum dots the temperature is not
sufficiently low compared to the charging energy and therefore a dipstick measurement
only allows to verify the current flow through the sensor or a series of quantum dots and
have a qualitative estimation of lever arm for the different gates.

3.4.2. VARIABLE TEMPERATURE INSERT (VTI)

The Variable Temperature Insert (VTI) is used for temperature sweeps, providing precise
temperature control up to 10 K. This capability is particularly useful for measuring Ger-
manium (Ge), where the lower effective mass results in increased energy level spacing.
This enables to perform measurement in a temperature range relevant for extracting an
estimate of the effective mass.

3.4.3. DILUTION REFRIGERATOR

For the electrical characterization of the devices, I used both wet dilution refrigerators
(Leiden cryogenics, Oxford Kelvinox 300) and modern dry fridges (Oxford bottom loader,
Bluefors LD-400). These systems allow to reach mK temperatures thanks to the cooling
power provided by the separation of *He and *He phases. At temperatures below 870 mK
the mixture of >He and “He undergoes to a spontaneous phase transition into a >He rich
phase and a dilute phase with 6.6% concentration of 3He. The 3He is circulated in the
system by taking it out from the 3He-rich phase and pumping it back into the diluted
phase. The cooling power is provided by the negative enthalpy of 3He when passing
from the diluted to the concentrated phase.
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LIGHT EFFECTIVE HOLE MASS IN
UNDOPED GE/SIGE QUANTUM
WELLS

One of the key properties of compressively strained germanium quantum wells is the pre-
dicted low effective mass of holes arising from strain and confinement along the 001 di-
rections. In this work we study the dependence of the hole effective mass on the density in
top-gated field effect transistors by positioning the strained buried Ge channel at different
depths of 12 and 44 nm from the surface. We confirm the theoretically predicted depen-
dence of increasing mass with density and by extrapolation we find an effective mass of
~ 0.05m, at zero density, the lightest effective mass for a planar platform that demon-
strated spin qubits in quantum dots. The low effective mass and low disorder in this sys-
tem allow for larger electrostatically defined quantum dots compared to Silicon, easing
the fabrication process and the electrostatic control in the few holes regime.

This work was originally published as:
M. Lodari, A. Tosato, D. Sabbagh, M. A. Schubert, G. Capellini, A. Sammak, M. Veldhorst, G. Scappucci, Light
effective hole mass in undoped Ge/SiGe quantum wells. Physical Review B, 100(4), 041304 (2019).
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4.1. INTRODUCTION

Holes are rapidly emerging as a promising candidate for semiconductor quantum com-
puting.[1, 2, 3] In particular, holes in germanium (Ge) bear favorable properties for quan-
tum operation, such as strong spin-orbit coupling enabling electric driving without the
need of microscopic objects,[2, 3] large excited state splitting energies to isolate the
qubit states,[4] and ohmic contacts to virtually all metals for hybrid superconducting-
semiconducting research[5, 6, 7, 8, 9]. Furthermore, undoped planar Ge quantum wells
with hole mobilities u > 5 x 10° cm?/Vs were recently developed|[10] and shown to sup-
port quantum dots[11, 12] and single and two qubit logic, [3] providing scope to scale up
the number of qubits.

Holes in strained Ge/SiGe quantum wells have the attractive property of a light ef-
fective mass parallel to the Ge well interface.[13, 14, 4] This property is highly desirable
for spin qubits since it provides large energy level spacing in quantum dots, allowing to
relax lithographic fabrication requirements and enhance tunnel rates. The light effective
hole mass is due to the compressive strain in the quantum well, which splits the heavy
hole and light hole bands and induces a mass inversion, i.e. the topmost band develops
a lighter mass than the lower-lying band.[14] An effective hole mass of 0.05m, was re-
cently predicted[4] for Ge/Si;—xGe, heterostructures with alloy concentrations x ~ 0.75,
corresponding to strain levels accessible experimentally.

Previous studies in modulation doped Ge/SiGe heterostructures showed, indeed, a
very light effective mass of 0.055m,,[15] measured in Hall-bar devices aligned with the
<110> crystallographic direction and further reduced to 0.035m, for the <100> direc-
tion. The nonparabolicity effects of the valence bands[16, 17, 18, 19] tend to increase the
effective mass, with smaller values expected at lower hole densities p due to the decreas-
ing of the associated Fermi vector.

Modulation doping, however, exhibits impurities that are a source for charge noise,
disorder, gate leakage, and device instability at low temperature.[20] Therefore, undoped
Ge/SiGe quantum wells are preferable for quantum dot fabrication.[11] The transport
properties of undoped Ge/SiGe quantum wells are relatively unexplored and effective
mass measurements have shown so far conflicting results. In Ref. [21] a rather large ef-
fective mass of 0.105m, was reported at a low density of 1 x 10'! cm™2. Furthermore,
no clear dependence of the effective mass with density could be extracted in the investi-
gated range from ~ 0.6 x 10! cm™2 to ~ 1.4 x 10'! cm™2. In Ref. [22, 12], instead, a lighter
mass was reported with a nearly constant value of 0.08m, over the measured density
range (~1-4x 10 cm™2).

In this Letter we reconcile experiments with theoretical expectations and provide ev-
idence that the effective hole mass in low-disorder undoped Ge/SiGe decreases towards
lower densities. We measure a minimum effective mass value of 0.061m, at a density
of 2.2 x 1011 cm™2, which extrapolates to (0.048+0.006)m, at zero density. This makes
strained Ge/SiGe the planar platform with the lightest effective mass for spin qubit de-
vices.
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Figure 4.1: (a) STEM-EDX and TEM of a Ge/SiGe heterostructure field effect transistor with the quantum well
positioned 12 nm under the gate stack. (b) Saturation ps4; and percolation density pp as a function of the
position of the quantum well ¢. Curves are fits to a ~ 1/t dependence. Data for ¢ = 22 nm are extracted from
Ref [10]. (c) Density-dependent mobility u(p) and power law fit.

4.2. STRUCTURAL AND ELECTRICAL CHARACTERIZATION

The undoped Ge/SiGe heterostructures are grown by reduced-pressure chemical vapor
deposition and comprise a Sig 2Geg g virtual substrate, a 16-nm-thick Ge quantum well
(in-plane compressive strain of -0.63%) and a Sip »Geg g barrier. Two heterostructures of
different barrier thickness are considered (¢ = 12, 44 nm). Hall-bar shaped heterostruc-
ture field effect transistors (H-FET) are fabricated aligned along the <110> direction us-
ing a low-thermal budget process which features platinum-germanosilicide ohmic con-
tacts and an Al,O3/Ti/Au gate stack. Magnetotransport characterization of the devices
is performed at temperature T = 1.7 — 10 K using standard four-probe low-frequency
lock-in techniques.' A negative bias applied to the gate induces a two-dimensional hole
gas and controls the carrier density in the quantum well. Details of the heterostructure
growth, device fabrication and operation, and magnetotransport measurements are re-
ported in Ref. [10].

Figure 4.1(a) shows scanning transmission electron microscopy with energy disper-
sive X-ray (STEM-EDX) analysis of the shallow Ge quantum well (¢ = 12 nm) under the
gate stack. These images highlight the overall quality of the strained Ge H-FET. A uni-
form quantum well of constant thickness is obtained, and sharp interfaces are observed
between the quantum well and the barrier and between the barrier and the dielectric
layer.

The position of the quantum well determines the range of accessible density p in
these Ge H-FETs. At a given ¢, the density range extends from the percolation threshold

1
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density p, (Fig. 4.1(b), open circles) to the saturation density ps,, (Fig. 4.1(b), solid
circles). Saturation of carriers in the quantum well is achieved at high gate bias when
the Fermi level aligns with the valence band edge at the dielectric/SiGe interface.[23] We
observe a psq; ~ 1/t dependence, as expected from Poisson’s equation, indicating that
charges in the system are in the equilibrium state.[24] The percolation threshold den-
sity represents the critical density for establishing metallic conduction in the channel.
This is extracted by fitting the density-dependent conductivity in the low density regime
to percolation theory,[25, 26] as applied in Ref. [10] to Ge H-FETs. We observe a ~ 1/¢
dependence, expected for long-range scattering from remote impurities at the dielec-
tric/semiconductor interface.[27, 28]

Figure 4.1(c) shows the density-dependent mobility p at T = 1.7 K. The observed
power law dependence u ~ p® is characterized by an exponent « of 1.6 and 1.1 in the
shallow (black line, ¢ = 12 nm) and deeper quantum well (red line, ¢ = 44 nm), respec-
tively. The a values indicate that the mobility is limited by scattering from the dielec-
tric/semiconductor interface, as previously observed in Si/SiGe and Ge/SiGe H-FETs.[29,
30, 24, 10] Despite the close proximity to the dielectric interface, the shallower quantum
well has a remarkable peak mobility of 1.64 x 10° cm?/Vs at p = 1.05 x 10'2 cm™2, 2.4x
larger than previous reports for quantum wells positioned at a similar distance from the
surface.[24] At higher density the mobility starts to drop, possibly due to occupation of
the second subband or to different scattering mechanisms becoming dominant. The
deeper quantum well (¢ = 44 nm) has a higher mobility of 2.6 x 10°> cm?/Vs at a much
lower density of 2.9 x 10'! cm™2, as expected due to the larger separation from the scat-
tering impurities. We therefore find, by using Ge H-FETs with different ¢, that high values
of mobility are achieved over a large range of density, making these devices well suited
for Shubnikov-de Haas (SdH) measurements of the density-dependent effective mass.

4.3. LANDAU FAN DIAGRAM

In Fig. 4.2(a) we show a Landau fan diagram for the shallow quantum well (¢ = 12 nm).
This is obtained by plotting the oscillatory component of the magnetoresistivity Apx/po =
(pxx(B) —po)/po at T = 1.7 K as a function of out-of-plane magnetic field B and carrier
density p, obtained from the low-field Hall data. Shubnikov-de Haas oscillations fan out
towards higher field and density, with Zeeman spin splitting visible at odd filling fac-
tors v. Temperature dependence of the oscillation amplitudes are shown in Fig. 4.2(b)
and (c) after a polynomial background subtraction. Fig. 4.2(b) shows the cross-section
of the fan diagram at fixed density, obtained by keeping the gate voltage constant while
sweeping the magnetic field. Alternatively, the density is swept at a fixed magnetic field
(Fig. 4.2(c)). Both data sets allow the estimate of the effective mass with a better insight
into the dependence on B and p. The effective mass m* is obtained by fitting the thermal
damping of the SdH oscillations by using the expression[31]

Ap/po(T) _ Tsinh(BTy)
Aplpo(Ty)  Tosinh(BT)’

4.1)

2nkpm*
where § = #, kp is the Boltzmann constant, 7 is the Plank constant, e is the elec-

tron charge and Ty = 1.7 Kis the coldest temperature at which the oscillations were mea-
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Figure 4.2: (a) Fan diagram at T = 1.7 K showing the magnetoresistance normalized to the zero field value
Apxx/po as a function of B and p for the sample with ¢ = 12 nm. Filling factors v assigned from quantum
Hall effect are indicated. (b) Apxx/po as a function of B. The data was taken at a fixed density p = 6.6 x
101! cm™—2. Different colors correspond to different temperatures from 1.7 K (dark blue) to 10 K (orange). (c)
Apxx/po as afunction of p. The data was taken at a fixed magnetic field B = 2.5 T. Different colors correspond to
different temperatures from 1.7 K (dark blue) to 10 K (orange). Data in (b) and (c) are plotted after polynomial
background subtraction to take into account for non-oscillatory components of the magnetoresistance, likely
arising from bandstructure semi-classical effects and/or hole-hole interactions. The polynomial background
is fitted by using the low field resistivity before onset of the SdH oscillations and the oscillation nodes. These
are found by averaging adjacent SdH oscillations maxima and minima.

sured.

4.4. DENSITY AND FIELD DEPENDENCE OF THE EFFECTIVE MASS

In Fig. 4.3(a) experimental data and theoretical fitting are shown for different densities at
a fixed magnetic field B = 2.5 T. The resulting m* values are reported in units of the elec-
tron mass as a function of the correspondent density p in Fig. 4.3(b) for both quantum
wells. We observe a strong increasing mass with density, which nearly doubles over the
range of investigated densities. The magnetic field dependence of the mass (Fig. 4.3(c))
is rather weak in the investigated range (B < 4 T), which is limited to SdH oscillations
before Zeeman splitting. From a phenomenological linear fit of the density-dependent
effective mass in Fig.3(b) we extrapolate an effective mass of (0.048+0.006) m,. at zero
density. This value is in agreement with the predicted theoretical value calculated from
the density of states at the I' point,[4] reconciling theory and experiments This value is
in agreement with the predicted theoretical value calculated from the density of states at
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Figure 4.3: Apxx/po (solid circles) as a function of T, normalized at Apxx/po(Tp), with Tp = 1.7 K. The data was
taken at a fixed magnetic field B = 2.5 T. Different colors correspond to increasing densities from 3.84 x 101!
cm™2 (dark blue) to 10.66 x 101! cm™2 (orange). Lines are theoretical fits used to extract m* as a function
of density. (b) Density dependent m* and linear extrapolation to zero density. The data at # = 44 nm was
obtained by sweeping the magnetic field at a fixed density, while those at ¢ = 12 nm were obtained by sweeping
the density at fixed magnetic field. Different colors correspond to different magnetic fields (see legend). (c)
Effective mass m™ as a function of magnetic field B. Different colors correspond to increasing densities from
~5.8x 1011 em™2 (dark blue) to ~ 9.5 x 1011 ecm™2 (orange). For clarity, lines join experimental points taken at
the same density.

the I point, [4] reconciling theory and experiments.

4.5. DISCUSSION

In summary, we have measured the effective hole mass over a large range of densities in
high-mobility undoped Ge/SiGe quantum wells. The obtained values (0.061m,), extrap-
olated to (0.048+0.006)m, at zero density, are the lightest effective mass reported for a
planar platform that demonstrated spin qubits in quantum dots. These results position
planar germanium as a promising material towards the development of spin and hybrid
quantum technologies.
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LIGHTLY-STRAINED GERMANIUM
QUANTUM WELLS WITH HOLE
MOBILITY EXCEEDING ONE
MILLION

Strain is a crucial design parameter of Ge/SiGe heterostructures. On one hand, strain in
the quantum well enables tuning of the system's band structure and associated properties
such as effective mass, g-factor and spin orbit. On the other hand such quantum wells are
grown coherently on SiGe strained relaxed buffers, where strain becomes a source of struc-
tural defects and variability and it needs to be carefully managed to ensure a uniform po-
tential landscape in the active region of the heterostructure. In this work we demonstrate
that a lightly-strained germanium channel (€;; = —0.41%) in an undoped Ge/Siy.1 Gey 9
heterostructure field effect transistor supports a 2D hole gas with mobility in excess of
1 x 108 cm?/Vs and percolation density less than 5 x 10'° cm™2. This low disorder 2D
hole system shows tunable fractional quantum Hall effect at low density and low mag-
netic field. The low-disorder and small effective mass (0.068m,) defines lightly-strained
germanium as a basis to tune the strength of the spin-orbit coupling for fast and coherent
quantum hardware.

This work was originally published as:

M. Lodari, O. Kong, M. Rendell, A. Tosato, A. Sammak, M. Veldhorst, A. R. Hamilton, G. Scappucci, Lightly
strained germanium quantum wells with hole mobility exceeding one million. Applied Physics Letters 120, 12
(2022).
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5.1. INTRODUCTION

Quantum confined holes in germanium are emerging as a compelling platform for quan-
tum information processing because of several favorable properties.[1] The light hole ef-
fective mass (~ 0.05m, at zero density)[2] and the absence of valley degeneracy|(3, 4] give
rise to large orbital splittings in quantum dots.[5] The intrinsic sizable and tunable spin-
orbit coupling (SOC)[6, 7] enables all-electrical fast qubit driving.[8, 9, 10, 11] Further-
more, the capability to host superconducting pairing correlations[12, 13, 14] is promis-
ing for the co-integration of spin-qubits with superconductors in hybrid architectures
for spin-spin long-distance entanglement and quantum information transfer between
different qubit types.[15, 16, 17, 18, 19, 20, 21]

Planar Ge/SiGe heterostructures are promising for scaling up to large quantum pro-
cessors due to their compatibility with advanced semiconductor manufacturing.[22] The
low-disorder in planar Ge quantum wells[23] enabled the demonstration of a four-qubit
quantum processor based on hole spins in a two-by-two array of quantum dots.[24]
These heterostructures featured a Sip 2 Gey g strain-relaxed buffer (SRB), resulting in quan-
tum wells with compressive strain €/, = —0.63%.[25] Alternatively, higher strained Ge
(g7, = —1.18 %) on Sip 25Geg 75 SRBs enabled singlet-triplet spin qubits.[26] Lightly-strained
Ge/SiGe heterostructures are unexplored and could offer potentially larger SOC because
of the reduced energy splitting between heavy-holes (HH) and light holes (LH),[27] which
is = 17 meV for Ge/Sip 1 Geg 9 compared to = 51 meV for Ge/Siy »Gey g, respectively.[4, 3]
As such, lightly-strained Ge is interesting for exploring faster spin-qubit driving and for
topological devices. In this letter we demonstrate that lightly-strained Ge quantum wells
in undoped Ge/Sijy 1 Gep g9 support a two-dimensional hole gas (2DHG) with low disor-
der at low density, a prerequisite for further exploration of lightly-strained Ge quantum
devices.

5.2. STRAIN CHARACTERIZATION AND CLASSICAL TRANSPORT

We grow the Ge/SiGe heterostructure by reduced-pressure chemical vapor deposition on
a Si(001) wafer and then we fabricate Hall-bar shaped heterostructure field effect tran-
sistors (H-FETs) with the same process as in Refs. [25, 2, 23]. Here, a 16 nm strained Ge
(sGe) quantum well (QW) is positioned between two strain-relaxed layers of Si ; Geg g, at
adepth of 66 nm [schematics in Fig. 5.1(a)].! Applying a negative DC bias to the accumu-
lation gate Vg induces a 2DHG at the Ge/Sig.1 Gep g interface. The density in the 2DHG
p is increased above the percolation density p, by making V, more negative. We use
standard four-probe low-frequency lock-in techniques for mobility-density and magne-
totransport characterization at 7 = 1.7 K and 70 mK, with excitation source-drain bias of
1 mV and 100 peV, respectively. We do not measure gate to drain current leakage over
the range of applied V4. Figure 5.1(b) shows the Raman spectra measured with a 633 nm
red laser to determine the strain in the Ge QW. Comparing Ge/Siy.1Geg 9 (red) to a con-
trol Ge/Sip2Gep g (black), we observe the Raman peak from the Ge-Ge vibration mode
(sGe) in the QW appearing at a lower Raman shift. Conversely, the Raman peak from
the SiGe layer is appearing at a higher Raman shift. These observations are consistent
with the QW in Ge/Sip ;1 Gep g being less strained due to a Ge-richer SiGe SRB.[28] From

1The chemical composition of the layers is measured by secondary ion mass spectroscopy
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Figure 5.1: (a) Schematic of a Ge/SiGe heterostructure field effect transistor. The strained Ge QW (sGe) is grown
with the same lattice parameter to a Sip.1 Geg.9 SRB obtained by reverse grading, and it is separated from the
native-SiO/Al» O3 dielectric and from the Ti/Au metallic gate stack by a 66 nm thick Sig 1 Geg g layer. (b) Inten-
sity spectra as a function of Raman shift from a Ge/Sip 2Geg g (black) and Ge/Sig 1 Geg g (red) heterostructures.
(c) Mobility u as a function of density p at T = 1.7 K from five Hall bar devices from the same wafer. The inset
shows the maximum mobility p;,4x from all the devices and average value + standard deviation (black). (d)
Conductivity o xx as a function of density p (circles) and fit to percolation theory in the low density regime
(solid lines). The inset shows the percolation density pp from all the devices and average value + standard
deviation (black).

the position of the Raman shift (301.7 cm™!), we estimate a light compressive strain of
£7) = —0.41% for the QW in Ge/Sip ; Geg 9. This is significantly lower than in Refs. [25, 26].

Moving on to electrical characterisation, we operate the H-FET as following. We turn
on the device at Vg ~ —0.4 V and sweep V to larger negative voltages (Vg = =9 V) to sat-
urate the traps at the semiconductor/dielectric interface via charge tunneling from the




5. LIGHTLY-STRAINED GERMANIUM QUANTUM WELLS WITH HOLE MOBILITY EXCEEDING
44 ONE MILLION

quantum well, similarly to what observed in shallow Ge/Sip2Gep g H-FETs.[25] At these
large gate voltages, the density reaches saturation (ps,;) when the Fermi level crosses
the surface quantum well at the Sij ;SiGe g/dielectric interface,[29] thereby screening
the electric field at the sGe QW.[30] Fig. 5.1(c) shows the mobility u as a function of
Hall density p from five H-FETs fabricated on a 2 x 2 cm? coupon from the center of
the 100 mm wafer and measured at T = 1.7 K. The mobility increases steeply with p
due to the increasing screening of scattering from remote charged impurities.[31, 32,
30] At higher density (p = 7 x 10'° cm~2), short range scattering from impurities within
and/or in proximity of the quantum well becomes the mobility-limiting scattering mech-
anism.[30] We observe a maximum mobility (1,4 in the range of 0.8 — 1.2 x 105 cm?/Vs
for psq; in the range of 9.43 — 9.64 x 101 cm™2 over the five investigated H-FETs. The
inset in Fig. 5.1(c) shows a box plot of u;,,, across the devices, with an average value
of (1.03 +0.15) x 10% cm?/Vs (black), setting a benchmark for holes in buried channel
transistors. Crucially, such high mobility is measured at very low density below p =
1 x 10'! cm™2, a significant improvement compared to previous studies in Ge/SiGe.[25,
23]

Beyond pnax, pp is a key metric for characterizing the disorder potential landscape
at low density, the regime relevant for quantum dot qubits. Figure 5.1(d) shows the
conductivity o (circles) as a function of density p for all the investigated devices and
their fit to percolation theory (lines) o ~ (p — p,)'*!, where the exponent 1.31 is fixed
for 2D systems.[33] p, ranges from 3.5 to 4.8 x 10’ cm™2. Figure 5.1(d) inset shows
a box plot of the percolation density p, across the devices with an average value of
pp = (4.2£0.6) x 10'° cm™2 (black). We take these values as an upper bound for p,,
since we observed smaller values of pp [(1.76 £0.04) x 1019 cm™2 at T = 70 mK] if the
range of applied gate voltage is restricted to small voltages above the turn-on threshold.

5.3. MAGNETOTRANSPORT AND LANDAU FAN DIAGRAM

Since Ge/Sg1Geg g is characterized by such low level of disorder, we further explored
the quantum transport proprieties of the 2DHG at 70 mK. Figure 5.2(a) shows the lon-
gitudinal resistivity pyx (black) and transverse Hall resistivity px, (red) as a function of
perpendicular magnetic field B up to 0.75 T and at a Hall density of 7.2 x 10'° cm™2 and
1 =8.1x 10° cm?/Vs. We observe clear Shubnikov-de Haas (SdH) resistivity oscillations
above 80 mT. The onset for resolving the spin-degeneracy by Zeeman splitting is 0.17 T
and p,, minima reach zero already at 0.5 T. We do not observe beatings in the SdH oscil-
lations associated with increased Rashba spin-splitting. We speculate that such beatings
are more likely to be visible at higher densities, that require the quantum well to be closer
to the dielectric interface.[2]

Fig. 5.3(b) shows the SdH oscillations at higher magnetic fields: strong minima are
developed for filling factors v with integer and fractional values. Clear plateaus are vis-
ible in py for v = 2/3 and 1/3, where correspondingly p, vanishes. Such high qual-
ity fractional quantum Hall effect (FQHE) has previously only been reported holes in
modulation-doped systems at higher carrier density and, hence, atlarger magnetic fields.[34,
35, 36] Here, in undoped heterostructure, we use the top-gate to follow the evolution of
FQHE states down to low density, providing avenues for studying the underlying physics.

The color map in Fig. 5.3(a), measured at T = 70 mK, shows p,, (normalized to the
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Figure 5.2: Longitudinal resistivity pxx (black) and transverse Hall resistivity pxy (red) as a function of per-
pendicular magnetic field B at 70 mK, at a density of p = 7.2 x 101° cm™2 and mobility = 8.1 x 105 cm?/Vs.
(a) Low-field Shubnikov-de Haas oscillations from B = 0 to 0.75 T, and (b) in a expanded magnetic field range
from B = 0 to 9 T. Onset of Landau levels (Br) and Zeeman splitting (Bz) are reported. Integer and fractional
Landau levels labels are reported.

value pyy,0 at zero magnetic field) as a function of magnetic field B and Hall density p in
the range of 4.1 — 7.1 x 10'° cm™2. Yellow and blue regions in the color map correspond
to peaks and dips in the normalized p,y, highlighting the density-dependent evolution
of integer and fractional filling factors. All filling factors fan out towards higher magnetic
field and density, and fractional filling factors are well resolved across the full investi-
gated range of density and magnetic field. Three line cuts from the color map are shown
in Fig. 5.3(b-d), at decreasing density p = 7.1 (blue), 5.9 (green), and 4.2 x 10'° cm™2
(red), respectively. We observe that the minima associated with fractional v become
shallower as the density is decreased, possibly because of increased level broadening
by unscreened disorder and because of weaker Coulomb interactions and correlation
effects.[35, 36] We also observe the distance between the onset of Shubnikov-de Haas
oscillations (B;) and Zeeman splitting (Bz) reducing from Fig. 5.3(b) to Fig. 5.3(c). In
Fig. 5.3(d), B, and B have crossed, meaning that at p = 4.2 x 101° cm ™2 the Zeeman gap
is larger than the cyclotron gap and therefore the spin susceptibility (g* m*)/m, = 1,[37]
where m* is the effective mass and g* the effective g-factor out of plane. Indeed, from
thermal activation measurement (Supplementary Material) we estimate m* = (0.068 +
0.001)m, and g* = 13.95+0.18 at a density of 5.8 x 10!° cm™2, corresponding to a spin
susceptibility of ~ 1. We note that similar values of m* and g* were reported in Ge/Sig 2Geg g[2,
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Figure 5.3: (a) Normalized longitudinal resistivity pxx/pxx,0 as a function of magnetic field B and Hall density p
at T =70 mK. Labels of integer and fractional v assigned from the quantum Hall effect are reported. Amplitude
color scale: 0 to 60. Dashed lines correspondent to the line cuts pyy vs. B at different densities are reported for
(b) p=7.1, (c) 5.9, and (d) 4.2 x 1019 cm™2. Labels of Landau levels (Br) and Zeeman splitting (B) onset are
reported.

5] albeit at much higher density, pointing to higher HH-LH intermixing in the lightly
strained quantum wells at lower density, as expected from theory.[3]

5.4. DISCUSSION

In conclusion, we demonstrated a lightly-strained Ge/SiGe heterostrucure supporting a
2DHG with mobility in excess of one million and low percolation density (less than 5 x
10'° cm~2). Such low disorder enables measurement of FQHE at tunable low density and
low magnetic fields. To mitigate the effect of traps at the interface and to suppress tun-
neling from the quantum well to the surface, we speculate that lightly-strained Ge chan-
nels could be positioned deeper compared to more strained channels[29, 23] because
of the smaller band offset (= 66 meV Ge/Sig2Gegg vs. = 130 meV in Ge/Siy2Geg g). Fur-
ther measurements in quantum dots, where confinement increases the HH-LH mixing,
will help to elucidate the effect of reduced strain on the spin-orbit coupling in the sys-
tem. The demonstration that holes can be defined in QWs with varying strain provides
avenues to explore the opportunities in the germanium quantum information route.

5.5. SUPPLEMENTARY INFORMATION

We extrapolate the effective g* factor and the effective mass m* from the temperature-
dependent decay of the longitudinal resistivity p at different filling factors v = ph/eB,,
where h is the Planck constant, e is the electron charge, and B, is the magnetic field at
integer values of v. Figure 5.4 shows the Shubnikov-de Haas oscillations as a function
of v measured at a density of p = 5.8 x 10'° cm™2 in the temperature range from T =
68 mK to 1.2 K. Filling factors v = 2 is resolved at a magnetic field B ~ 1.2 T, and both
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Figure 5.4: Temperature dependent longitudinal resistivity pxx as a function of filling factor v in the tempera-
ture range from T = 68 mK (blue) to 1.2 K (orange).

even and odd filling factors are resolved up to v = 26 and 15 at lower field at the coldest
temperature, respectively.
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Figure 5.5: Activation energy gap Ay as a function of magnetic field B for even (red) and odd (green) filling
factors v, along with linear fits. The inset shows the Arrhenius plot The inset shows the Arrhenius plot and fit
to extract Ay, for v =>5.

The activation energy gap A, of each filling factor can be obtained from the ther-
mally activated dependence of the SdH oscillation minimum for a given filling factor, as
reported in the Arrhenius plot of the I7n(pxx,) vs. 1/T (black circles, inset Fig. 5.5). Fol-
lowing the Boltzmann statistics, the longitudinal magnetoresistance of a specific minima
can be described via the relation In(pxx,) x —Ay/(2kpT), where kg is the Boltzmann
constant. The activation energy of the filling factors A, can be extrapolated from the
slope of a linear fit (red).
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Since the even and odd filling factors corresponds to the cyclotron frequency and the
Zeeman splitting, respectively, and a linear relation links activation energy A, and the
magnetic field B, at which each v occur, the effective mass m™* and the effective g* can
be extrapolated from a linear fit of the A, (B,) dependence. Figure 5.5 shows the extrap-
olated activation energy A, as a function of magnetic field B for all the investigated even
and odd filling factors (red and green, respectively). The effective g* can be extrapolated
from the slope of a linear fit A, 44 = g*pupB (green line), where up is the Bohr mag-
netron. Once the g* is know, then the effective mass m* can be obtained from the slope
of the linear fit Ay ¢pen = heB/m* — g* up B (red line).

For a density of p = 0.58 x 10!° cm ™2, we found an effective g* factor of 13.95+0.18 and
an effective mass m* of 0.068 +0.001.
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GERMANIUM WAFERS FOR
STRAINED QUANTUM WELLS WITH
LOW DISORDER

A crucial requirement for building scalable quantum systems in Ge/SiGe heterostructures
is achieving a remarkably uniform active region. However, the presence of structural de-
fects and strain fluctuations can severely undermine this uniformity. In this work we ad-
dress these issues and improve the uniformity of the active region by adopting a novel ap-
proach: growing GelSiGe heterostructures on 100 mm Ge wafers. The use of Ge wafers
as substrates for epitaxy enables high-quality Ge-rich SiGe strain-relaxed buffers with a
threading dislocation density of (6 +1) x 10° cm™2, nearly an order of magnitude im-
provement compared to control strain-relaxed buffers on Si wafers. The associated reduc-
tion in short-range scattering allows for a drastic improvement of the disorder properties
of the two-dimensional hole gas, measured in several Ge/SiGe heterostructure field-effect
transistors. We measure an average low percolation density of (1.22 +0.03) x 101 cm™2,
and an average maximum mobility of (3.4 +0.1) x 10® cm?/Vs and quantum mobility
of (8.4 +0.5) x 10* cm?/Vs when the hole density in the quantum well is saturated to
(1.65 +0.02) x 10'! cm™2. We anticipate immediate application of these heterostructures
for next-generation, higher-performance Ge spin-qubits and their integration into larger
quantum processors.

This work was originally published as:
L. E. A. Stehouwer, A. Tosato, D. d. Esposti, D. Costa, M. Veldhorst, A. Sammak, G. Scappucci, Germanium
wafers for strained quantum wells with low disorder, Applied Physics Letters, 123, 9 (2023).
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6.1. INTRODUCTION

Strained germanium quantum wells in silicon-germanium heterostructures (Ge/SiGe)
have become the leading platform for quantum computation with hole spin qubits.[1]
Single-hole spin qubits and singlet-triplet qubits can be universally controlled,[2, 3, 4]
four-qubit logic has been executed,[5] and quantum dot systems have been scaled to
crossbar arrays comprising 16 quantum dots.[6] Furthermore, the demonstration of a
hard superconducting gap in Ge[7] motivates the pursuit of coherent coupling of high
fidelity Ge spin qubits using crossed Andreev reflection for achieving two-qubit gates
over micrometer distances.[8, 9] While single-spin qubits have been operated with fi-
delity as high as 99.99%,[10] and rudimentary error correction circuits have been exe-
cuted,[11] quantum coherence limits the operation of larger systems. Although Ge can
be isotopically enriched to remove dephasing due to hyperfine interaction,[12] which
can also be achieved by strong confinement,[13] hole spin qubits are highly sensitive to
charge noise, strain fluctuations, and other types of disorder that can affect the spin-
orbit interactions.[14, 15, 16, 17] In addition to optimizing the semiconductor-dielectric
interface in qubit devices, further improving the crystalline quality of strained quantum
wells[18] appears as a key step to obtain a quieter environment for Ge quantum dots.

In the absence of suitable SiGe wafers for high-quality and uniform epitaxy, strained
Ge quantum wells are commonly deposited on Si;_xGe, strain-relaxed buffers (SRBs)
with high Ge composition (x = 0.7—-0.8).[1] Starting epitaxy from a Si wafer, Ge-rich SiGe
SRBs are obtained by composition grading either in a forward-graded process[19] orin a
reverse-graded process after the deposition of a thick strain-relaxed Ge layer.[20, 21] In
both cases, the large lattice mismatch between the Si substrate and the Ge-rich SiGe SRB
causes a dense misfit dislocation network, with associated threading dislocations that
propagate through the quantum well. Moreover, such misfit dislocation network drives
significantlocal strain fluctuations inside the Ge quantum well,[22], thus challenging the
scalability of semiconductor qubits. In Ge/SiGe heterostructures used to host qubits, the
threading dislocation density (TDD) is in the range =~ 10° — 107 cm™2.[21, 3] It is not sur-
prising that Si/SiGe heterostructures have smaller TDD (~10° cm~2) because the Si-rich
SiGe SRBs have less lattice mismatch to the Si substrate due to the smaller Ge composi-
tion (x = 0.2 —0.3). In this Letter we depart from Si wafers and investigate Ge/SiGe het-
erostructures grown directly on Ge wafers, mitigating the complication of a large lattice-
mismatch between Ge-rich SiGe and Si wafers. As a result, we show a significant en-
hancement of the crystal quality of the heterostructure, as well as a drastic improvement
in the disorder properties of the two-dimensional hole gas (2DHG) that it supports.

6.2. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION

Schematics in Figs. 6.1(a) and (b) compare heterostructures on a Ge wafer with our con-
trol reverse-graded heterostructures on a Si wafer,[23] the same that supported a four
qubit quantum processor and a 16 quantum dot crossbar array.[5, 6] The 100 mm Ge
wafers are prepared for epitaxy by an ex-situ HF-dip etch followed by in-situ bake at
800 °C. The heterostructure is grown in a high-throughput reduced-pressure chemical
vapor deposition tool from high-purity germane and dichlorosilane. The SiGe SRB is
~2.5 um thick and obtained by forward step grading of the Si content (1-x = 0.07,0.13,0.17).
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(a) (b)

SiGe
sGe
SiGe
Ge
Si substrate

Figure 6.1: (a) Schematic of a Ge/SiGe heterostructure on a Ge wafer and (b) on a Si wafer. The strained Ge
(sGe) quantum wells are grown with the same lattice parameter to SiGe strain-relaxed buffers (SRB). (c) and
(d) Comparative optical microscope images of the heterostructures in (a) and (b) after threading dislocation
decoration. The images are aligned to the (110) crystallographic axes. (e) and (f) Comparative atomic force
microscopy images of the heterostructures in (a) and (b). The images were taken with an alignemnt of about
45 degrees to the (110) crystallographic axes.

This approach mirrors the common approach in Si/SiGe heterostructures where the
Ge content is forward-graded starting from a Si wafer. Like our previous heterostruc-
tures,[21] the SiGe SRB is deposited at 800 °C and the growth temperature is reduced to
500 °C for the final 200 nm of SiGe below the quantum well and for all the layers above to
achieve sharp quantum well interfaces. Importantly, by growing on Ge wafers we avoid
the overtensile strain arising from the difference in the thermal expansion coefficients
between Ge epilayers and Si substrates.[20] Consequently, to achieve an in-plane strain
(€) in the Ge quantum well similar to our previous heterostructures,[21, 23] here we in-
crease the final Ge content x in the Si;_Ge, SRB to 0.83 (the supplementary material)
compared to 0.8 in Refs. [21, 23]). The thickness of the Ge quantum well (16 nm) and
of the SiGe barrier on top (55 nm) are nominally the same compared to Ref. [23] for a
meaningful comparison of the electrical transport properties.

Figure 6.1(c) and (d) show comparative images by Nomarski microscopy of the het-
erostructures on a Ge and on a Si wafer after decorating the threading dislocations by in-
situ HCl vapor etching.[24] We quantify the TDD by counting the number of decorated
threading dislocations from multiple images taken across the wafer. Changing substrate
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Figure 6.2: (a) Typical intensity spectra as a function of the Raman shift for a Ge/SiGe heterostructure on a Ge
wafer. The positions of the Raman peaks from the Ge-Ge vibration modes in the strained Ge quantum well and
in the SiGe layer are marked as wge and wsige, respectively. (b) Distribution of Raman peak positions of the
Ge-Ge modes obtained by analyzing Raman spectra over an area of 30 x 30 um? and linear fit (red). (c) Raman
strain map, corresponding to the wge Raman shifts in (b). The map is aligned to the (110) crystallographic axes.
(d) Strain fluctuations from the Raman map in (c) and normal distribution fit (black). Counts are normalized
such that the area under the curve integrates to one.

from Si to Ge improves the TDD almost an order of magnitude, from (5.3+0.3) x 108 cm™2
to (6+1)x10° cm™2. Consequently the average TD separation (1/v'TDD) becomes much
longer, from ~ 4.3 um to ~ 13 pm. Comparative atomic-force microscopy images in
Figs. 6.1(e) and (f) show the typical cross hatch pattern arising from the strain-releasing
misfit dislocation network within the SiGe SRB on Ge and Si wafers, respectively. The
root mean square surface roughness of both heterostructures is similar at ~1.5 nm. How-
ever, the heterostructure grown on a Ge wafer shows cross-hatch undulations with a
longer wavelength and weaker high-frequency components of the Fourier spectrum (the
supplementary material). This observation supports the intuition that the Ge-rich SiGe
SRB has a less dense network of misfit dislocations when grown on a Ge wafer, as the lat-
tice mismatch with the substrate is smaller compared to when it is grown on a Si wafer.
We further characterize the heterostructure on the Ge wafer by scanning Raman
spectroscopy over an area of 30 x 30 um?, much larger than the length scale of the cross-
hatch pattern features. In particular, we determined the in-plane strain in the quan-
tum well € and analyzed the origin and bandwidth of its fluctuations. The representative
spectrum in Fig. 6.2(a) was obtained with a 633 nm red laser and shows two clear Raman
peaks originating from the Ge-Ge vibration modes in the strained Ge quantum well (wge)
and in the SiGe layer (wsjge). The distribution of these Raman shifts in Fig. 6.2(b) shows a
strong correlation, with a slope Awge/Awsige = 1.05 + 0.02. Comparing to predictions by
Eq.5in Ref. [25], we argue that the distribution of the Raman shift in the Ge quantum well
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is mainly driven by strain fluctuations in the SiGe SRB (expected Awge/Awsige ~ 0.83),
rather than compositional fluctuations (Awge/Awsige ~ 0.25). Figure 6.2(c) shows the
Raman strain map of the Ge quantum well calculated using € = (wWge — wg)/ pSe, where
wo =299.9 cm™! is the Raman shift for bulk Ge and ¢ = —440 cm™! is the Ge phonon
strain shift coefficient.[26] We identify signatures of the cross-hatch pattern, with regions
featuring higher and lower strain around a mean strain value € = (—6.9+0.2) x 10~3. This
is similar to the compressive strain measured in our Ge quantum wells on a Si wafer,[21]
validating our heterostructure design and comparative analysis. The statistics of the lat-
eral strain map are shown in Fig. 6.2d. The strain fluctuations Ae around the average €
follow a normal distribution with a standard deviation of 2 x 10~. The bandwidth of the
strain fluctuations is reduced when compared to the strain fluctuations from the het-
erostructure on a Si wafer,[22] pointing to a more uniform strain landscape.

The structural characterization highlights the improvement in crystal quality when
growing a Ge-rich SRB on a Ge wafer instead of a Si wafer. Next, we show how a bet-
ter and more uniform crystalline environment improves the disorder properties of the
2DHG. We fabricate six Hall-bar shaped heterostructure field effect transistors (H-FETs)
on a 2 x 2 cm? coupon from the center of the 100 mm wafer with a similar process as
in Ref. [23] We accumulate a 2DHG inside the Ge quantum well by applying a nega-
tive DC gate voltage (V) to the top gate of the H-FETs and we increase the density p
in the 2DHG above the percolation density (pp) by making V, more negative. We use
standard four-probe low-frequency lock-in techniques for mobility-density and mag-
netotransport characterization of all devices in a dilution refrigerator equipped with a
cryo-multiplexer[27] (T = 70 mK measured at the mixing chamber).

6.3. CLASSICAL AND QUANTUM TRANSPORT

Figure 6.3(a) shows the density-dependent mobility curve (solid line), obtained by av-
eraging over the six H-FETs, together with the standard deviation (shaded region). We
observe a tight distribution over the entire density range, indicating a very uniform dis-
order potential landscape. The mobility increases steeply with increasing density, due to
increasing screening of the remote impurity charges, most likely at the semiconductor-
dielectric interface. At higher densities (p > 5 x 10'° cm~2), the mobility increases less
rapidly, signaling the relevance of scattering from impurities within or in the proximity
of the quantum well.[28] We observe a maximum mobility pimax in the range of 3.3 -3.6 x
10% cm?2/Vs over the six investigated H-FETS (Fig. 6.3(a), inset), from which we extract
an average [max = (3.4+£0.1) x 108 ¢cm?/Vs at a saturation density psar = (1.65 £ 0.02) x
10" cm~?, corresponding to a long mean free path of 23 um. Figure 6.3b shows the longi-
tudinal conductivity o4 as a function of density p for a representative H-FET. We extract
the percolation density p;, from fitting to percolation theory,[29] oxx o< (p - pp)1'31. The
inset shows p, for the six H-FETs, from which we extract an average percolation density
pp = (1.22+0.03) x 10" cm™2.

Compared to our control heterostructures on a Si wafer supporting qubits,[23, 5] the
maximum mobility is more than 15 times larger and the percolation density is more than
1.5 times smaller. We speculate that this significant improvement, throughout the whole
density range, is associated with the suppression of short-range scattering from dislo-
cations within the quantum well. Furthermore, the mobility has not yet saturated in-
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Figure 6.3: (a) Mobility u mean (blue) and standard deviation (shaded) as a function of density p obtained
from measurements at T = 70 mK of six Hall bar devices from the same wafer. The inset shows the maximum
mobility pmax from all the devices and average value + standard deviation (black). (b) Conductivity oxx as
a function of p (circles) for one device and fit to the percolation theory in the low density regime (solid red
line). The inset shows the percolation density pp from all the devices and average value + standard deviation
(black). (c) Longitudinal resistivity pxx as a function of perpendicular magnetic field B measured at a density of
1.5 x 10'! cm™2 (upper panel) and 6 x 101 cm~2 (lower panel). BE"e" and B24d indicate the critical magnetic
fields for resolving even and odd filling factors, corresponding to the cyclotron and the spin gap, respectively.

dicating that it is still limited by long-range scattering from impurities at the dielectric
interface, leaving room for further improvement. In fact, our maximum mobility, repro-
ducible across multiple devices, is less than the value p = 4.3 x 10% cm?/Vs measured on
asingle H-FET in Ge/SiGe grown on a Si wafer, [30] likely because the dielectric interface
in our samples is much closer to the channel (55 nm compared to 100 nm in Ref. [30]).

The low level of disorder is confirmed by high-quality magnetotransport character-
ization observed in all devices. Figure 6.3(c) shows representative magneto-resistivity
curves from an H-FET at fixed densities of 1.5x10'! cm~? (upper panel) and 6x10'° cm~2
(lower panel). The measurements were performed by keeping V;; constant and sweep-
ing the perpendicular magnetic field B. For each longitudinal resistivity (px) curve we
extract the pair of critical magnetic fields for resolving the cyclotron and the spin gap,
{BEve", B%44} corresponding, respectively, to even and odd filling factors v = hp/eB in
the Shubnikov —de Haas oscillations minima. Due to the very small Landau level broad-
ening at high density, the cyclotron gap (see upper panel of Fig. 6.3(c)) is resolved already
at very low critical fields and the spin gap only a few oscillations later, {B'*", B4d} =
{0.08,0.13} T. However, at low density the order is reversed and the spin gap is resolved
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earlier than the cyclotron gap, {BS"®", B244} = {0.24,0.095} T (see lower panel of Fig. 6.3(c)).
This is typical to 2DHGs in Ge/SiGe and occurs when the spin gap is more than half of the
cyclotron gap, due to the increased perpendicular g-factors of holes at low density.[31,
32, 30]

The combination of these two aspects, the very low level of disorder and the increas-
ingly large spin gap at low density, makes the canonical methods[33, 34] for extract-
ing the effective mass m* and single-particle lifetime 74 not straightforward through-
out the investigated density range and will be pursued in a further study. However,
we may still estimate the quantum mobility pq = erq/m* without making assumptions

on m* and 74 using the expression g = (1 + \/ BS4d/BEven) ZBgdd (the supplementary
material). With this analysis, we obtain a maximum quantum mobility in the range of

7.7-9.1x10* cm?/Vs over the six investigated H-FETS (the supplemental material), from
which we extract an average maximum fiq = (8.4 +0.5) x 10* cm?/Vs at saturation den-
sity. This value should be considered as a conservative estimate of g, as the onset of
Shubnikov —de Haas oscillations in our high-quality samples might be limited by small
density inhomogeneities at low magnetic field.[35] The maximum g is over three times
larger than that of our control heterostructures on a Si wafer,[23, 5] and approximately
two times larger compared to the heterostructures on a Si wafer in Ref. [30] These results
highlight the significantly improved short-range scattering in 2DHGs when the Ge-rich
SiGe SRB is grown on a Ge substrate, setting a benchmark for holes in group IV semicon-
ductors.

6.4. DISCUSSION

In summary, we challenged the mainstream approach to deposit Ge/SiGe heterostruc-
tures on Si wafers and instead, we started epitaxy on a Ge wafer. We demonstrate a
more uniform crystalline environment with fewer dislocations and in-plane strain fluc-
tuations compared to control heterostructures supporting a four-qubit quantum pro-
cessors. Future investigations using X-ray diffraction spectroscopy to map the complete
strain tensor[22] could provide insights into the local strain modifications and fluctua-
tion caused by nanostructured metallic gates. The disorder properties of the 2DHG are
also greatly improved, with reproducible ultra-high mobility, very low percolation den-
sity, and high quantum mobility. Considering these heterostructures on Ge wafers as a
proof of principle, the electrical transport metrics are likely to further improve by rou-
tine optimization of the heterostructure design and chemical vapor deposition process.
We anticipate immediate benefit of using these heterostructures for improved unifor-
mity and yield in large quantum dot arrays. Future studies on charge noise and qubit
performance may also provide insight in possible improved quantum coherence. Fur-
thermore, it would be of significant interest to explore whether suppressing the disloca-
tion network in the SiGe SRB could improve the performance of superconducting mi-
crowave resonators integrated atop the heterostructure, towards the development of hy-
brid superconductor-semiconductor architectures.
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6.5. SUPPLEMENTARY INFORMATION

6.5.1. SECONDARY IONS MASS SPECTROSCOPY

Secondary ion mass spectroscopy (SIMS) was carried out to determine the chemical
composition of the Ge/SiGe heterostructure on the Ge substrate. Supplementary Fig. 6.4
overlays the Ge (red), Si (blue), O (green), and C (yellow) signals. The data confirms the
chemical composition x = 0.83 of the Si;_,Ge, buffer and barrier surrounding the Ge
quantum well. The oxygen and carbon concentrations far from the surface are below
the detection limit. The rising O and C signals near the surface are routine in SIMS and
should be considered an artifact of the measurement.
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Figure 6.4: Secondary ions mass spectroscopy of Ge/SiGe heterostructures on a Ge wafer, showing Si (blue),
Ge (red), O (green), C (yellow) concentration depth profiles

6.5.2. ATOMIC FORCE MICROSCOPY

We analysed the cross-hatch patterns shown in Figs. 1(e) and (f) in the main text by per-
forming a 2D Fourier transform using Gwyddion.[36] The results are shown in supple-
mentary Figs. 6.5(a) and (b) for the heterostructure grown on a Ge wafer and Si wafer,
respectively. A comparison of the two images shows that the dominant frequencies are
spaced closer together in the 2D Fourier transform of the heterostructure on a Ge sub-
strate than those in the heterostructure on the Si substrate. This confirms that using a
Ge wafer as a substrate results in a longer wavelength of the cross-hatch pattern com-
pared to when a Si wafer is used, a consequence of the reduced misfit dislocation net-
work present in this heterostructure.

6.5.3. QUANTUM MOBILITY

In these Ge/SiGe quantum wells on Ge wafers, the combination of the very low level of
disorder and the increasingly large spin gap makes an estimate of the effective g-factor
g" and effective mass m™ challenging from the analysis of the thermal activation of the
resistivity minima in the Shubnikov -de Haas oscillations corresponding to the cyclotron
and spin gap. The same applies to the standard analysis[33] for extracting the single-
particle lifetime 74, which measures the time for which a momentum eigenstate can
be defined even in the presence of scattering,[37] and the associated quantum mobil-
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(a)

Ge substrate Si substrate

Figure 6.5: (a) 2D Fourier transform of AFM image in Fig. 1(e) in the main text for heterostructures on a Ge
wafer. (b) 2D Fourier transform of AFM image in Fig. 1(f) in the main text for heterostructures on a Si wafer.

ity uq = etq/m*. However, just like the classical mobility is typically measured without
knowing the effective mass m* or the scattering time 1, we may also estimate the quan-
tum mobility without a direct measurement of m* and 74. Assuming that Landau levels
have a Gaussian broadening I' = 1/274([37] that increases as v/ B, where B is the perpen-
dicular magnetic field, Refs. [21, 30] show that:

gt = (6.1)

m* dd
/BT 1/ BY

where BS'®" and B9 are the critical magnetic fields for resolving the cyclotron and the
spin gap, corresponding, respectively, to even and odd filling factors v = hp/eB in the
Shubnikov—de Haas oscillations minima of the magnetoresistivity. Evaluating the level
broadening at B = B4 yields:

I = g*ugB24d (6.2)

where the Bohr magneton up = efi/2m,. Expressing the level broadening in terms of
quantum mobility yields:

I'=en/2m” ug. (6.3)

By inserting g* from Eq. 6.1 and I from Eq. 6.3 into Eq. 6.2, we obtain an expression for
quantum mobility that is independent of m* and g:

1+1/B4d/pgven

2508 (6.4)

Hq =

We apply this analysis to the magnetoresistivity curves at saturation density for all six

heterostructures field effect transistors and show in Supplementary Fig. 6.6 the obtained
quantum mobility values and the average with standard deviation (black).
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Figure 6.6: Quantum mobility for Ge/SiGe on Ge substrates measured at saturation density for all the six het-
erostructure field effect transistors.
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A HIGH-MOBILITY HOLE BILAYER
IN A GERMANIUM DOUBLE
QUANTUM WELL

Thanks to the low disorder and the fine control achieved in the growth of Ge/SiGe het-
erostructures offer the opportunity to confine multiple layers of charge carriers in the out
of plane direction. This offers interesting avenues both for scaling spin qubit systems and
for exploring new physics. In this work we design, fabricate, and study a hole bilayer in a
strained germanium double quantum well. Magnetotransport characterisation of double
quantum well field-effect transistors as a function of gate voltage reveals the population of
two hole channels with a high combined mobility 0f3.34 x 10° cm?V~!s™! and a low per-
colation density of2.38 x 10'° cm™=2. We resolve the individual population of the channels
from the interference patterns of the Landau fan diagram. At a density of2.0 x 10' cm=2
the system is in resonance and we observe an anti-crossing of the first two bilayer sub-
bands characterized by a symmetric-antisymmetric gap of ~ 0.69meV, in agreement with
Schrodinger-Poisson simulations.

This work was originally published as :
A. Tosato, B. Ferrari, A. Sammak, A. R. Hamilton, M. Veldhorst, M. Virgilio, G. Scappucci, A High-Mobility Hole
Bilayer in a Germanium Double Quantum Well. Advanced Quantum Technologies, 5(5), 2100167 (2022).

67



68 7. A HIGH-MOBILITY HOLE BILAYER IN A GERMANIUM DOUBLE QUANTUM WELL

7.1. INTRODUCTION

The development of high-quality undoped Ge/SiGe quantum wells [1, 2] has established
planar Ge as a front-runner material platform en route to a large-scale spin-qubit quan-
tum processor [3]. In only three years, key milestones have been demonstrated, such as
stable and quiet quantum dots [4, 2], single hole qubits [5] with long relaxation times [6],
singlet-triplet qubits [7], fast two-qubit logic [8], universal operation on a 2 x 2 qubit ar-
ray [9], and simultaneous qubit driving at the fault-tolerant threshold [10]. Exploiting the
third dimension by integrating two (or more) quantum wells in the same heterostructure
could provide extra degrees of freedom for designing an entire new class of quantum
device architectures with tailored electronic properties. For example, quantum devices
patterned in multiple layers may provide increased qubit connectivity for high perfor-
mance quantum circuits. In these devices, the wavefunction of quantum-confined holes
may be shifted or delocalized in between quantum wells, providing a larger parameter
space for effective mass, g-factor, and spin-orbit coupling tuning [11], and enabling low-
power electric dipole spin resonance (EDSR) [12]. These are relevant parameters for ad-
vanced spin-qubit control [3]. Furthermore, bilayers with high-mobility at low density
may provide a suitable test bed for exploration of exotic phenomena such as exciton con-
densation in the quantum Hall regime [13] and counterflow superconductivity in solid
state devices at accessible temperatures [14].

Here we demonstrate hole bilayers in planar Ge double quantum wells with high
mobility at low density, a first prerequisite for exploring any of these exciting avenues.
Through careful design of the heterostructure and because of the low disorder in both
quantum wells, we are able to study in detail the quantum transport properties of the
system in the tunnel coupled regime and observe the signature of a symmetric-antisymmetric
gap when we tune the density in the quantum wells to be the same.

7.2. HETEROSTRUCTURE DESIGN

Figure 7.1a shows a schematic of the heterostructure, along with a cross section of the
double quantum well by transmission electron microscopy. The Ge/SiGe bilayer was
grown on a 100 mm Si(001) substrate in a high-throughput reduced-pressure chemical
vapor deposition reactor [1]. The 16 nm bottom quantum well and the 8 nm top quan-
tum well are separated by a thin 3 nm Siy 2Geg g barrier. The bilayer is grown on a strain-
relaxed Sip »Geg g buffer layer obtained by reverse grading and is separated from the gate-
stack by a 66 nm Sig »Geg g barrier and a thin sacrificial Si cap[1]. The quantum wells are
compressively strained, the strain lifts the heavy hole (HH) - light holes (LH) degeneracy,
with HH being the lowest energy band for holes.

The asymmetric design of the bilayer—the top quantum well being narrower than
the bottom quantum well—allows both wells in the undoped heterostructure to be pop-
ulated by applying a negative voltage to the top gate only [15]. We illustrate this capabil-
ity in the three panels of Fig. 7.1b, which report the results of Schrédinger-Poisson (SP)
simulations of our bilayer for increasing negative gate voltages. Each panel shows the
HH-band-edge, the total hole density and the wavefunction amplitude for the first ¥,
and second ¥, subband of the bilayer system, as a function of the spatial coordinate
z. At small gate voltages (V = Vj, left panel), only the first subband is populated and its
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Figure 7.1: a Schematic of the Ge/SiGe heterostructure with the gate stack and cross section of the double
quantum well by transmission electron microscopy. The bottom Ge quantum well (16 nm thick), and the top
well (7 nm thick) are separated by a thin SiGe barrier (3 nm thick). b From left to right at increasing negative
gate voltage (Vp, V2, and V3), each panel shows the heavy-holes band edge (black solid line), the wavefunction
of the subbands above the Fermi energy (colored dashed lines), and the total density p3p = p11¥1 |2 +p2|¥2 |2
(red solid line) vs. bilayer depth (z). Here ¥1, ¥ are the wavefunction amplitudes and p1, p» the densities of
the first and second subband. The Fermi energy is set as the reference energy at 0 eV.

wave function ¥, is localized in the bottom well. At larger gate voltages occupation of the
second subband becomes favourable with its wavefunction ¥, initially localized in the
top well. Then, the energy of the second subband increases with gate voltage until it an-
ticrosses the energy level of the first subband at the resonance point. The central panel
(V = V») shows the system at resonance. In this regime, the wavefunction of the first
and second energy states are delocalized across both wells giving rise to the symmetric
¥, and antisymmetric ¥, states characteristic of a tunnel-coupled double quantum well
system. The energy separation between the symmetric and antisymmetric states reaches
its minimum (Ag4s) at resonance. Upon further increasing the gate voltage (V = V3 right
panel), the wavefunction of the symmetric state shifts towards the top well and the total
carrier density of the top quantum well increases while the one of the bottom quantum
well remains unchanged.

7.3. MAGNETOTRANSPORT MEASUREMENTS

We fabricated Hall-bar shaped heterostructure field effect transistors (H-FETs) featur-
ing platinum-germanosilicide ohmic contacts [1] to the bilayer and performed measure-
ments in a He dilution refrigerator with base temperature of 50 mK and equipped with a
12 T magnet. Standard voltage-bias four-probe lock-in technique at a frequency of 17 Hz
was used for magnetotransport characterization as described in ref. [1]. We measure the
longitudinal py, and transverse p, components of the resistivity tensor and via tensor
inversion calculate the longitudinal o, and transverse o, conductivity.

The three panels of Fig. 7.2a show the zero-field longitudinal conductivity oy, the
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Figure 7.2: a From left to right: gate voltage (V) dependence of the hole bilayer Hall density p, conductivity
0 xx at zero magnetic field , and mobility u. The bilayer behaviour at Vg =V, V1, V2, and V3 is further de-
scribed in the main text. b Colour map of the conductivity o xx as a function of Vg (same range as in a) and
the inverse magnetic field B~!. Dark regions correspond to filled Landau levels with vanishing o xx and corre-
spondingly quantized o xy. In brackets the filling factor (vspp1, vspp2) for the first and second subbands where
v = 0 indicates an empty subband. ¢ From left to right: pxx (black) and oy (red) as a function of magnetic
field B at Vg = Vp, V1, V2, and V3. These line cuts are obtained from the magnetotransport measurement in b.
0 xy shows plateaus at integer values of the total filling factor (vspp1 + Vspp2)

bilayer density p and the carrier mobility u as a function of gate voltage V. At turn-on,
only the bottom quantum well is populated. Mobility, density, and conductivity increase
monotonically as the gate voltage is swept more negative up to a value V5 = —3.45V. In
particular the Hall density increases linearly, consistent with a parallel-plate capacitor
model of an H-FET with a single quantum well [16]. We estimate a percolation density
pp=2.38x 10'° cm~? by fitting the conductivity to percolation theory oy, ~ (p — p,[,)l'31
in the low density regime [17]. For V < Vg < V1 both the Hall density and conductivity
deviate from the linear behaviour expected from SP simulations and flatten out. This
observation signals that holes start populating the second subband; These holes are lo-
calized in the top quantum well, thereby screening the electric field at the bottom well.
However, carriers in the top quantum well do not contribute to transport as their density
is still below the percolation density. A further increase in negative gate voltage trig-
gers transport in the top quantum well and for V; < Vg < V, we observe a transitory
decrease in combined mobility due to inter-layer scattering [18, 19, 20]. For Vg = V;
the combined mobility recovers its original monotonic increasing behaviour and satu-
rates at Vg = V3, reaching a maximum value p = 3.34 x 10°cm?V~!s~! at bilayer den-
sity p = 2.21 x 10" cm™2. The carrier saturation at large negative gate voltages is due to
tunneling of holes from the Ge quantum wells into localized states at the SiGe/Al,@0O3
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interface [16].

To elucidate the quantum transport properties of the bilayer we show in the right
panel of Fig 7.2a a colour map of oy as a function of V and the inverse magnetic field
B~!. Dark regions correspond to filled Landau levels (LLs) with vanishing o, and cor-
respondingly quantized o,. Bright lines correspond to sharp peaks in o at half-filled
LLs. Line cuts of pyxx and g4y at Vg = Vg, V1, V2, and V3, are reported in Fig 7.2b as a func-
tion of magnetic field. For V; < Vp, the conductivity color map reveals a LL fan diagram
typical of a single subband 2DHG, with Zeeman splitting resolved at B~! < 2.5 T~!. This
is highlighted in line cuts at V = Vj: py, shows clean Shubnikov-de Haas (SdH) oscil-
lations that vanish when o, develops flat conductance plateaus at integer multiples of
e*/h.

For Vp < Vg < V7, the population of the second subband becomes favourable, charge
starts accumulating in the top quantum well effectively screening the electric field in the
bottom well. Although we observe the conductance peaks associated to the first sub-
band saturating with gate voltage due to this screening effect, the fan diagram associated
to the second subband appears only at Vg = V1, in agreement with the observations in
Fig. 7.2a, when the density in the second subband overcomes the percolation threshold
and contributes to transport. Correspondingly, the line cuts for pxy and o at Vg = V3
show a complex pattern resulting from the parallel transport of two channels with differ-
ent density and mobility.

The hole bilayer reaches the resonance point at Vg = V5, corresponding to a bilayer
density of 2.0x 10! cm ™2, At this point the wavefunction of the first and second subband
are fully delocalized across both wells and we observe in the fan diagram the anticross-
ing of the 0, peaks arising from the first subband with the corresponding peaks arising
from the second subband. The anticrossing is better resolved at high magnetic field,
where the LLs energy separation is large compared to the disorder-induced LLs broad-
ening. The line cuts at resonance show a very distinct feature. A dip develops in px
in correspondence of the quantum Hall plateaus in oy at odd filling factors 3, 5 and
7. This observation is a clear signature of the anticrossing of symmetric-antisymmetric
subbands at the resonance point in a tunnel coupled bilayer system [21]. If the two quan-
tum wells were not tunnel coupled, at resonance we would observe plateaus in g, only
at even filling factors and a doubling of the p, peaks height, arising from the measure-
ment of two independent hole gases in parallel.

Finally, as the negative gate voltage is further increased beyond resonance, the en-
ergy separation between the symmetric and antisymmetric gap increases; the symmet-
ric subband rises in energy (and thus hole density) and the antisymmetric state remains
relatively unchanged due to electric field screening effect. The line cuts at Vg = V3 show
alarger p . peak separation in correspondence to larger odd Hall conductance plateaus.
At Vg = —3.61V the bilayer system reaches its saturation as the triangular quantum well
at the interface between the SiGe barrier and the dielectric starts populating, screening
the electric field in both quantum wells from further increases in V4.

A closer inspection of the fan diagram and line cuts reveals two interesting features
of quantum transport in the bilayer. The first observation is about the development of
the o, peaks of the first subband in the color map. We note for V| < Vg < V, that an
increase in negative Vg induces a shift of the peaks towards larger inverse magnetic field,




72 7. A HIGH-MOBILITY HOLE BILAYER IN A GERMANIUM DOUBLE QUANTUM WELL

implying that the charge in the first subband decreases as V; is swept further negative.
We ascribe this behaviour to the negative compressibility of the second subband [21].
When the charge density is still relatively low in the second subband, the first and second
subbands are localized in the bottom and top quantum well, respectively. Making Vg
more negative must increase the total density. The negative compressibility of the low
density gas hole in the top quantum well causes the density in the bottom quantum well
to decrease immediately after the top well is populated, explaining why the o, peaks
move to higher B! (lower B) in the region V1 < Vg < V5 [22, 23].

The second observation is about the emergence at resonance (Vg = V) of a quantum
Hall state plateau at oy = 1e?/h. This dissipationless state could be ascribed either to
the full occupation of the symmetric state while the antisymmetric one remains empty,
or it could arise from a fractional quantum hall state. At such high magnetic fields (above
7T), the intra-layer Coulomb energy E;trq = e?/elp (134 meV at 8 T) is much bigger than
the tunneling energy Agas, as shown below, and the ratio of intra- to interlayer Coulomb
energy d/lp = 0.76 in our bilayer is less than two, suggesting that at resonance, the quan-
tum Hall state at total v = 1 stems from spontaneous interlayer phase coherence [24].
Here, d is the distance between the centres of the two wells.

7.4. SCHRODINGER-POISSON SIMULATION AND

SYMMETRIC-ANTISYMMETRIC GAP

The accurate measurement of the LL fan diagram allows to compare in Fig. 7.3 the ex-
perimental density of the first and second subband to simulations ‘. We calculate the ex-
perimental subband density p; and p» using the quantum Hall relationship p = vBe/h
and tracking in Fig 7.2b the B position of the o, peaks corresponding to the half filled
LL with v = 1.5 >. We observe that the simulated subband population (p1,sim> P2,sim)
matches well the experimental densities (p1,exp, P2,exp) in the ranges Ve < Vg and Vg =
V5. SP calculations only include the Hartree contribution to many body effects, and so
do notreproduce the negative compressibility effects observed in the range V; < Vi < Va;
we therefore expect a discrepancy between simulations and experimental data in this re-
gion. Furthermore, in the range between V; and Vj, we ascribe the deviation of the mea-
sured Hall density p from the simulated bilayer density p¢,sim, to the population of the
second subband when its density is still below the percolation threshold and effectively
does not contribute to transport.

Around resonance (Vg = V) we observe the avoided-crossing of the simulated and
experimental densities of the first and second subband. From the subband popula-
tion difference at resonance Apsas = p1 — p2 we calculate the experimental energy gap
between the symmetric and antisymmetric subbands by dividing Apsas by the spin-
resolved 2D density of states m* /2nh%. We obtain Agas ~ 0.69meV, which is in agree-
ment with simulations.

In summary, we have designed, fabricated, and measured a hole bilayer in strained

IWe performed iterative self-consistent SP simulations of this Ge/SiGe bilayer system. We set in the model
the thicknesses of SiGe spacer above the bilayer and Al O3, to match the saturation density and capacitance
respectively, of the measured device.

2Using the peaks of the half filled LL with v = 2.5 yields a very similar density.
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Figure 7.3: Comparison of the experimental and Schrédinger-Poisson simulated densities in the bilayer system
as a function of gate voltage (Vg). The blue and orange solid lines are the simulated density for the first and
second subband, respectively. The gray solid line is the simulated total density in the bilayer. The blue and
orange dotted lines are the density of the first and second subband, as computed from the position of the
Shubnikov-de Haas conductance peaks in Fig. 7.2b. The dotted gray line is the bilayer Hall density reported in
Fig. 7.2a.

Ge double quantum wells. The bilayer has high-mobility, low percolation density, and
a large symmetric-antisymmetric energy gap at resonance in agreement with simula-
tions. Taken together, these results open up a plethora of exciting new possibilities for
the Ge quantum information route, ranging from Ge quantum devices and circuits with
increased connectivity to the exploration in this new platform of rich physics associated
with quantum Hall effects in bilayers.
Data sets supporting the findings of this study are available at

https://doi.org/10.4121/17209091
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A VERTICAL GATE-DEFINED
DOUBLE QUANTUM DOT IN A
STRAINED GERMANIUM DOUBLE
QUANTUM WELL

Gate-defined quantum dots in silicon-germanium heterostructures have become a com-
pelling platform for quantum computation and simulation. Thus far, developments have
been limited to quantum dots defined in a single plane. Here, we propose to advance
beyond planar systems by exploiting heterostructures with multiple quantum wells. We
demonstrate the operation of a gate-defined double quantum dot in a strained germa-
nium double quantum well, where both quantum dots are tunnel coupled to both reser-
voirs and parallel transport occurs. We analyze the capacitive coupling to nearby gates
and find both quantum dots to be accumulated under the central plunger gate. We ex-
tract their position and size, from which we conclude that the double quantum dots are
vertically stacked in the two quantum wells. We discuss challenges and opportunities of
multilayer devices, and outline some potential applications in quantum computing and
quantum simulation.

This work was originally published as:

H. Tidjani*, A. Tosato*, A. Ivlev, C. Déprez, S. Oosterhout, L. Stehouwer, A. Sammak, G. Scappucci, M. Veld-
horst, Vertical gate-defined double quantum dot in a strained germanium double quantum well. Physical
Review Applied 20.5 (2023)
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8. A VERTICAL GATE-DEFINED DOUBLE QUANTUM DOT IN A STRAINED GERMANIUM
80 DOUBLE QUANTUM WELL

INTRODUCTION

Semiconductor heterostructures composed of silicon and germanium have become the
leading material platform for building quantum dot qubits [1, 2, 3]. Developments in
their fabrication and operation have enabled demonstrations of high-fidelity single and
two-qubit logic, multi-qubit operation, and rudimentary quantum error correction [4,
5,6,7,2,1, 8, 9]. Efforts in scaling quantum dots have led to the operation of a cross-
bar array comprising 16 quantum dots [10], and long-range quantum links may enable
interconnecting modules of quantum dot arrays [11, 12, 13, 14]. These developments
in gate-defined quantum dots have been restricted to quantum dots defined in a sin-
gle plane, yet the versatile nature of silicon-germanium heterostructures allows for fur-
ther exploration. In particular, structures with multiple quantum wells can be grown,
and double quantum wells of germanium [15] and silicon [16, 17] have been realized.
An open question is thus whether multi-layer heterostructures can become a relevant
platform for quantum information. Here, we motivate potential applications and exper-
imentally explore quantum dots in stacked quantum wells.
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Figure 8.1: Gate defined vertical double quantum dot in a bilayer heterostructure. a Vision of a larger bilayer
device, with different use-cases depicted, such as shuttling (white), sensing (green) and vertical 2-qubit gates
(yellow). b Schematic of the heterostructure and gate stack. The light blue layer in between the gates and SiGe
layer indicates the aluminum oxide layer. ¢ Colour map of the conductivity o xx as a function of gate voltage
Vi and the inverse magnetic field 1/B. Dark regions correspond to filled Landau levels with vanishing o xx
and correspondingly quantized o xy. Lower Panel: linecut at B = 0 T showing the zero field conductance trace.
Density and mobility for the bilayer system are presented in appendix 8.1. d False coloured SEM image of a
nearly identical device to the one used in this work. Quantum dots are defined under the plunger gate P (pink)
and measured in transport using the ohmic contacts source (S) and drain (D) (blue). The coupling between
the quantum dot and ohmics is tuned by Bg and By (green). The potential landscape is further shaped by the
gates By and Bg (green). The experiments presented in this work are performed on a section of a larger device
(see Appendix 8.2). e Conductance trace as a function of the plunger gate voltage across S-D at Vpc=1mV
(blue line), and differential conductance trace (pink) at Vpc=0mV and Vac =17V, figck-in = 70 Hz.

Heterostructures with parallel quantum wells may support integration of important
functionalities for spin qubit based quantum processors, as depicted in Fig.8.1a. Pre-
cise control over the growth of individual layers allows for the engineering of inter and
intralayer properties. When charges residing in separate quantum wells are capacitively
coupled, but have little to no tunnel coupling, charge sensors could be integrated into
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separate layers from the qubits they sense. In an intermediate regime where tunnel
coupling is in the order of one to a few tens of gigahertz, coherent spin shuttling be-
tween the wells could be realized [18]. Consequently, one layer may serve as a quan-
tum link for qubits defined in the other layer, for example by offering shuttling lanes
that connect remote qubits [19, 14]. In this regime, the second layer can also host dedi-
cated ancilla qubits that aid in spin-to-charge conversion for initialization and readout.
Tunnel-coupled quantum wells may also be used to develop novel qubit implementa-
tions such as vertical singlet-triplet qubits or flopping mode spin qubits [20]. Moreover,
the thickness and atomic composition of each quantum well may be tuned to optimize
g-tensors [21] and spin-orbit interactions [22], in order to provide dedicated functional-
ity. In addition, double quantum wells engineered to provide different g-tensors could
be used to execute quantum gates on spin qubits by shuttling the qubit between quan-
tum dots defined in the two quantum wells [23, 18]. This would enable qubit control
with baseband pulses, diminishing the need for high-power microwave electronics.

Quantum dots in multiple quantum wells may also present new opportunities for
analog quantum simulation. While planar two-dimensional quantum dot arrays may be
used to simulate correlated physics such as the resonating valence bond [24], quantum
dots in a double quantum well may simulate even more exotic systems. For example, ex-
citon condensation may be induced by the Coulomb interaction when the quantum dot
occupation in one layer is almost filled and in the other almost empty, creating an effec-
tive electron and hole layer. Such a gate-defined quantum dot system may provide more
control over individual parameters when studying excitons, when compared to quan-
tum transport implementations [25, 26, 27, 28]. Quantum dots in multi-layer structures
comprised of three or more quantum wells could also be envisioned. The confinement
of quantum dots in three layers potentially supports artificial superconductivity. Attrac-
tive Coulomb interaction in quantum dot systems has been observed in planar systems
[29, 30] and integration of such interactions into a trilayer system may provide a route
toward tunable and controllable superconducting condensation.

These motivations warrant the study of quantum dots defined in multilayer het-
erostructures. However, there are also many challenges in the design and operation
that need to be understood and overcome. We take a first step and demonstrate a gate-
defined vertical double quantum dot in a strained germanium double quantum well
heterostructure. Through quantum transport measurements, we obtain charge stabil-
ity diagrams consistent with two quantum dots coupled in parallel. We characterise the
capacitive interaction of the quantum dots to the surrounding gates and determine their
location. The size of one of the quantum dots is estimated through bias-spectroscopy.
Together, these findings point toward the formation of a double quantum dot vertically
aligned under the same plunger gate.

8.1. RESULTS

An undoped and compressively-strained Ge/SiGe double quantum well heterostructure
is epitaxially grown on a 100 mm Si(100) substrate. A 55 nm thick Sip »Geg g spacer sepa-
rates the bilayer system from the gate stack. The top and bottom quantum wells in the
bilayer are 10nm and 16 nm thick respectively, and are separated by a 4 nm Sip»Geg g
barrier (Fig. 8.1b). We perform magnetotransport characterization of a Hall-bar shaped
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Figure 8.2: Charge stability diagram of the vertical double quantum dot. a By sweeping the gates P vs By,
a honeycomb pattern emerges as the gates induce transport resonances. The dashed coloured lines overlain
on the data correspond to the electrochemical simulation of the double-quantum dot system, detailed in Ap-
pendix 8.4. b Upper panel: A zoom-in of the data presented in panel a with coloured arrows corresponding to
different transitions. Lower panel: Bias spectroscopy across a line-cut of panel b top (magenta) at By = —0.15V,
the coloured arrows correspond to the transitions highlighted in the top panel. Measurement of the orbital
energy for the first Coulomb diamond is indicated by the white lines and is extracted to be approximately
260 peV.All measurements in this figure are acquired with a lock-in amplifier, with a typical frequency of 70 Hz,
and amplitude of 17 uV.

heterostructure field effect transistor to infer the energy spectrum of the hole bilayer.
The conductance map in Fig. 8.1c reveals the emergence of two sets of Landau levels
typical of such a bilayer system [15, 31]. At Vi = —320mV the longitudinal conductivity
0 xx shows the first set of quantized Landau levels, corresponding to the subband local-
ized in the bottom well. At V; = —400 mV the conductance curve at zero-magnetic-field
(Fig. 8.1c bottom panel) deviates from a linear increase and flattens out as the sub-band
localized in the top well starts being populated. This originates from the electric field
screening caused by the accumulation of charge carriers in the top well, while its den-
sity is still below the percolation threshold and transport is only available through the
bottom well [15]. For more negative voltages, the carriers in the top well start contribut-
ing to transport and conductance increases. This confirms that this heterostructure is
compatible with the accumulation of a bilayer 2D hole gas.

We then fabricate gates to electrostatically define quantum dots in this bilayer sys-
tem (see Methods). A 3D schematic depicting the heterostructure and gate stack, and a
scanning electron microscopy (SEM) image of a nominally identical device are respec-
tively shown in Fig. 8.1b,d. The gate geometry is similar to quantum dot devices with
a single quantum well [2]. The central plunger gate P is negatively biased to accumu-
late holes beneath it, while the barrier gates By and Bg are used primarily to tune the
tunnel barrier to the ohmic contacts (S and D). The gates By and Bs further shape the
potential landscape without significantly affecting the tunnel barrier to the ohmics. We
measure the transport through the device with DC and low-frequency lock-in techniques
(see Methods).
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At high source-drain DC bias (Vpc = 1mV, Fig. 8.1e blue line) the conductance trace
starts to increase as P is lowered and a transport channel opens. After a first increase, the
conductance plateaus at P = —1.2V, before showing a second increase in conductance
indicating the opening of a second transport channel. We study this same phenomenon
at low bias Vpc =0mV and measure the differential conductance using a lock-in am-
plifier. The differential conductance trace I4c/Vac (pink line) reveals the emergence
of Coulomb peaks, which begin at —1.14V. Interestingly, the Coulomb peaks show a
decrease in amplitude between —1.2V and —1.3V, after which the amplitude increases
again. We speculate that this decrease in amplitude is caused by an increased tunnel
coupling to a second parallel quantum dot which may not contribute to transport itself
yet. If this second quantum dot has lower conductance, an increased wavefunction am-
plitude in this second quantum dot would reduce the Coulomb peak height [32]. This
wavefunction delocalization across two tunnel-coupled quantum wells has also been
predicted by Schrodinger-Poisson simulations [15]. At lower voltages, the second quan-
tum dot also starts contributing to transport, and Coulomb peaks re-emerge. While the
intermediate voltage gives rise to a complex gate voltage dependence, the observation
of a double turn-on suggests the presence of a second quantum dot.

To further investigate the quantum dots in this bilayer system, we map the charge

stability diagram as a function of the gate voltages applied on By and P, shown in Fig. 8.2a,b.

A distinct honeycomb pattern emerges, indicating the presence of a double quantum dot
system [33]. This is confirmed by an overlayed electrochemical simulation of a double
quantum dot coupled in parallel, which reproduces the location of the charge transitions
(see Appendix 8.4 for details of the model). In the region between P = —1.32Vand P =
—1.25V we observe transport at every edge of this honeycomb, corresponding to the in-
terdot charge transition and the two reservoir to quantum dot transitions.

To distinguish the inter-dot transitions from the reservoir transitions in the charge
stability diagram of Fig. 8.2a,b, we measure the differential conductance as a function of
Vpc and P. The bottom panel of Fig. 8.2b shows a set of Coulomb diamonds taken in
the regime where By = —0.15V (magenta line-cut shown in the top panel). The transi-
tion lines that fall on this line-cut corresponding to a signal at Vpc = 0mV in the lower
panel are indicated by the four coloured arrows. The transition lines indicated by the
blue and orange arrows correspond to the edges of the Coulomb diamonds, and are at-
tributed to quantum dot-reservoir transitions. In contrast, the transition line indicated
by the green arrow lies in the middle of a Coulomb diamond, and a conductance peak is
barely visible. This is the expected behaviour for an interdot transition, where transport
is only possible through co-tunneling processes, such as elastic co-tunneling [34], re-
sulting in a faint conductance signal, only when the two quantum dots are in resonance.
The unusual negative slope of the interdot transition is a result from both By and P pre-
dominantly coupling to the same quantum dot, corresponding to the orange transitions
(see Appendix 8.3). With the four identified transition lines as a reference, we map each
transition line in the charge stability diagram using the hexagonal pattern and slopes of
the lines.

The presence of the two reservoir transition lines (blue and orange) indicates that
both quantum dots are connected in parallel to the ohmic contacts. At the interdot tran-
sition line (green) series transport may occur. Since a simulated double quantum dot
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Figure 8.3: Measured and simulated lever arm ratios of the surrounding gates to the quantum dots, and the
triangulation of their centre points. a Boxplot of the lever arm ratios (a, p,/app,) of each barrier gate B; to
the plunger gate P for the top and bottom quantum dot (D;). These couplings are extracted from the slopes of
different reservoir transitions in the charge stability diagrams as a function of B; and P (see Appendix 8.4). The
spread in ap;, p; /@ pp;, for different occupations is small compared to the difference in ap;,p;/app; between
the two quantum dots, ensuring that the average value of ap; p,/app, for a quantum dot across a range of
different occupations is a meaningful metric for assessing the positioning of the quantum dots with respect to
the surrounding gates. b Simulated lever arms for the plunger gate P and barrier gate B to the top and bottom
quantum dot calculated from the 2D Schridinger-Poisson simulation described in Appendix 8.5. ¢ Simulated
lever arm ratios ap; p,/app, for the first 20 orbital states, plotted against the orbital energy (E,, ), with data
extracted from the Schrédinger-Poisson simulation. d Triangulation of the position of the quantum dots by
comparing the lever arm ratios in a with capacitive simulation (Appendix 8.6). The cross indicates the centre
point of each quantum dot, and the coloured area represents the 1o standard deviation of this value. In the
‘Bilayer’ panel the quantum dots are simulated one at a time in separate wells, with the orange quantum dot
and blue quantum dot placed in the top and bottom well respectively. In the ‘“Top Well’ and ‘Bottom Well’
panels, the quantum dots are simulated one at a time in the same layer.

system fits our data well, we consider the formation of a triple quantum dot improba-
ble. Such a triple quantum dot would produce pentagonal or heptagonal features [35]
which we do not observe. We further exclude the possibility of a triple quantum dot
as that would require at least two of the three quantum dots to be located in the same
quantum well, and as a result have distinct lever arms to the surrounding gates, which
we elaborate on further in the upcoming paragraphs. We observe just two distinct reser-
voir transitions, and we argue in the following paragraphs that these must correspond to
vertically stacked quantum dots.

The behaviour of this bilayer quantum dot system outside of the explored parameter
regimes may have different characteristics. Above P = —1.2V, we expect there are two
quantum dots, with one or both of them contributing to transport. Below P = —1.35V,
the system allows for multiple scenarios. The increased quantum dot size with occu-
pancy may cause delocalization across the two quantum wells. High charge occupation
may also result in a decreased charging energy and high coupling to the ohmics, which
can give rise to a constant current, potentially observed in the bottom left region of Fig.
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2a, if a dot opens to a channel. Additionally, a high top gate voltage may result in wave-
function localization in the top quantum well, resulting in only the top quantum dot
contributing to transport.

Unlike a typical double-quantum dot charge stability diagram [33] where each quan-
tum dot predominantly responds to its own dedicated plunger gate, transition lines in
this diagram have very similar slopes, indicating that the gates have similar lever arm ra-
tios ap, / ap to both quantum dots. This observation is consistent with vertically stacked
quantum dots of similar shape, as the lever arm ratio primarily depends on the in-plane
position of the quantum dots. Crucially, we are still able to populate both quantum dots,
which is not trivial for a vertically coupled double quantum dot due to possible screen-
ing by the top well (see Appendix 8.3). In this device, this is aided by a higher charging
energy of the top dot resulting from increased confinement. On the other hand, the re-
duced confinement increases the size of the bottom quantum dot and hence its lever
arm to surrounding gates.

Next, we extract the position of both quantum dots using the measured capacitive
coupling to surrounding gates. We map the charge stability diagram as a function of B;
(i=N,W,S, E) and P (see Appendix Fig.8.5) and based on the slopes of the reservoir tran-
sitions we find that both quantum dots have comparable lever arms to all surrounding
gates (Fig. 8.3a). A first observation is that both quantum dots are most strongly coupled
to the plunger gate, giving a first indication that they are located underneath it. Impor-
tantly, we find that all barrier gates have a similar capacitive coupling to the quantum
dots. The symmetry of this coupling suggests there are no spurious quantum dots, with
the observed quantum dots both being located underneath the plunger gate. Addition-
ally, we find that one quantum dot has a higher lever arm ratio a g, p,/app, to all barrier
gates. This is consistent with a stacked double quantum dot, where the top quantum dot
is expected to be smaller, causing a reduction of the coupling o the barrier gates,

To further support the conclusion of having created a vertical double quantum dot,
we estimate the position of both quantum dots using an electrostatic finite element
method (FEM) simulation in Ansys Q3D [36], in which the heterostructure, gate layers
and insulating layers are included (details can be found in Appendix 8.6). The quan-
tum dots are simulated individually in both layers, to analyze all their possible locations
(Fig.8.3d). Each quantum dot is modelled as a metallic disk as thick as the quantum
well it is located in. The radius and position of this simulated metallic quantum dot
are varied to analyze the effect on the capacitance. The geometric capacitance between
each metallic quantum dot D and each gate G is determined and assumed to be directly
proportional to the lever arm ag p. By comparing the simulated capacitance with the
measured lever arm ratio ap; p/app, the position of a single quantum dot within either
quantum well is triangulated. The predicted centre-centre distance between the quan-
tum dots has an upper bound of 30 nm (Fig. 8.3d), regardless of which well the quantum
dots are simulated in. This close proximity prohibits the coexistence of both quantum
dots in the same layer without coalescing, suggesting that the quantum dots must be lo-
cated in different quantum wells. We account for a 1o error in the position, as indicated
by the coloured area in Fig. 8.3d, which is based on the spread of the lever arm ratios that
are extracted from each charge-stability diagram.

We estimate the size of one quantum dot from the orbital energy E,, = 260eV ex-
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tracted from Fig.8.2b (lower panel, white lines). Assuming a harmonic in-plane poten-
tial Vyy = 1m*w?(x® + y?), where hiw = E,;, and m* = 0.055m,, this gives a quantum
dot diameter of about d = vi/(wm*) = 137nm, comparable to the plunger gate size of
150nm. Based on the size approximation of this quantum dot and their mutual prox-
imity, we conclude that the quantum dots cannot coexist in a single layer without coa-
lescing. Overall, the measured lever arm ratios, together with the results from the FEM
simulation and the estimates of the quantum dot size from the Coulomb diamonds, pro-
vide strong arguments for the quantum dots being vertically stacked under the plunger
gate.

To identify in which quantum well each quantum dots resides, we perform a 2D
Schrédinger-Poisson simulation (Fig. 8.3 b,c). We calculate the capacitive coupling be-
tween the plunger gate P and a barrier gate B for consecutive orbital fillings of the top
and bottom quantum dot to deduce the lever arms (Fig. 8.3b). While the lever arm of
the plunger gate to the top and bottom quantum dot (@p-;op and ap_j,;) remains ap-
proximately constant with increasing orbital number, the barrier gate lever arm to both
quantum dots varies significantly with the orbital number. This originates from an in-
crease in the wavefunction spread for consecutive orbitals, increasing the overlap and
consequently the coupling to the barrier gate. Fig. 8.3c shows the corresponding lever
arm ratio of the quantum dots formed in the top quantum dot (D;,;) and bottom quan-
tum dot (Dy,;) for different orbitals. Panel ¢ shows that for all simulated orbitals the
bottom quantum dot has a relatively larger lever arm to the barrier gates. Comparing
this to the measured lever arms ratios in Fig. 8.3a we conclude that D;,, (orange transi-
tions in Fig. 8.2) corresponds to a quantum dot located in the upper quantum well and
Dy (blue transitions in Fig. 8.2a) to a quantum dot located in the bottom quantum well.
This interpretation is confirmed by the position and slope of the interdot transitions in
the charge stability diagrams. As the plunger gate voltage becomes more negative, at-
tracting holes to the gate, a hole tunnels from Dy, to Dy, across the interdot transition.
We thereore conclude that Dy, is localized in the top well.

8.2. DISCUSSION AND OUTLOOK

In this work we demonstrate a double quantum dot defined in a double quantum well
heterostructure. A single gate can be used to simultaneously populate quantum dots in
two wells, whilst the charge occupation can be tuned using one of the surrounding gates.
From the double quantum dot charge stability diagrams obtained from mapping P vs B;
, we extract the lever arm ratios of the quantum dots to the surrounding gates and con-
firm that neither quantum dot couples strongly to a particular barrier gate, excluding
the possibility of a spurious dot. By comparing the lever arm ratios to an electrostatic
FEM simulation we triangulate the in-plane position of the quantum dots and find their
centre point at approximately the same in-plane position. If the quantum dots were to
be in the same quantum well, we would expect a much larger coupling than observed,
and effectively a merged quantum dot. Furthermore, the estimated quantum dot diam-
eter Dy, = 135 nm suggests that a double quantum dot can only exist by occupying both
quantum wells. Based on these findings we conclude the realisation of a vertically cou-
pled double quantum dot in a double quantum well.

Operating many quantum dots, and specifically many vertical double quantum dots, is
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certainly not an easy task. However, we can envision that a set of plunger gates, barrier
gates, and gates at the corners in a 2D array could jointly provide a virtual gate space to
control the charge occupation in the quantum dots, as well as the lateral tunnel coupling
between the quantum dots. In doing so, vertically coupled quantum dots may provide
new means for scaling, coupling, and addressing semiconductor quantum dot qubits.
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8.7. METHODS

The device is fabricated on a Si, Ge; _ ,/Ge/Si,Ge; _ ,/Ge/Si, Ge; _ , heterostructure, where
x = 0.2, grown by reduced pressure chemical vapour deposition. The virtual substrate on
which the heterostructure is grown consists of a silicon substrate, upon which there is a
1.6 um relaxed Ge layer; a 1 um graded SiGe; —  layer, with a final Ge composition of x =
0.2. On top of the SiGe virtual substrate, the bilayer system comprises a 16 nm thick bot-
tom Ge quantum well, a 4 nm thick SiGe barrier, a 10 nm thick top Ge quantum well, and
a final 55 nm thick SiGe spacer. At the top of the stack, a sacrificial Si cap is grown to pro-
vide a native SiOx layer. We define ohmic contacts using electron beam lithography and
remove the Si cap in the exposed area using a buffered oxide etch. We then evaporate a
30 nm platinum layer and contact the quantum wells using a 10-minute rapid thermal
anneal at 400°C, forming platinum germanosilicides. The ohmic layer is isolated using a
7nm layer of Al,O3 grown by atomic layer deposition. Electrostatic gates used to define
the quantum dots are patterned in two layers (3/17nm and 3/37 nm of Ti/Pd.) and are
separated by a 5 nm layer of Al,O3.

Devices are screened in 4 Kliquid helium. Experiments reported in this paper are car-
ried out in a Bluefors LD400 dilution refrigerator with a base temperature of 10 mK. The
electrical properties of the quantum dots are investigated through two terminal AC and
DC measurements. We apply a tunable DC bias Vp¢ across the source (S) and drain (D),
and measure the resulting current with a Keysight digitizer and from this we calculate
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the conductance Gpc = Ipc/ Vpc. To measure differential conductance we use a lock-in
technique and apply a sinusoidal bias with frequency 70 Hz and amplitude V¢ =17 pV
from which we can calculate the differential conductance Gac = dI/dV = Ixc/Vac.
When we acquire with the digitizer, the amplitude of the lock-in input signal is reduced
to Vac =0.04 uVv.

8.1. MAGNETOTRANSPORT

Figure 8.1a shows the magnetotransport characterization of a Hall-bar shaped device.
In the voltage range between —250 mV and —400 mV, only the bottom quantum well is
occupied, and the density shows a linear dependence on gate voltage while the mobility
and conductivity increase monotonically. The fan diagram in Fig. 8.1b shows the typi-
cal pattern of single channel transport. Below —400 mV population of the top well be-
comes energetically favourable, but its density remains below the percolation density
until Vg = —430mV, where it starts contributing to transport. Any further increase in the
electric field in the bottom well is screened by the charge added to the top well, leav-
ing the bottom well density unchanged. Within the voltage region where the density in
the bottom well remains constant and the holes added to the top well are not mobile,
the bilayer density measured from the Hall effect plateaus, as does the conductivity and
mobility. Beyond this region for V; <—430 mV, the top quantum well is above the per-
colation threshold, charges are mobile and contribute to transport, resulting in a second
set of Landau levels. While the bilayer density and conductivity increase with increasing
negative voltages, the mobility curve drops before reestablishing its increasing trend. We
ascribe this temporary drop in mobility to interlayer scattering [15].
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Figure 8.1: Magnetotransport characterisation of the hole bilayer measured using a Hall-bar shaped field
effect transistor. a From left to right: gate voltage (V) dependence of the hole bilayer Hall density p, con-
ductivity o xx at zero magnetic field, and mobility u. b Colour map of the conductivity o xx as a function of Vg
and the inverse magnetic field B~!. Dark regions correspond to filled Landau levels with vanishing o and
correspondingly quantized o y.
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8.2. FULL DEVICE

Figure 2 shows a false-coloured SEM of the whole device, of which only the left most
gates were used in this experiment.

Figure 8.2: A false-coloured SEM of a device similar to the one used in this experiment. The experiments are
conducted in quantum transport through the left quantum dot (purple) which is coupled to the ohmics (blue)
and controlled via barrier gates (green).

8.3. DOUBLE QUANTUM DOT CHARGE STABILITY DIAGRAMS FOR

DIFFERENT SYSTEM PARAMETERS

The features of a double quantum dot charge stability diagram strongly depend on the
capacitive coupling between the gates and the quantum dots, as well as between the
quantum dots themselves. These parameters are expected to be significantly different
in a vertically coupled double quantum dot compared to more typical planar quantum
dots. It is therefore instructive to qualitatively analyse the charge stability diagram of a
double dot system that better describes a vertically coupled double quantum dot. This
should aid the reader in interpreting the experimentally obtained charge stability dia-
grams in this paper.

In any double quantum dot system, a particular gate G can only subsequently load
a quantum dot D; if a voltage on G can offset the electrostatic energy arising from the
loading of any other quantum dot. In particular, for G to load quantum dots D; or D,
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Figure 8.3: Charge stability diagram dependence on different system parameters. In each charge stability
diagram G satisfies (violates) inequality 8.1 (8.2). The charge carriers are assumed to be holes. a Regime
where D is not loaded via G2 due to charge occupation in Dy, as inequality 1 is violated. b Regime where G2
satisfies both inequalities. ¢ Here G, violates inequality 8.2 while satisfying inequality 8.1.

while the other one is occupied, the system has to respectively satisfy the following in-
equalities:

E E

Zcz > ZCm (8.1)
az2Gc Qa1,G

E E

=z ZCm (8.2)
a5, A2G

Here a1 () g is the lever arm between the gate G and D1 (»), and Ec;(2), the charging energy
of Dy (), and Ec;y, the electrostatic coupling energy [33]. If inequality 8.1 (8.2) is violated,
then quantum dot D; (D) can not be occupied due screening from D, (D).

In planar double quantum dots, each quantum dot is predominantly coupled to a
single plunger gate, which in return couples relatively weakly to the other quantum dot.
That is, plunger gate G; couples predominantly to D; such that a1 g, /a2, > 1, and in-
equality 8.1 is satisfied, since E¢;; < Ec2. The same holds for D, and the corresponding
plunger gate. Figures 8.3a and b display examples of typical planar double quantum dots
hosting holes.

For a vertically coupled double quantum dot, the situation may be different. The
lever arm between all gates and the bottom quantum dot can become smaller than to
the top quantum dot, and the electrostatic coupling energy Ec,, is large due to the close
proximity of the wavefunctions. Hence the loading of the top quantum dot might pre-
vent the bottom quantum dot from being loaded, screening the bottom quantum dot.
Denoting D, as the bottom quantum dot, it is no longer trivial that there is a gate G
for which the second inequality is satisfied. Such a situation is depicted in figure 8.3c.
Once D; becomes occupied an increasingly negative voltage on either gate will deplete
D, instead of loading more holes onto it, making it more challenging to find the desired
charge occupation within the operating window of the device.

To ensure loading of the bottom quantum dot, it is therefore crucial to maximise
ay,c/ay,c for some gate G. In our experiment this is achieved by having more in-plane
confinement of the top quantum dot, due to the close proximity to the top gates. Less
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in-plane confinement allows the bottom quantum dot to be more coupled to the sur-
rounding barrier gates. Moreover, the stronger in-plane and out-of-plane confinement
of the top quantum dot (D)) increases the charging energy Ec; making condition 8.2
more easily satisfied. We note that in a realistic system, where the lever arms and charg-
ing energies are not constant, there could be a transition from one regime to another.

For vertically coupled quantum dots, the interdot transition also might have the op-
posite slope compared to that of a typical planar double quantum dot. In general for any
double quantum dot system controlled by gates G; and G an interdot transition occurs
along a line in the voltage space (Vi1, Vi2) for which:

a1,1AVG1 +a12AVGe = a2 1AVG + a2 AV

where ap g is the lever arm between dot D and gate G, and AV denotes a change in the
voltage of gate G. The slope of this line is hence given by

AVga  ao1—an

AVgr  app—az

For planar double quantum dots the plunger gates couple predominantly to different
dots, such that a1; > a»; and az > aj2. Planar double quantum dots will thus have a
positive slope igﬁ? > 0 for the interdot transition (Fig. 8.4a). However, for a vertical dou-
ble quantum dot both gates generally couple predominantly to the same dot. This will
lead to a negatively sloped interdot transition ﬁ“;g’f < 0. In our measurements we observe
the situation in Fig. 8.4c, suggesting that both gates in our charge-stability diagrams are
dominantly coupled to the same quantum dot located in the upper quantum well. This
also suggests that loading of the bottom dot is only possible due to the large charging

energy of the top quantum dot, compared to the mutual electrostatic interaction.

8.4. COMPARISON BETWEEN MEASURED CHARGE STABILITY DI-
AGRAMS AND ELECTROCHEMICAL SIMULATION

In order extract the lever arm ratios of both quantum dots as described in the main text,
charge stability diagrams (CSD) were measured by varying the plunger gate P voltage to-
gether with the voltage of surrounding barrier gates (Fig. 8.5). The inter-dot transitions
in these measurements are less pronounced compared to figure 8.2 of the main text,
which is attributed to a change in the tunnel coupling due to a different voltage regime.
In this appendix, we compare these measurements with classical electrochemical simu-
lations of a double quantum dot system [33].

The charge carriers in the simulation are holes, and gates couple to both quantum dots
through the occupation-dependent lever arm matrix a. Hence the electrochemical po-
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Figure 8.4: Charge stability diagrams with different interdot slopes. The interdot slope (depicted in green)
depends on the ratio between the lever arms. We denote D1 (D2) as the quantum dots with the steep (shallow)
reservoir transition line. A positive interdot slope as in a is observed whenever each gate couples predomi-
nantly to different quantum dots. If both gates couple stronger to D2 than to D; the situation in b is observed.
If both gates couple more to D; than to Dy we observe the situation in ¢, as is the case in our experiments. We
note that in a real system the different gate arrangements corresponding to a-c may also lead to a variation in
charging voltage, which has not been highlighted in these simulations.
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Figure 8.5: Charge stability diagrams as a function of the Plunger gate P, and barrier gates By, Bg, By, BE,
with electrochemical simulation overlain. Comparison between transport data and the double quantum dot
simulation defined by equation 8.3. The data is measured with lock-in techniques. Subfigures a-d give the
differential conduction through the system as a function of the voltages on the plunger gate P against the
voltage applied on respectively By, Bs, Byy and Bg. These plots share a common gate reference at Vies = [P =
—-1.217V,By = 0V,Bg = 0V, By = —0.237V, Bg = —0.178V]. The simulation has been limited to the double-
quantum dot region. Data without the simulation is found in Fig. 8.6. The code used to produce the simulated
transition lines can be found on Zenodo via the link provided in the main manuscript.
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Figure 8.6: Charge stability diagrams as a function of the Plunger gate P, and barrier gates By, Bs, By, B,
without electrochemical simulation overlain.

tential u of the quantum dots is given by:
1 (N1, No, V) = 231 Eca ()
+ 202 Eem(Ny, 1)
+ a1 (Ny, N, V)V
pa (N1, No, V) = 22 Eca (1)
+ ZI,;/ILlECm(m, No)

+ aZ(Nl)NZ)V)V

(8.3)

N2y denotes the occupation of the top (bottom) quantum dot. Eci2) (N1(2)) and Ecp, (N1, N2)

are the occupation-dependent charging energies of the top (bottom) quantum dot and
the electrostatic inter-dot coupling energy respectively. V is the vector denoting the gate
voltages. The coupling between the gates and the top (bottom) quantum dot is given by
two row matrices a; (2), with purely positive entries. These lever arms are generally taken
to be occupation- and voltage-dependent. Since the charging energy is poorly defined
for level-dependent lever-arms, these are defined at an (arbitrary) fixed reference voltage
Veet:

Ec12)(N12)) = 112 (N12), N2(1), Vref) ©.4)
=12 (N1@) =1, N2q1), Vref) '

fixing (0,0, Vyep) = 0. The charging energies and the inter-dot capacitive energies are
consistent across simulations in figure 8.5. To reduce the free parameters further the
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coupling matrix «a is simplified. @;(Vp) and az (N>, Vp) are dependent on the plunger
gate voltage Vp instead of on all the gate voltages, with the latter also depending on the
occupation of the bottom quantum dot. With these assumptions, the data matches a
charge stability diagram of a double quantum dot as seen in Figure 8.5 and Figure 8.2 of
the main text. The used parameters can be found in full on Zenodo using the link pro-
vided in the main text. This match suggests that the system indeed consists of a double
quantum dot, with no additional dot interacting with it in a meaningful way. The latter
would namely result in additional (triangular, pentagonal or heptagonal) features that
we do not observe.

To achieve the observed match, the lever arms between the gates and the bottom
quantum dot need a significant dependency on the occupation of the bottom quantum
dot. This is not as pronounced for the top quantum dot, which is expected from the
stronger in-plane confinement. Any additional charges on the top quantum dot will have
a larger impact on its size and thus on the coupling to the barrier gates.

We note that the plunger gate voltage has a significant effect on the lever arm of Bg,
as seen by the curvature of the transition lines in Figure 8.6b. This suggests that the
plunger gate significantly changes the capacitive coupling between Bg and the quantum
dots, which would occur if the quantum dots are close to Bs. This is consistent with the
estimated positions of the quantum dots that are presented in the main text.

Small discrepancies between the data and the electrochemical simulation are at-
tributed to the limited parameters of the model, like the neglected dependence on the
top quantum dot occupation and the exclusion of tunnel-coupling. Moreover for in-
creasingly negative voltages on By and Bg the system is generally poorly described by a
double quantum dot as seen in Figure 8.5a,b. For lower voltages on By (and P) the over-
all transport first decreases, which we attribute to the same phenomenon which leads
to the decrease in the Coulomb peak amplitude in Figure 8.1c (lower panel). namely a
larger tunnel-coupling between the top and bottom layer. This increased tunnel cou-
pling could change the interaction between the quantum dots and the leads. At even
lower voltages By and P a single-dot charge stability diagram emerges corresponding to
loading of the top quantum dot, which corresponds to either the merging of the top and
bottom quantum dot, or the screening of the bottom quantum dot by the top layer. For
the latter case, the possibility of this transition is described in appendix 8.3. For lower
voltages on Bs we observe a large background current (Fig. 8.5b). This background cur-
rent seems to emerge as the resonances of one of the quantum dots become poorly de-
fined and closely spaced. We propose that a conductive channel is formed under Bg
through one of the layers of the quantum well. Despite these discrepancies, the good
match between the data and this relatively simple model strongly supports that the sys-
tem in question consists of a double quantum dot without any additional quantum dots.

The code and the parameters used to perform the simulation can be found in full on
Zenodo using the link provided in the main text. Here the parameters to fit the charge
stability diagram in Figure 8.2 of the main text are also found.

8.5. SCHRODINGER-POISSON SIMULATION

We perform 2D Schrddinger-Poisson simulation with Nextnano [37]. Figure 8.7a shows
the heavy-hole (HH) band edge for the heterostructure (z > 0) where the top edges of the
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quantum wells are positioned at z=55 nm and z=69 nm. For z < 0 the gate stack is visible.
This comprises of a plunger gate, two barrier gates and a layer of Al,O3. Fig. 8.7b shows
the wavefunction amplitude for the first 20 2D orbitals for which we calculated the lever
arm. The potential applied to the plunger and the barriers is —1.15V and —0.25 V respec-
tively.

We estimate the tunnel coupling between the two quantum wells by solving the Schrodinger

equation for this system and extracting the symmetric-antisymmetric gap between the
first two energy states, from which we obtain t? " — 16GHz. Assuming a harmonic con-
finement potential in the in-plane direction and the dot centre in the same axis, the
single-hole dot-dot tunnel coupling can then be obtained from the radius of the two
dots (r7op and T'porrom) 2P = 1% 2n r2)/ (r? + r?), with r the Bohr radius. From these
assumptions, the upper bound on the estimated dot-dot tunnel coupling for the case of
equally sized quantum dots is t?D = t?w =16GHz.

b

1 o
HHedge (€V)

-100 0 100
X (nm)

Figure 8.7: Results of the 2D Schrodinger-Poisson simulations. a Heavy hole band edge as a function of x
and z coordinates for the bilayer heterostructure which also comprises the gate stack for z < 0, where z is the
growth direction. b Colour map of the wavefunction amplitude for the first 20 energy levels ordered from left
to right, top to bottom.

8.6. FINITE ELEMENTS SIMULATIONS OF CAPACITANCE

To get an indication of the position of the quantum dots based on the lever arms, a finite
element simulation with Ansys Q3D [36] is performed, to extract the geometric capac-
itance between a gate and quantum dot. These simulated geometric capacitances are
converted to lever arm ratios by dividing the absolute quantum dot-barrier gate capaci-
tance by the quantum dot-plunger gate capacitance. The simulated lever arm ratios are
then compared to those obtained from the charge-stability diagrams, and the position at
which these best match each other is determined (see Fig. 8.8). This is simulated for the
quantum dot being positioned in either the top or the bottom well. The heterostructure
has been modelled up to 500 nm in-plane around the plunger gate, and up to a depth
of 125 nm below the bottom quantum well. The reservoirs underneath the ohmic gates
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are excluded in this simulation. While these gates may affect the electrostatic coupling
of the other gates to the quantum dot, their symmetric positioning will partly compen-
sate for their impact on the quantum dot location. The dielectric material permittivities
used in the simulation are found in table 8.1. The metallic gates have been simulated as
uniform perfect conductors.

To emulate a quantum dot a circular, perfectly conducting, uniform disk is placed in
either quantum well. This allows us to estimate the geometric capacitance between the
quantum dot and the surrounding gates. Each quantum dot is simulated with different
disk radii. We note that the wavefunction density of the quantum dot is not taken into
account here, and non-circular shapes are not investigated.

Table 8.1: Relative dielectric permittivity used in the Ansys simulation. For the properties of Sip2Geg g a
linear approximation based on the atomic concentration is used.

Material €
Al, O3 [38] 5.9
Ge [39] 15.8
Sip.2oGegg [39] | 15.0
SiO, [40] 3.9

To determine how well the simulations fit the experimental data, we determine the

Euclidean distance A = \/ 2B, (@B; meas — & Bi,sim)z, where @p; meas(sim) is the measured
(simulated) lever arm ratio ap,/ap and the sum is taken over the barrier gates By, Bg,
Bg and By . This A is the cost-metric from which we estimate the position (and approx-
imate radius) of the quantum dot.

For each analysed quantum dot and quantum well, there is a particular position and
radius at which A is minimised (see Fig. 8.8). These are considered to be the most prob-
able locations and radii of that particular quantum dot in the quantum well.

To achieve the minimal A, the quantum dots are both predicted to have a radius of
about 30 nm and are positioned closer than that to each other (Fig. 8.9). The radius de-
termined here is lower than expected from the plunger gate size, with the discrepancy
arising from the approximation of the quantum dot as a uniform disk. From their prox-
imity we conclude that the quantum dots are likely to be in two separate wells. A is
minimised for D;,, whenever it is located in the top well, and for Dj,; when it is in the
bottom well. This is consistent with the allocation made in the main text.

Future improvements on this method would consider the electrostatic potential aris-
ing from the gates, the strain of the system and the effects of the disorder. Moreover, the
interplay between multiple quantum dots spread across the wells can be taken into ac-
count in the future, as we stress that currently just a single quantum dot is simulated at
atime. A self-consistent 3D Schrédinger-Poisson approach could make this possible.
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Figure 8.8: Triangulation of the quantum dots. Within the red, purple, green and blue contours, the simulated
lever arm to the respective gate is within the standard deviation of the empirically extracted values. For Dyop
these are @ gy, meas = 0.44 £ 0.02, &, meas = 0.53 £ 0.02, &3,/ meas = 0.41 £0.02, @5, meas = 0.40 £ 0.02 respec-
tively. For Dy, these are &gy, meas = 0.55+ 0.01, &g meas = 0.76 £ 0.04, &, meas = 0.53 £ 0.04, &g meas =
0.53 + 0.05 respectively. The measurement and simulation agree best at the position for which A is minimal.
The origin is defined at the centre of the plunger gate. Subfigures a-c show the results for Dy,p, simulated in
the top quantum well for radii of a 20, 30 and 40 nm. Similarly subfigures d-e show the results for Dy, as itis
simulated in the bottom quantum well for radii of a 20, 30 and 40 nm. For both quantum dots other radii and
simulation within the other quantum well result in a higher minimal A.
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Figure 8.9: Simulated quantum dot radius and position. a The A corresponding to the most likely quantum
dot position for a given quantum dot radius. The simulation and experiments have been compared for either
quantum dot in both wells. Quantum dot 1 (2) corresponds to the orange (blue) transitions in the Fig. 8.2 of
the main text. For each quantum dot, the most likely radius is 30 nm. Error bars are based on the standard
deviation in the slopes extracted from the raw data in 8.5. b The expected position for each radius of the two
quantum dots in either the bottom or the top well. For all radii, the quantum dots are close to one another.
The darker colours correspond to the larger radii as depicted in a.
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HARD SUPERCONDUCTING GAP IN
GERMANIUM

The co-integration of spin, superconducting, and topological systems is emerging as an
exciting pathway for scalable and high-fidelity quantum information technology. High-
mobility planar germanium is a front-runner semiconductor for building quantum pro-
cessors with spin-qubits, but progress with hybrid superconductor-semiconductor devices
is hindered by the difficulty in obtaining a superconducting hard gap, that is, a gap free
of subgap states. Here, we address this challenge by developing a low-disorder, oxide-
free interface between high-mobility planar germanium and a germanosilicide parent
superconductor. This superconducting contact is formed by the thermally-activated solid
phase reaction between a metal, platinum, and the Ge/SiGe semiconductor heterostruc-
ture. Electrical characterization reveals near-unity transparency in Josephson junctions
and, importantly, a hard induced superconducting gap in quantum point contacts. Fur-
thermore, we demonstrate phase control of a Josephson junction and study transport in
a gated two-dimensional superconductor-semiconductor array towards scalable architec-
tures. These results expand the quantum technology toolbox in germanium and provide
new avenues for exploring monolithic superconductor-semiconductor quantum circuits
towards scalable quantum information processing.

This work was originally published as:
A. Tosato, V. Levajac, ].Y. Wang, C.J. Boor, E Borsoi, M. Botifoll, C.N. Borja, S. Marti-Sanchez, J. Arbiol, A. Sam-
mak, M. Veldhorst, Hard superconducting gap in germanium. Communications Materials, 4(1), 23 (2023).
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9.1. INTRODUCTION

The intimate coupling between superconductors and semiconductors in hybrid devices
is at the heart of exciting pursuits, including topological qubits with Majorana zero modes [1,
2], superconducting (Andreev) spin qubits [3], and gate-tunable superconducting qubits [4].
Combining hybrid devices with high-fidelity semiconductor spin qubits in a single ma-
terial platform may resolve key challenges for scalable quantum information processing.
In particular, quantum information transfer between spin and topological qubits [5, 6, 7,
8] may enable a universal gate set for topological quantum computation and, conversely,
superconductors may be used to coherently couple spin qubits at a distance via crossed
Andreev reflection [5, 9] or topologically protected links [10].

The use of epitaxial superconducting Al to induce a hard superconducting gap in III-
V semiconductors [11, 12] stimulated great progress with hybrid devices, leading to ex-
perimental reports of topological superconductivity in planar Josephson junctions [13]
and in electrostatically defined quasi-1D wires [14], the demonstration of Andreev spin
qubits [3], and the realization of a minimal Kitaev chain in coupled quantum dots [15].
However, spin qubits in III-V semiconductors suffer from the hyperfine interactions with
the nuclear spin bath [16] that severely deteriorate their quantum coherence [17] and
challenges their integration with hybrid devices.

On the other hand, spin qubits with quantum dots in Ge [18, 19, 20, 21] can achieve
long quantum coherence due to the suppressed hyperfine interaction [22] and the pos-
sibility of isotopic purification into a nuclear spin-free material [23]. Thanks to the light
effective mass [24] and high mobility exceeding one million cm?/Vs [25], holes in pla-
nar Ge/SiGe heterostructures have advanced semiconductors spin qubits to the uni-
versal operation on a 2 x 2 qubit array [26], and the shared control of a 16 semicon-
ductor quantum dot crossbar array [27]. Moreover, the ability of holes to make con-
tacts with low Schottky barrier heights to metals [28], including superconductors, makes
Ge a promising candidate for hybrid devices. Initial work used superconducting Al to
contact Ge either via thermal diffusion [29, 30, 31] or by deposition on the sidewalls of
etched mesas [32, 33]. However, the key demonstration of a superconducting gap in Ge
free of subgap quasiparticle states is lacking, challenged by the difficulty of contacting
uniformly a buried quantum well (QW) with a superconductor, whilst maintaining the
low disorder at the superconductor-semiconductor interface and in the semiconductor
channel.

Here we address these challenges and demonstrate a hard superconducting gap in
Ge. We contact the quantum well with a superconducting germanosilicide (PtSiGe), sim-
ilar to the silicidation process used by the microelectronics industry for low resistance
contacts [34]. The superconductor is formed uniformly within the heterostructure and
reaches the buried quantum well via a controlled thermally-activated solid phase reac-
tion between the metal (Pt) and the semiconductor stack (Ge/SiGe). This process is sim-
ple, robust, and does not require specialised vacuum conditions or etching because the
superconductor-semiconductor interface is buried into the pure semiconducting het-
erostructure and consequently remains pristine. This represents a conceptually differ-
ent approach compared to the subtractive nanofabrication processes commonly used
for hybrid devices, since our additive process does not deteriorate the active area of the
semiconductor. As a result, we demonstrate a suite of reproducible Ge hybrid devices
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with low disorder and excellent superconducting properties.

9.2. MATERIAL PROPERTIES

Our approach to superconductor-semiconductor hybrid devices in Ge is illustrated in
Fig. 1a. We use an undoped and compressively-strained Ge quantum well, grown by
chemical vapor deposition on a Si(001) wafer [35] and separated from the surface by
a SiGe barrier (Methods). This heterostructure supports a two-dimensional hole gas
(2DHG) with high mobility (~ 6 x 10° cm?/Vs), long transport scattering time 7 (~ 30 ps),
and long mean free path (~ 7um) (Supplementary Fig. 1) and hosts high-performance
spin-qubits [20]. Crucial for the reliable search of topological superconductivity [36] and
for scaling to large spin-qubit architectures [37], the disorder in our buried Ge quantum
wells is characterised by an energy level broadening #/27 of ~ 0.01 meV, which is more
than one order of magnitude smaller than in the other material systems exhibiting a hard
superconducting gap (Supplementary Table 1).

As shown by the schematics in Fig. 1a, we obtain PtSiGe contacts to the quantum
well by room-temperature evaporation of a Pt supply layer, metal lift-off, and rapid ther-
mal process at 400 °C (Methods). This low-temperature process preserves the structural
integrity of the quantum well grown at 500 °C, whilst activating the solid phase reac-
tion driving Pt into the heterostructure and Ge and Si into the Pt (Supplementary Fig. 3).
As a result, low-resistivity germanosilicide phases are formed [38, 39] and under these
process conditions the obtained PtSiGe films are superconducting with a 7. = 0.5K and
an in-plane critical field of B;j = 400 mT (Supplementary Fig. 2). Finally, we use pat-
terned electrostatic gates, insulated by dielectric films in between, to accumulate charge
carriers in the quantum well and to shape the electrostatic confinement potential of
the hybrid superconductor-semiconductor devices (Methods). This approach to hybrid
devices is different compared to the conventional process with 1D nanowires, where
an epitaxial superconductor proximitizes the semiconductor region underneath. Be-
cause we do not perform any etch during the nanofabrication of hybrid devices, the
low-disorder landscape that determines the 2DHG high mobility is likely to be preserved
when further dimensional confinement is achieved by means of electrostatic gates. By
contrast, for processes where etching of the superconductor is required, the fabrication
of hybrid devices yields to mobility degradation [40].

The morphological, structural, and chemical properties of the hybrid devices are in-
ferred by aberration corrected high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and electron energy-loss spectroscopy (EELS). Fig. 1b

shows a HAADF-STEM image of a cross-section of a superconductor-normal-superconductor

quantum point contact (SNS-QPC) taken off-center to visualise the two gate layers (Fig 2a
shows a top view of the device). We observe a uniform quantum well of high-crystalline
quality, with sharp interfaces to the adjacent SiGe and absence of extended defects. As
a result of the annealing, Pt diffuses predominantly vertically through the SiGe spacer
reaching the quantum well. The sharp lateral interfaces between the two PtSiGe contacts
and the QW in between set the length of the channel populated by holes via the top-
gates. The PtSiGe film presents poly-crystalline domains with a crystal size up to 50x50
nm and orthorhombic phase (PBNM, space group number 62) [41]. This is inferred from
the power spectra or fast Fourier transforms (FFTs) taken from the two PtSiGe domains
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Figure 9.1: Material properties of superconductor-semiconductor Ge devices. a) Schematics of the fabri-
cation process for a superconductor-normal-superconductor quantum point contact (SNS-QPC). First, plat-
inum is deposited on the heterostructure, then thermal annealing at 400 °C drives Pt in the heterostructure to
form PtSiGe, finally two gate layers are deposited, insulated by AloO3. b) False-color high angle annular dark
field scanning transmission electron microscopy (HAADF STEM) image of a cross-section of a SNS-QPC. The
PtSiGe contacts are violet, the Ti/Pd constriction gate (CG) operated in depletion mode is yellow, the Ti/Pd
accumulation gate (AG), used to populate the quantum well, is green. A scanning electron microscopy top
view image of this device is shown in Fig. 2. ¢) Atomic resolution HAADF STEM image of the Ge/PtSiGe inter-
face along with the indexed fast Fourier transforms (FFTs) of the two regions (black squares) within the PtSiGe
contacts and a schematics of the PtSiGe orthorhombic unit cell. The corresponding ternary lattice parameters
T = ar, b, cT that define the dimensions of the unit cell can be calculated, in a first approximation, by Ve-
gard’s law: Tpsj;_,Gey = X BpiGe + (1 — X) Bpisi where B = ag, bg, cg are the lattice parameters of the binary
compounds PtSi and PtGe, and x is the relative content of Ge with respect to Si. d) Electron energy-loss spec-
troscopy (EELS) composition maps showing the Pt, Ge, Si and O signals for the central area of the TEM lamella
of panel b, the scale-bar indicates 50 nm. The PtGeSi stoichiometry is extracted by quantitative EELS analysis
and reported in Supplementary Fig. 4.

interfacing with the QW from the left contact, shown in Fig. 1c along with a schematic
view of the unit cell of such phase. More detailed studies by high-resolution plane TEM
are required to assess the junction uniformity in the direction parallel to the junction
and whether this would impact Majorana experiments. The analysis of EELS elemental
concentration profiles across the Ge QW—PtSiGe heterointerface (Supplementary Fig. 4)
reveals that the threefold PtSiGe stoichiometry is Ge-rich, with relative composition in
the range between Pt 1 Sig 2Geg 7 and Pty ; Sig 05 Gep g5 depending locally on the analysed
grain. The EELS compositional maps in Fig. 1d show the elemental distribution of Ge,
Si, Pt, Al, and O, at the key regions of the device. We observe Pt well confined to the
two contacts areas, which also appear Ge-rich. Crucially, O is detected only in the Al,O3
dielectric layer below the gates, pointing to a high-purity quantum well and a pristine
superconductor-semiconductor interface.

9.3. HIGHLY TRANSPARENT JOSEPHSON JUNCTION

We perform low-frequency four-terminal current and voltage bias measurements (Meth-
ods) on the SNS-QPC device shown in Fig. 2a to infer the properties of the superconductor-
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Figure 9.2: Highly-transparent Josephson junctions. a) False-color scanning electron microscope image of
the SNS device. The PtSiGe contacts are violet, the constriction gates (CG) are yellow and the accumulation
gate (AG) is green. The channel length between the two superconducting leads is 70 nm and the channel width
between the constriction gates is 40 nm. The two constriction gates are separate by design but always shorted
together during measurements. b) Color map of the voltage drop across the junction V vssource-drain current
Isp and constriction-gate voltage Vg at zero magnetic field along with normal-state conductance (Gy) trace
vs V. Gy is calculated as the conductance average where the voltage drop across the device is in the range
[500, 650] mV or -[650,500] mV, that is much higher than the estimated superconducting gap. ¢) Color map of
G in units of 2e2/ h vs the source-drain voltage Vsp and V. Bottom panel shows line-cuts of conductance at
Veg = [-1.25,-1.4,-1.49] V, red lines are the fit with the coherent scattering model from which transparency
7 is extracted. Right inset shows the evolution of the transparency, as extracted from the fitting of conductance
curves to the coherent scattering model (Methods), with the constriction gate Vg. d) Color map of G vs T and
Vsp (top panel), and vs B| and Vsp (bottom panel), where Bj is the in-plane magnetic field in the direction
of transport and T the temperature. The color scale in panel (d) has been saturated to better infer the low
conductance limit. The source-drain bias is applied between the PtSiGe contacts, and the voltage drop across
the junction is measured with a standard 4-terminal setup. The accumulation voltage for measurements in b,c
and d was set to —4.5V, where the 2DHG is expected to reach saturation density (see Supplementary Fig. 1)
of ~6x 10! cm™2 [35]. Measurement presented in b, ¢ and in panel d (bottom), are performed at 15mkK,
corresponding to an electron temperature of ~ 25 mK.

semiconductor interface. Accumulation (AG, in green) and constriction (CG, in yellow)
gates control transport within the 70 nm long channel between the two PtSiGe leads. We
apply a large negative voltage to the accumulation gate to populate the quantum well
with holes, and we then control the effective width of the channel by applying a more
positive voltage to the constriction gates, thus depleting the underlying quantum well.
The current bias measurements (Fig. 2b) reveal a tunable supercurrent with a plateau
when the constriction gate voltage Vg is in the range = [-1.75,—-1.50] V. This is the same
range where we observe the first conductance plateau in the normal-state conductance
Gy (Fig. 2b, right inset), indicating that the switching current (Iy) plateau observed in
the color plot stems form the supercurrent discretization due to the discrete number
of modes in the QPC [30, 42]. Supercurrent discretization up to the third conductance
plateau is shown in Supplementary Fig. 5 (data are for a different SNS-QPC device with
identical design to the one presented here). The discretization of the supercurrent at zero
magnetic field, indicates that the quality of the 2DHG is preserved also upon the forma-
tion of the superconducting contacts. We use the switching current as a lower bound
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for the critical current and we estimate an I, Ry product of 51 uV, showing an improve-
ment as compared to previous results obtained with pure Al contacts in Ge QWs [30,
32, 33], despite the Al T; is higher than the PtSiGe T,. The measured Iy RN product
is ~ 0.5 the theoretical IRy product calculated for a ballistic short junction using the
Ambegaokar-Baratoff formula 7A*/2e = 110V with I. being the critical current, A* the
induced superconducting gap and e the electron charge [43]. This discrepancy has been
observed in previous works [44, 30] and is consistent with a premature switching due to
thermal activation [45].

By operating the device in voltage-bias configuration and stepping the constriction
gates, we observe in the conductance color plot the typical signature of multiple Andreev
reflections (MARs) (Fig. 2c). When the applied voltage bias corresponds to an integer
fraction of 2A*, with A* being the induced superconducting gap, we observe differential
conductance dI/dV peaks (dips) in the tunneling (open) regime [46, 47]. We measure
MARs up to the 5th order, suggesting that the coherence length ¢y in the Ge QW is a few
times larger than the junction length L, and setting a lower bound to the phase coherence
length in the QW [y, > 5L = 350nm. These observations are consistent with the findings
of ref. [33] where a similar Ge/SiGe heterostructure is used. Fitting the differential con-
ductance with the coherent scattering model described in ref. [48] (and used in refs. [47,
44, 49]) reveals single channel transport with gate tunable transparency up to 96%. Such
a high transparency confirms the high quality interface between the PtSiGe and the Ge
QW. From the MARs fit we estimate an induced superconducting gap A* =70.6+0.9peV,
which is about half compared to the A* = 129ueV [14] and 150 peV [50] for recent InAs-Al
devices reporting topological superconductivity.

Further, we characterise the evolution of the induced superconducting gap with tem-
perature and magnetic field. After setting the device in tunneling regime, where sharp
coherence peaks are expected at e|Vsp| = 2A* (Fig. 2d), we observe the induced su-
perconducting gap closing with increasing temperature and magnetic field. By fitting
the temperature dependence of the coherence peaks with the empirical formula from
ref. [51] we obtain a critical temperature of 0.5K. The peak close to zero bias emerging
at T > 0.2K can be explained in terms of thermally-activated quasiparticle current [49].
The in-plane magnetic field in the transport direction quenches the superconductivity
at B¢y = 0.37T. The same critical field is found for the in-plane direction perpendicular
to the transport direction while for the out of plane direction B.; = 0.1T (Supplementary
Fig. 6). This in-plane vs out-of-plane anisotropy is expected given the thin-film nature of
the PtSiGe superconductor [45].

9.4. HARD INDUCED SUPERCONDUCTING GAP

To gain insights into the quality of the Ge/PtSiGe junction we characterise transport
through the normal-superconductor quantum point contact (NS-QPC) device shown in
Fig. 3a. Importantly, the methodology based on spectroscopy of NS devices alleviates
the ambiguity of measuring the amount of quasiparticle states inside the gap with SNS
junctions [31]. On the left side of the QPC there is a PtSiGe superconducting lead and
on the right side a normal lead consisting of a 2DHG accumulated in the Ge QW. With
the accumulation gate (AG) set at large negative voltages to populate the QW we apply a
more positive voltage to the constriction gates (CG), creating a tunable barrier between
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Figure 9.3: Hard induced superconducting gap. a) False-color SEM image of the normal-superconductor
quantum point contact device (NS-QPC). The PtSiGe contact is violet, the constriction gate (CG) are yellow and
the accumulation gate (AG) is green. The two constriction gates are separate by design but always shorted to-
gether during measurements. b) Color map of conductance G vs the source-drain voltage Vsp and constriction
gate VG, along with line cuts in log-scale of G at the constriction gate voltages VoG = [-733,-710,-695] mV
marked by the colored segment in the color-plot. ¢) Color map of G in units of 2e/ 1 vs the in-plane magnetic
field B perpendicular to the transport direction and constriction gate Vg, along with line cuts in log-scale
of G at the field strength Bj =1[0.01,0.1,0.2,0.3] T marked by the colored segment in the color-plot. d) Con-
ductance traces normalised to the above-gap conductance (G/Gy) vs Vgp in tunneling regime for 6 different
NS-QPC devices D1-Dg processed in the same fabrication run, device D is the one reported in Fig 3 a-c, in
the remaining devices the constriction gates separation varies (specifications of these devices are provided in
Supplementary Fig. 8).

the superconducting and the normal region. In Fig. 3b we progressively decrease the
barrier height (decreasing Vi) going from the tunneling regime, where conductance is
strongly suppressed, to a more open regime where conductance approaches the single
conductance quantum Gp. Line-cuts of the conductance color map are presented in
the bottom panel of Fig. 3c. In the tunneling regime, we observe a hard induced super-
conducting gap, characterised by a two orders of magnitude suppression of the in-gap
conductance to the normal-state conductance, and the arising of coherence peaks at
e|Vspl = A* = 70peV. Fig. 3b also shows that the induced superconducting gap varies
with the constriction gate voltage. This observation brings confidence that we are mea-
suring the induced superconducting gap rather than the parent gap [52]. A possible ex-
planation is that, upon increasing the density in the semiconductor nearby the junction,
the coupling to the parent superconductor might vary, as also observed in other hybrid
nanostructures [53].

The evolution of the gap as a function of in-plane magnetic field (B)) shown in Fig. 3c
confirms that the gap remains hard for finite magnetic fields up to 0.25T, ultimately
vanishing at B = 0.37 T. The magnetic field evolution of the gap in all three directions
matches the behaviour observed in the SNS-QPC (Supplementary Fig. 7).

Finally, Fig. 3d reports the conductance traces in tunneling regime for all the six
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measured devices (an overview of the geometries of these devices and the respective
measurements are available in the Supplementary Fig. 8, the conductance maps for all
these devices are shown in Supplementary Fig. 9). For all devices we observe suppres-
sion of conductance equal or larger than two orders of magnitude. At a quantitative level,
the conductance traces of Fig 3d are well fitted by the BTK theory [54] (Supplementary
Fig. 9) consistent with a hard induced superconducting gap free of subgap states [44, 11].
This finding is the signature of a robust process that yields a reproducible high-quality
superconductor-semiconductor interface, overcoming a long-standing challenge for hy-
brid superconductor-semiconductor quantum devices in Ge.

9.5. SUPERCONDUCTING QUANTUM INTERFERENCE DEVICES
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Figure 9.4: Phase control of a Josephson junction in a SQUID. a) False-color SEM image of the two JoFET
SQUID device. The JoFETs have a channel length of 70 nm and a channel width of 1 pm and 2 um respectively
and can be independently controlled by gates AG] and AG,. The geometric loop area of the SQUID is of 10 um?,
calculated assuming a rectangle with sides positioned in the center of the PtSiGe loop cross-section. b) Color-
plot of voltage drop (V) across the SQUID vs current (I) and out-of-plane magnetic field (B ). Arrows represent
the direction of the current (I) sweep. With the gate voltages set at Vayg; = —3.5V and Vjgp = —1.65V the
superconducting phase drops mainly over the second junction. Upon sweeping the out-of-plane magnetic
field By we observe oscillations of the switching current. Red and blue dashed lines are the fit of the evolution
of the critical current with magnetic field. The magnetic field is applied in the out of plane direction as depicted
in panel (a).

We use the superconducting quantum interference device (SQUID) in Fig. 4a to demon-
strate phase control across a Josephson junction, an important ingredient for achiev-
ing topological states at low magnetic field [55, 50, 56, 57]. The device is composed of
two Josephson field-effect transistors (JoFETs) with a width of 2um and 1 pm for JoFET;
and JoFET, respectively, and equal length of 70nm. The critical current of the junc-
tions I and I, can be tuned independently by applying the accumulation gate volt-
ages Vpg1 and Vg to the corresponding gates. We investigate the oscillations of the
SQUID switching current as a function of the out-of-plane-magnetic field penetrating
the SQUID loop. Namely, we set Vag1 and Vg, such that both arms support supercur-
rent and I; > I. This condition provides that the first junction is used as a reference
junction and that the phase drop on it is flux independent, while the phase drop over
the second junction is therefore modulated by the external flux through the loop. This
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allows the measurement of the current-phase-relation (CPR) of the second junction.
This is demonstrated in Fig. 4b where the shown SQUID oscillations are well fitted by
the relation: IC,SQUID =11 (BLA)) + 12(BLA)) Sin(ZHBJ_ASQUID — LI, (BJ_AI)/@()) where
Ic1,2(BA) ) are the Fraunhofer dependencies of the critical current obtained from fitting
the Fraunhofer pattern of each junction (Supplementary Fig. 10), A, are the junction
areas, B, is the out-of-plane magnetic field and ®¢ the flux quantum. From the fit of
the data in Fig. 4b (red dashed-line) we extract the effective SQUID loop area Asquip =
8.9um? (comparable to the 10 um? SQUID geometric area) and the self-inductance L =
1.65pH. In order to confirm for the self-inductance effects, we also fit SQUID oscilla-
tions for the opposite direction of the current bias (blue dashed-line) and we get similar
values for the effective loop area and self-inductance.

9.6. SCALABLE JUNCTIONS
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Figure 9.5: A gated 2D superconductor-semiconductor array. a) 3D and top view schematics of an array of
51 x 10 PtSiGe islands. The inset shows an atomic force microscopy image of the PtSiGe islands of the array.
The PtSiGe islands are 930 x 930 nm wide and the separation between neighbouring islands is of 70 nm. b) Top
panel shows a color map of sheet resistance (Rg) vs accumulation gate voltage V5 and source-drain current
Isp. Bottom panels shows a color map of sheet resistance vs out of plane magnetic field B and source-drain
current Isp. The measurement is taken at gate voltage Vg = —1.99V, where we expect carriers in the quantum
well to approach a saturation density value of about 6 x 101! cm™2 and have a mean free path (~ 7pum) much
longer than the separation between between neighbouring islands. Black arrows denote the magnetic field
corresponding to one flux quantum @ per unit cell of the array. Red arrows correspond to one-half flux per
unit cell. ¢) Sheet resistance as a function of temperature for gate voltages ranging from —2Vto —1.55V. Yellow
curves correspond to small negative gates, and purple curves to large negative gates.

As a first step towards monolithic superconductor-semiconductor quantum circuits
in two dimensions, we fabricate and study transport in a macroscopic hybrid device
comprising a large array of 510 PtSiGe islands (Fig. 5a) and a global top gate. Each pair of
neighbouring islands forms a Josephson junction whose transparency can be tuned by
the global accumulation gate. The top panel of Fig. 5b shows a current bias measurement
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of the junctions array resistance. As the accumulation gate becomes more negative, all
the junctions are proximitized and a supercurrent flows through the device. Remark-
ably, as the source-drain current approaches the junctions critical current the whole ar-
ray simultaneously switches from superconducting to resistive regime, as shown from
the sharp resistance step (Fig. 5b top).

With this device we also study the evolution of the switching current in a small per-
pendicular magnetic field. In the bottom panel of Fig. 5b we observe Fraunhofer-like
interference, along with the fingerprint of flux commensurability effects associated with
the periodicity of the array. At integer numbers of flux quantum per unit area of the peri-
odic array f = B, / By, where By = ®¢/ A with A the junction area and @ the flux quanta,
we observe switching current peaks at +1f,2f,3f,4f and 5f, denoted by a black arrow
in the plot. We also notice this effect at fractional values of f, most notably at f/2 (red
arrow). Flux commensurability effects, due to the pinning and interference of vortices in
Josephson junctions arrays, have been previously reported [58, 59].

The observation of simultaneous switching of super-current and of the Fraunhofer
pattern with flux commensurability effects, suggests that all islands effective areas are
similar and that the supercurrent through the various junctions is comparable, mean-
ing that all junctions respond synchronously to the applied gate voltage. This is further
supported by the observation of sharp switching of super-current and the Fraunhofer
pattern of a 1D array of superconducting islands presented in Supplementary Fig. 11.

Finally we present in Fig. 5b the sheet resistance as a function of temperature for
different gate voltages. As the gate voltage becomes more negative, the coupling be-
tween neighbouring superconducting islands increases and the system transitions from
an insulating to a superconducting regime. At low gate voltage the resistance increases
with decreasing temperature (yellow curves) indicating the insulating state, while at high
gates the resistance drops to zero (purple curves) owing to the global superconducting
state. At intermediate gate voltages (—-1.95V < V5 < —1.93V, orange curves) there is a
transition where the resistance shows a weak temperature dependence. It will be inter-
esting to study this regime in detail, in light of the recent claims of an anomalous metallic
state between the superconducting and the insulating phases [59].

9.7. DISCUSSION

In conclusion, we have developed superconducting germanosilicides for contacting Ge
quantum wells, which has resulted in excellent superconducting properties imparted
to the high-mobility 2DHG. We induced a hard superconducting gap in Ge, a large ad-
vancement compared to previous work on Ge hybrid superconductor-semiconductor
devices [30, 32, 33, 31]. We were able to observe a hard gap with 100% yield across all the
six measured devices, pointing to a robust and reproducible fabrication process. Next
to this central result, we further demonstrate phase control across a Josephson junction
and take advantage of the planar geometry to scale these devices in 2D arrays.

While we focused on the poly-crystalline superconducting PtSiGe compound, we an-
ticipate two strategies to further increase the size of the induced superconducting gap,
which sets a relevant energy scale for hybrid devices. Firstly, following the approach in
ref. [33] a superconducting layer with a larger gap, such as Al or Nb, may be deposited
on top of the superconducting PtSiGe. Secondly, other ternary superconducting ger-
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manosilicides with a higher critical temperature may be explored, starting from the de-
position and thermal anneal of other platinoid metals such as Rh and Ir [60].

Based on our findings, we foresee the following use cases for superconductor-semiconductor
hybrids in high mobility planar Ge. Although a hard gap is necessary but not sufficient
on its own for achieving a topologically protected system, this work positions planar Ge
as a promising platform to explore Majorana bound states in phased-biased Joseph-
son junctions [61, 62, 13]. Calculations with experimentally realistic material param-
eters [57] show that accessing the topological phase is feasible by careful design of Ge
planar Josephson junctions geometries that relaxes magnetic field and spin-orbit con-
strains. More advanced future experiments should build on our current results to fully
assess the readiness of Ge for Majorana bound states experiments, such as increasing
the induced superconducting gap and measuring it by non local spectroscopy in multi-
terminal devices and demonstrate the two-electron charging effect in hybrid Ge/PtSiGe
islands, a pre-requisite for their use in topological quantum computation.

Crucially, the realization of a hard superconducting gap positions planar Ge as a
unique material platform to pursue the coherent coupling of high fidelity spin qubits us-
ing crossed Andreev reflection to enable two-qubit gates over micrometer distances [5,
9]. Remote coupling of spin qubits in Ge may also be achieved by coupling spin qubits
via superconducting quantum dots [5, 6], potentially offering a topological protection[10].
Coupling on an even longer distance may be obtained via superconducting resonators [63].
In such a scenario, a capacitive interaction may suffice, but connecting the resonator to
a superconducting ohmic, such as PtSiGe, could result in a larger lever arm and there-
fore boost the coupling, while a direct tunnel coupling would give further directions to
explore. The ability to couple qubits over different length scales is highly relevant and a
critical component in network-based quantum computing [37].

Furthermore, the demonstration of a hard gap in Ge motivates the investigation of
alternative spin qubits systems, such as Andreev spin qubits (ASQ) [64, 65], that may
be coupled with gatemons [66] or superconductors [67]. Similar to semiconductor spin
qubits, the use of isotopically purified Ge [23] may overcome the strong decoherence
from the nuclear environment currently limiting progress with ASQs in III-V materials [3,
66].

All together, these findings represent a major step in the Ge quantum information
route, aiming to co-integrate spin, superconducting, and topological systems for scal-
able and high-fidelity quantum information processing on a silicon wafer.

9.8. METHODS
Ge/SiGe heterostructure growth. The Ge/SiGe heterostructure of this study is grown
on a 100-mm n-type Si(001) substrate using an Epsilon 2000 (ASMI) reduced pressure
chemical vapor deposition reactor. The layer sequence comprises a Sip2Gegg virtual
substrate obtained by reverse grading, a 16 nm thick Ge quantum well, a 22 nm-thick
Sig.2Geg g barrier, and a thin sacrificial Si cap [35]. Detailed electrical characterisation
of heterostructure field effect transistors from these heterostructures are presented in
ref. [35].

Device fabrication. The fabrication of the devices presented in this paper entails the
following steps. Wet etching of the sacrificial Si-cap in buffer oxide etch for 10s. Deposi-
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tion of the Pt contacts via e-gun evaporation of 15nm of Pt at pressure of 3 x 10~ mbar
at the rate of 0.5A/s. Rapid thermal anneal of Pt contacts at 400 °C for 15minutes in a
halogen lamps heated chamber in argon atmosphere. Atomic layer deposition of 10 nm
of Al,O3 at 300 °C. Deposition of the first gate layer via e-gun evaporation of 3 nm of Ti
and 17 nm of Pd. For the devices with a second gate layer the last two steps are repeated,
27nm of Pd are deposited for the second gate layer to guarantee film continuity where
overlapping with first gate layer.

Transport measurements. Electrical transport measurements of the SNS-QPC, NS-
QPC, SQUID devices are carried out in a dry dilution refrigerators at a base temperature
of 15 mK, corresponding to an electron temperature of =25 mK measured with a metal-
lic N-S tunnel junction thermometer. This refrigerator is equipped with a 3-axis vector
magnet. Measurements of the junctions array are carried out in a wet dilution refrigera-
tor with base temperature of 50 mK and z-axis magnet.

Measurements are performed using a standard 4-terminals low-frequency lock-in
technique at the frequency of 17Hz. Voltage bias measurements are performed with
an excitation voltage Viac < 44V. By measuring in a four-terminal setup, additional data
processing to subtract series resistances of various circuit components is avoided. For
the measurements in Fig. 2b, c, d and Fig. 5b the (maximum) gate voltage is tuned to be
just below the threshold for hysteresis, caused by trapped charges in the surface states at
the semiconductor/dielectric. In these electrostatic conditions the valence band edge at
the semiconductor/dielectric interface and the Fermi level align and the density in the
buried channel is expected to approach a saturation density of about 6 x 10'! cm™2 [35].

Simulations and fitting of MARs. The experimentally measured conductance Gy (V)
of an SNS junction is assumed to be superposition of N single-mode contributions [47]:

M
Giheory(V) Y. NiGTM (V) 9.1)
i=1

where G"% is the simulated conductance for the N; modes with transparency 7;.
We allow for M different transparencies, but all N; modes have the same superconduct-
ing gap A. The simulations of conductance were implemented in Python using a modi-
fied version of the code presented in ref. [68].

The theoretically computed conductance Gpeory (V) is fitted to Gexp (V) using a non-
linear least-squares procedure: y = [[Gexp(V) = Giheor y(V)]ZdV is minimised for the fit-
ting parameters A, N;, 7; with i € 1,..., M. The fitting is performed for increasing M,
provided that all N; and 7; are nonzero. We note that we assume a coherent 1D system.
When the MAR contribution is significant, this assumption leads to an overestimation
of the sharpness and amplitude of the peaks. Nonetheless, overall we find a good agree-
ment between the data and the model.

9.9. SUPPLEMENTARY INFORMATION

9.9.1. TWO-DIMENSIONAL HOLE GAS PROPERTIES

Figure 9.6 illustrates the mobility-density and density-gate curves, for a Hall-bar shaped
heterostructure field-effect transistor fabricated on the same 22 nm deep Ge/SiGe het-
erostructure used for all devices in this work. The maximum mobility of 615x 103 cm?/Vs
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is reached at the density of 5.5 x 10'! cm™2, corresponding to an elastic transport scat-
tering time 7 = 31 ps, calculated using m* = 0.09 [24] and a mean free path of 7.4 um.
The density vs gate curve deviates from the expected linear behaviour due to tunnel-
ing of charges from the quantum well to the the trap states at the oxide interface, partly
screening the electric field in the quantum well. The density and mobility reach satura-
tion when the states at the triangular well in the SiGe barrier at the oxide interface start
to populate and thus screen the electric field in the QW.
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Figure 9.6: 2DHG transport properties. Mobility u vs 2D-carrier density p,p (left panel) and 2D-carrier den-
sity vs accumulation gate V.

9.9.2. PTSIGE PROPERTIES
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Figure 9.7: PtSiGe film characterization. a) Critical perpendicular magnetic field B.| and critical temperature
T. of a PtSiGe film deposited and anneled in a 22 nm deep Ge/SiGe QW for different process conditions. The
colours of the markers indicate the thickness of the deposited platinum layer (that covers the whole surface of
a 3 x 3 mm Ge/SiGe heterostructure) and the anneal temperature. The filled (open) markers correspond to an
anneal time of 15 (30) minutes. The marker’s shape signifies the used atomic layer deposition (ALD) of AlpO3
process: no ALD (circles), ALD with 60 min pre-heating at 300 °C (squares), or ALD with 15 min pre-heating
(triangles). In both ALD processes, 10 nm of AloO3 was deposited. b, ¢) Analysis of the critical temperature
and fields of a 3um wide PtSiGe strip (15 nm Pt has been annealed for 15 minutes at 400 °C). Resistance R
versus perpendicular magnetic field (B ) and parallel magnetic field (B) for various temperatures 7. These
measurements were performed in a 4-probe configuration with standard low frequency lock-in technique in a
wet dilution refrigerator with electron temperature of 100 mK.
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Figure 9.8: Structural details of the PtSiGe poly-cristalline phase. High-angle annular dark field scanning
transmission electron microscopy (HAADF STEM) and crystallographic information of the SNS-QPC device.
The yellow and blue insets show atomic-resolution images of both the left and right contacts highlighting the
sharp interfaces between the QW and the PtSiGe film. The atomic-resolution micrograph in the center (green)
displays the high quality of the Ge QW interfaces with diamond-structure (FD3-MS, space group number 227).
The local contrast variations observed here are attributed to uneven thickness distribution of the lamella due
to the focused ion beam (FIB) sample preparation. The fast Fourier transform (FFT) on the top right (green)
indicates that the (002) planes in the QW grow epitaxially following the [001] axis. In addition, no dislocations
were identified. The insets on the bottom left and right show the power spectra that identify the orthorhombic
phase (PBNM, space group number 62) of the PtSiGe film.
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Figure 9.9: PtSiGe stoichiometry. Electron energy-loss spectroscopy (EELS) quantitative compositional map
of the region indicated from the white arrow in the HAADF STEM image (a) of the Ge/PtSiGe interface of the
SNS-QPC. The threefold PtSiGe stoichiometry presented in panel (b) is Ge-rich, with relative composition in
the range between Pty 1 Geg 7Sip.2 and Pty 1 Geg.g5Sip.05 depending locally on the analysed grain. Panel (c)
shows the quantitative EELS compositional maps for Ge Si and Pt. The averaged signal in the region along the
green arrows is shown in panel (b).
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9.9.3. SNS-QPC MEASUREMENTS
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Figure 9.10: Supercurrent discretization. a) Voltage drop V across an SNS-QPC device as a function of the
source drain current Isp and constriction gate voltage V. Discrete plateaus in the switching current can be
observed, indicating a discrete number of modes in the QPC. b) Normal-state differential conductance G ver-
sus Vg taken at out-of-plane magnetic field B = 0.6T, showing plateaus at quantized value of conductance.
The plateaus in the two plots are slightly shifted with respect to each other due to the hysteretic behaviour of
the device.
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Figure 9.11: SNS-QPC, evolution of the superconducting gap with magnetic field. Color map of conductance
G in units of 2%/ h vs source-drain bias Vsp and magnetic field B for the SNS-QPC. From left to right the mag-
netic field direction is: in-plane parallel to transport (By), in-plane perpendicular to transport (B} 1), out of
plane (B} ). The device is tuned in the tunneling regime to show the evolution of the induced superconducting
gap with the strength of the magnetic field.

9.9.4. NS-QPC MEASUREMENTS
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Figure 9.12: NS-QPC, evolution of the induced superconducting gap with magnetic field. Color map of con-
ductance G in units of 2%/ h vs source-drain bias Vsp and magnetic field B for the NS-QPC. From left to right
the magnetic field direction is: in-plane parallel to transport (B)), in-plane perpendicular to transport (B 1),
out of plane (B, ). The device is tuned in the tunneling regime to show the evolution of the induced supercon-
ducting gap with the strength of the magnetic field.
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Figure 9.13: NS-QPCs devices specifications. False-color SEM image of a normal-superconductor quantum
point contact device (NS-QPC). The PtSiGe contact is violet, the constriction gates (CG) are yellow and the
accumulation gate (AG) is green. The constriction width (w) between the two CGs is varied across the 6 mea-
sured devices and is reported in the table. The 6 devices were fabricated in the same fabrication run.
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Figure 9.14: Conductance maps of 6 NS-QPC devices. Color map of G in units of 2¢2/h vs. the source-drain
voltage Vsp and constriction gate Vg, for the 6 NS-QPC devices presented in the main text, along with the
conductance line-cuts presented in Fig. 3d main text. The red segment in the color maps indicates the Vg
of each linecut. Fits of the conductance linecuts to the BTK model [54] (red lines) are consistent with a hard
induced superconducting gap. Variation on the Vg operational window can be ascribed both to the different
constriction gate size and to the accumulation gate voltage used for the specific measurement. The different
evolution of G as a function of Vg can also be related to the different accumulation gate voltages.

9.9.5. SQUID MEASUREMENTS
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Figure 9.15: JoFETs Fraunhofer pattern for the SQUID device. Fraunhofer pattern of the small junction
(JOFET3, left panel) and large junction (JoFET], right panel) of the SQUID device. White dashed line repre-
sents the fitting of the switching current to the theoretical Fraunhofer formula.

We measured the Fraunhofer pattern for each junction of the SQUID device inde-
pendently by measuring the dependence of its critical current on the out-of-plane mag-
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netic field while the gate voltage of the measured junction is set to —3.5V and the other
junction is pinched-off. By fitting the obtained dependencies I¢j 2 (®;,2) as I¢; 2(BAj2) =
Ico12 sin(nBALz/CDo) [(mBA;,2/®p), where B is the out-of-plane magnetic field and @ is
superconducting flux quantum, we obtain from the fits the areas of the two junctions to
be A; = 1um? and A, = 0.48um?. Note that the ratio A;/A, ~ 2, as designed and shown
in Fig. 4a, while the values for both areas are smaller than the geometrical areas in the
design due to the flux focusing effects.

9.9.6. 1D ARRAY
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Figure 9.16: 1D PtSiGe superconducting array. a) Top view schematics of an array of 51 x 1 PtSiGe islands on
a Ge/SiGe heterostructure. The PtSiGe islands are 930 x 930 nm wide and the separation between the PtSiGe
islands is of 70 nm. b) Color map of the sheet resistance (Rg) vs accumulation gate voltage Vi and source-drain
current Isp. Increasing the negative voltage of the accumulation gate the array becomes superconducting
(Rs goes to zero) when the source-drain current is below the switching current. ¢) Color map of the sheet
resistance vs out-of-plane magnetic field B| and source-drain current Isp. The switching current shows the
typical Fraunhofer pattern expected for a single Josephson junction. Compared to the 2D PtSiGe array this
device does not present any signature of commensurability effects in the switching current, as expected for a
linear array.
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9.9.7. KEY METRICS

. u nl2t A* Iso g T, Tz* 1Q gate fidelity
Semiconductor | Superconductor
(x103cm?/Vs) | (ueV) | (ueV) | (nm) (ms) | (ns) (%)
Ge/SiGe, 2D PtSiGe 615 10 70 76 0.76-15 32 833 99.99
InSb, nw Al 44 940 250 100 26-51 na 8 na
Al 890 270
InAs, nw 25 60 8 0.001 8 na
Pb 1250
InAs, 2D Al 60 370 190 45 10 na na na
InSbAs, 2D Al 28 1200 220 60 55 na na na

Table 9.1: Comparison of key metrics for building quantum information processing devices based on topolog-
ical or spin-qubit systems. We consider only systems where a hard hap is assessed via NS spectroscopy, the
most reliable measurement for verifying the absence of subgap states. From left to right, columns indicate:
the semiconductor system and whether it is a planar heterostructures (2D) or a nanowire (nw); the supercon-
ductor material used to proximitize the semiconductor; maximum carrier mobility (1), typically Hall mobility
in 2D systems and estimated field effect mobility in nanowires; the disorder quantified by the transport level
broadening (72/27, where 7 is the elastic scattering time)[36]; maximum induced superconducting gap (A*);
spin-orbit length (Igp); g-factor (g*), the range can be large when the g-factor is strongly anisotropic; longest
relaxation time (77) measured in a spin qubit, longest dephasing time (7,) measured in a spin-qubit; largest
measured 1 qubit gate fidelity (1Q gate fidelity). The metrics reported in this table are reported from the ref-
erences below as following. Ge/SiGe, 2D: u from this work; %/27 calculated using m* = 0.09 [24]; Ge/SiGe-
PtSiGe A* from this work; Igg = 76 nm (corresponding to a spin-orbit energy of 2.2 meV) follows from the
cubic Rashba coefficient a3 reported in ref. [69] at a density of 6.1 x 101! cm™2, for which we assume an effec-
tive mass of 0.09 [35]; g* [70]; Tp [71]; T2* [20]; 1Q gate fidelity [72]. InSb, nw: y [73]; /27 calculated using
m* =0.014 [74]; InSb-Al A* [75]; Iso [76]; g* [77]; T, [78].; 1Q gate fidelity. InAs nw: p [79]; h/27 calculated
using m* = 0.0026 [74]; InAs-Pb A* [80]; InAs-Al A* [81]; Isp [82]; g* [79]; T1 [83]; T, [84]. InAs 2D: p [85],
n/27 calculated using m* = 0.026 [74], InAs-Al A* [12], Igp [40, 12], g* [12]. InSbAs 2D: p [86], /27 calculated
using m* = 0.018 [86], A* [86], Igp [86], g* [86].

In Supplementary Table 9.1 we present a comparison of key metrics for material sys-
tems for hybrid superconductor-semiconductor applications. Given that in this paper
the main focus is on applications that require the presence of a hard gap, we limit the
table only to semiconductor-superconductor material systems with a hard gap assessed
via NS spectroscopy, which is a reliable measurement for verifying the absence of subgap
states.

On the first half of Supplementary Table 9.1 we present the typical values for different
platforms for (peak) mobility (1), disorder quantified by the transport level broadening
(h/27, where 7 is the elastic scattering time), size of induced superconducting gap (A*),
spin orbit length (Ig0) and g-factor (g*), important metrics for accessing the topologi-
cal phase. On the second half of Supplementary Table 9.1 we illustrate the metrics that
are significant for control and operation of spin qubits: relaxation time (73), dephasing
time (T,) and 1 qubit gate fidelity (1Q gate fidelity). For a comprehensive review of per-
formance metrics of spin qubits in gated semiconducting nanostructures see ref. [17].
While III/V materials benefit from a larger induced superconducting gap and g-factor,
planar Ge proximitized by PtSiGe stands out for the exceptionally low disorder (quan-
tified by the high u and low 7/27), which is necessary for the emergence of topological
Majorana zero modes [36]. In line with the remarks made in the introductory section,
planar Ge also shows excellent spin qubit metrics. This comparison positions Ge/SiGe-
PtGeSi as a compelling platform for topological devices, where small disorder is neces-
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sary to preserve the topological gap (6, > %, where 0 is the topological gap and and
for hybrid devices, were we envision the coupling of spins via cross Andreev reflection
mechanisms, Andreev spin qubits, and the co-integration of spins, topological, and su-
perconducting qubits.



(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

BIBLIOGRAPHY

R. M. Lutchyn, E. P. Bakkers, L. P. Kouwenhoven, P. Krogstrup, C. M. Marcus, and
Y. Oreg. “Majorana zero modes in superconductor-semiconductor heterostruc-
tures”. In: Nature Reviews Materials 3.5 (May 2018), pp. 52—68. ISSN: 20588437.

K. Flensberg, E von Oppen, and A. Stern. “Engineered platforms for topological
superconductivity and Majorana zero modes”. en. In: Nature Reviews Materials
6.10 (Oct. 2021), pp. 944-958. ISSN: 2058-8437.

M. Hays, V. Fatemi, D. Bouman, J. Cerrillo, S. Diamond, K. Serniak, T. Connolly, P.
Krogstrup, J. Nygard, A. Levy Yeyati, A. Geresdi, and M. H. Devoret. “Coherent ma-
nipulation of an Andreev spin qubit”. en. In: Science 373.6553 (July 2021), pp. 430—
433. 1SSN: 0036-8075, 1095-9203.

L. Casparis, M. R. Connolly, M. Kjaergaard, N. J. Pearson, A. Kringhej, T. W. Larsen,
E Kuemmeth, T. Wang, C. Thomas, S. Gronin, G. C. Gardner, M. J. Manfra, C. M.
Marcus, and K. D. Petersson. “Superconducting gatemon qubit based on a prox-
imitized two-dimensional electron gas”. In: Nature Nanotechnology 13.10 (2018),
pp. 915-919. 1SSN: 17483395.

M.-S. Choi, C. Bruder, and D. Loss. “Spin-dependent Josephson current through
double quantum dots and measurement of entangled electron states”. In: Physical
Review B 62.20 (Nov. 2000), pp. 13569-13572.

M. Leijnse and K. Flensberg. “Quantum information transfer between topological
and spin qubit systems”. In: Physical Review Letters 107.21 (2011), p. 210502. ISSN:
00319007.

M. Leijnse and K. Flensberg. “Hybrid topological-spin qubit systems for two-qubit-
spin gates”. In: Physical Review B - Condensed Matter and Materials Physics 86.10
(2012), p. 104511. 1SSN: 10980121.

S. Hoffman, C. Schrade, J. Klinovaja, and D. Loss. “Universal quantum compu-
tation with hybrid spin-Majorana qubits”. In: Physical Review B 94.4 (July 2016),
p. 045316.

M. Leijnse and K. Flensberg. “Coupling spin qubits via superconductors”. In: Phys-
ical Review Letters 111.6 (2013), p. 060501. 1SSN: 00319007.

A Y. Kitaev. “Unpaired Majorana fermions in quantum wires”. In: Physics-Uspekhi
44.10S (2001), pp. 131-136. 1SSN: 1063-7869.

W. Chang, S. M. Albrecht, T. S. Jespersen, E Kuemmeth, P. Krogstrup, J. Nygard, and
C. M. Marcus. “Hard gap in epitaxial semiconductor-superconductor nanowires”.
In: Nature Nanotechnology 10.3 (Mar. 2015), pp. 232-236. 1SSN: 17483395.

123



124

BIBLIOGRAPHY

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

M. Kjaergaard, E Nichele, H. J. Suominen, M. P. Nowak, M. Wimmer, A. R. Akhmerov,
J. A. Folk, K. Flensberg, J. Shabani, C. J. Palmstrem, and C. M. Marcus. “Quan-
tized conductance doubling and hard gap in a two-dimensional semiconductor-
superconductor heterostructure”. In: Nature Communications 7 (2016), pp. 1-6.
ISSN: 20411723.

A. Fornieri, A. M. Whiticar, E Setiawan, E. Portolés, A. C. C. Drachmann, A. Ke-
selman, S. Gronin, C. Thomas, T. Wang, R. Kallaher, G. C. Gardner, E. Berg, M. J.
Manfra, A. Stern, C. M. Marcus, and E Nichele. “Evidence of topological super-
conductivity in planar Josephson junctions”. en. In: Nature 569.7754 (May 2019),
pp- 89-92. ISSN: 1476-4687.

M. Aghaee, A. Akkala, Z. Alam, R. Alj, A. Alcaraz Ramirez, M. Andrzejczuk, A. E.
Antipov, P. Aseev, M. Astafev, B. Bauer, et al. “InAs-Al hybrid devices passing the
topological gap protocol”. In: Physical Review B 107.24 (2023), p. 245423.

T. Dvir, G. Wang, N. van Loo, C.-X. Liu, G. P Mazur, A. Bordin, S. L. D. t. Haaf, J.-Y.
Wang, D. van Driel, E Zatelli, X. Li, E K. Malinowski, S. Gazibegovic, G. Badawy,
E. P A. M. Bakkers, M. Wimmer, and L. P Kouwenhoven. Realization of a minimal
Kitaev chain in coupled quantum dots. arXiv:2206.08045 [cond-mat]. June 2022.

L. Cywinski, W. M. Witzel, and S. Das Sarma. “Electron spin dephasing due to hy-
perfine interactions with a nuclear spin bath”. In: Physical Review Letters 102.5
(2009), pp. 1-4. 1SSN: 00319007.

P. Stano and D. Loss. “Review of performance metrics of spin qubits in gated semi-
conducting nanostructures”. en. In: Nature Reviews Physics4.10 (Oct. 2022), pp. 672—
688. ISSN: 2522-5820.

G. Scappucci, C. Kloeffel, E A. Zwanenburg, D. Loss, M. Myronov, J. J. Zhang, S. De
Franceschi, G. Katsaros, and M. Veldhorst. “The germanium quantum information
route”. In: Nature Reviews Materials 6.10 (Dec. 2020), pp. 926-943. 1SSN: 20588437.

H. Watzinger, J. Kukucka, L. Vukusié, E Gao, T. Wang, E Schiffler, J. J. Zhang, and
G. Katsaros. “A germanium hole spin qubit”. In: Nature Communications 9.1 (Dec.
2018), pp. 1-6. 1SSN: 20411723.

N. W. Hendrickx, D. P. Franke, A. Sammak, G. Scappucci, and M. Veldhorst. “Fast
two-qubit logic with holes in germanium”. In: Nature 577.7791 (2020), pp. 487-
491. 1SSN: 14764687.

D. Jirovec, A. Hofmann, A. Ballabio, P. M. Mutter, G. Tavani, M. Botifoll, A. Crippa,
J. Kukucka, O. Sagi, E Martins, J. Saez-Mollejo, I. Prieto, M. Borovkov, J. Arbiol, D.
Chrastina, G. Isella, and G. Katsaros. “A singlet-triplet hole spin qubit in planar
Ge”. In: Nature Materials 20.8 (June 2021), pp. 1106-1112. 1SSN: 14764660.

J. H. Prechtel, A. V. Kuhlmann, J. Houel, A. Ludwig, S. R. Valentin, A. D. Wieck, and
R.J. Warburton. “Decoupling a hole spin qubit from the nuclear spins”. In: Nature
Materials 15.9 (July 2016), pp. 981-986. 1SSN: 14764660.

K. M. Itoh and H. Watanabe. “Isotope engineering of silicon and diamond for quan-
tum computing and sensing applications”. In: MRS Communications 4.4 (Sept.
2014), pp. 143-157. 1SSN: 21596867.



BIBLIOGRAPHY 125

(24]

(33]

M. Lodari, A. Tosato, D. Sabbagh, M. A. Schubert, G. Capellini, A. Sammak, M. Veld-
horst, and G. Scappucci. “Light effective hole mass in undoped Ge/SiGe quantum
wells”. In: Physical Review B 100.4 (2019). ISSN: 24699969.

M. Lodari, O. Kong, M. Rendell, A. Tosato, A. Sammak, M. Veldhorst, A. R. Hamil-
ton, and G. Scappucci. “Lightly strained germanium quantum wells with hole mo-
bility exceeding one million”. In: Applied Physics Letters 120.12 (Mar. 2022), p. 122104.
ISSN: 0003-6951.

N. W. Hendrickx, W. 1. Lawrie, M. Russ, E van Riggelen, S. L. de Snoo, R. N. Schouten,
A. Sammak, G. Scappucci, and M. Veldhorst. “A four-qubit germanium quantum
processor”. In: Nature 591.7851 (2021), pp. 580-585. ISSN: 14764687.

E Borsoi, N. W. Hendrickx, V. John, S. Motz, E van Riggelen, A. Sammalk, S. L. de
Snoo, G. Scappucci, and M. Veldhorst. “Shared control of a 16 semiconductor quan-
tum dot crossbar array”. In: Preprint at https://arxiv.org/abs/2209.06609 (Sept. 2022).

A. Dimoulas, P. Tsipas, A. Sotiropoulos, and E. K. Evangelou. “Fermi-level pinning
and charge neutrality level in germanium”. In: Applied Physics Letters 89.25 (Dec.
2006), p. 252110. 1SSN: 00036951.

N. W. Hendrickx, D. P. Franke, A. Sammak, M. Kouwenhoven, D. Sabbagh, L. Yeoh,
R. Li, M. L. Tagliaferri, M. Virgilio, G. Capellini, G. Scappucci, and M. Veldhorst.
“Gate-controlled quantum dots and superconductivity in planar germanium”. In:
Nature Communications 9.1 (Dec. 2018), p. 2835. ISSN: 20411723.

N. W. Hendrickx, M. L. Tagliaferri, M. Kouwenhoven, R. Li, D. P. Franke, A. Sammak,
A. Brinkman, G. Scappucci, and M. Veldhorst. “Ballistic supercurrent discretiza-
tion and micrometer-long Josephson coupling in germanium”. In: Physical Review
B99.7 (2019), pp. 7-9. ISSN: 24699969.

J. Ridderbos, M. Brauns, E K. De Vries, J. Shen, A. Li, S. Kolling, M. A. Verheijen, A.
Brinkman, W. G. Van Der Wiel, E. P. A. M. Bakkers, and E A. Zwanenburg. “Hard Su-
perconducting Gap and Diffusion-Induced Superconductors in Ge-Si Nanowires”.
en. In: Nano Letters 20.1 (Jan. 2020), pp. 122-130. 1SSN: 1530-6984, 1530-6992.

E Vigneau, R. Mizokuchi, D. C. Zanuz, X. Huang, S. Tan, R. Maurand, S. Frolov, A.
Sammak, G. Scappucci, E Lefloch, and S. De Franceschi. “Germanium Quantum-
Well Josephson Field-Effect Transistors and Interferometers”. In: Nano Letters 19.2
(2019), pp. 1023-1027. ISSN: 15306992.

K. Aggarwal, A. Hofmann, D. Jirovec, 1. Prieto, A. Sammak, M. Botifoll, S. Marti-
Sanchez, M. Veldhorst, J. Arbiol, G. Scappucci, J. Danon, and G. Katsaros. “En-
hancement of proximity-induced superconductivity in a planar Ge hole gas”. In:
Physical Review Research 3.2 (2021), p. L022005. 1SSN: 26431564.

J. A. Kittl, K. Opsomer, C. Torregiani, C. Demeurisse, S. Mertens, D. P. Brunco, M. J.
Van Dal, and A. Lauwers. “Silicides and germanides for nano-CMOS applications”.
In: Materials Science and Engineering B 154.1-3 (Dec. 2008), pp. 144-154. ISSN:
09215107.




126 BIBLIOGRAPHY

[35] A.Sammak, D. Sabbagh, N. W. Hendrickx, M. Lodari, B. Paquelet Wuetz, A. Tosato,
L. Yeoh, M. Bollani, M. Virgilio, M. A. Schubert, P. Zaumseil, G. Capellini, M. Veld-
horst, and G. Scappucci. “Shallow and Undoped Germanium Quantum Wells: A
Playground for Spin and Hybrid Quantum Technology”. In: Advanced Functional
Materials 29.14 (2019), p. 1807613. 1SSN: 1616301X.

[36] S. Ahn, H. Pan, B. Woods, T. D. Stanescu, and S. D. Sarma. “Estimating disorder
and its adverse effects in semiconductor Majorana nanowires”. In: Physical Review
Materials 5 (2021), p. 124602. 1SSN: 24759953.

[37] L.M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzurak, R. Ishihara, A. Morello,
D. J. Reilly, L. R. Schreiber, and M. Veldhorst. “Interfacing spin qubits in quantum
dots and donors — hot, dense , and coherent”. In: npj Quantum Information De-
cember 2016 (2017), pp. 1-10. ISSN: 2056-6387.

[38] S. Gaudet, C. Detavernier, A. J. Kellock, P. Desjardins, and C. Lavoie. “Thin film
reaction of transition metals with germanium”. In: Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 24.3 (2006), pp. 474-485. 1SSN: 0734-
2101.

[39] C.J.Raub, W. H. Zachariasen, T. H. Geballe, and B. T. Matthias. “Superconductivity
of some new Pt-metal compounds”. en. In: Journal of Physics and Chemistry of
Solids 24.9 (Sept. 1963), pp. 1093-1100. 1SSN: 0022-3697.

[40] ].Shabani, M. Kjaergaard, H.J. Suominen, Y. Kim, E Nichele, K. Pakrouski, T. Stanke-
vic, R. M. Lutchyn, P. Krogstrup, R. Feidenhans’L, S. Kraemer, C. Nayak, M. Troyer,
C. M. Marcus, and C. J. Palmstrom. “Two-dimensional epitaxial superconductor-
semiconductor heterostructures: A platform for topological superconducting net-
works”. In: Physical Review B 93.15 (2016), pp. 1-6. ISSN: 24699969.

[41] E.Alptekin, C.]J. Kirkpatrick, V. Misra, and M. C. Ozturk. “Platinum germanosilicide
contacts formed on strained and relaxed Sil-xGex layers”. In: IEEE Transactions on
Electron Devices 56.6 (2009), pp. 1220-1227. 1SSN: 00189383.

[42] H.lIrie, Y. Harada, H. Sugiyama, and T. Akazaki. “Josephson coupling through one-
dimensional ballistic channel in semiconductor-superconductor hybrid quantum
point contacts”. In: Physical Review B - Condensed Matter and Materials Physics
89.16 (2014), pp. 1-6. 1SSN: 1550235X.

[43] V. Ambegaokar and A. Baratoff. “Tunneling between superconductors”. In: Physi-
cal Review Letters 10.11 (1963), p. 486.

[44] S. Heedt, M. Quintero-Pérez, E Borsoi, A. Fursina, N. van Loo, G. P. Mazur, M. P.
Nowak, M. Ammerlaan, K. Li, S. Korneychuk, J. Shen, M. A. Y. van de Poll, G. Badawy,
S. Gazibegovic, N. de Jong, P. Aseev, K. van Hoogdalem, E. P. Bakkers, and L. P.
Kouwenhoven. “Shadow-wall lithography of ballistic superconductor-semiconductor
quantum devices”. In: Nature Communications 12.1 (2021), pp. 1-9. ISSN: 20411723.

[45] M. Tinkham. Introduction to superconductivity. eng. 2nd ed. OCLC: 853663851.
Mineola, N.Y.: Dover Publications, 2004. 1SBN: 9781621985983.



BIBLIOGRAPHY 127

[46]

(50]

(51]

(52]

M. Octavio, M. Tinkham, G. E. Blonder, and T. M. Klapwijk. “Subharmonic energy-
gap structure in superconducting constrictions”. In: Physical Review B27.11 (1983),
pp. 6739-6746. I1SSN: 01631829.

M. Kjaergaard, H. J. Suominen, M. P. Nowak, A. R. Akhmerov, J. Shabani, C.J. Palm-
strom, E Nichele, and C. M. Marcus. “Transparent Semiconductor-Superconductor
Interface and Induced Gap in an Epitaxial Heterostructure Josephson Junction”.
In: Physical Review Applied 7.3 (2017), p. 034029. 1SSN: 23317019.

D. Averin and A. Bardas. “ac Josephson effect in a single quantum channel”. In:
Physical Review Letters 75.9 (1995), pp. 1831-1834. 1SSN: 00319007.

E Borsoi, G. P Mazur, N. van Loo, M. P. Nowak, L. Bourdet, K. Li, S. Korneychuk,
A. Fursina, J.-Y. Wang, V. Levajac, E. Memisevic, G. Badawy, S. Gazibegovic, K. van
Hoogdalem, E. P. A. M. Bakkers, L. P. Kouwenhoven, S. Heedt, and M. Quintero-
Pérez. “Single-Shot Fabrication of Semiconducting-Superconducting Nanowire De-
vices”. In: Advanced Functional Materials31.34 (June 2021), p. 2102388. 1SSN: 1616-
301X.

A. Fornieri, A. M. Whiticar, E Setiawan, E. Portolés, A. C. Drachmann, A. Kesel-
man, S. Gronin, C. Thomas, T. Wang, R. Kallaher, G. C. Gardner, E. Berg, M. J. Man-
fra, A. Stern, C. M. Marcus, and E Nichele. “Evidence of topological superconduc-
tivity in planar Josephson junctions”. In: Nature 569.7754 (2019), pp. 89-92. ISSN:
14764687.

H. A. Nilsson, P. Samuelsson, P. Caroff, and H. Q. Xu. “Supercurrent and Multiple
Andreev Reflections in an InSb Nanowire Josephson Junction”. In: Nano Lett 12
(2012), p. 233.

N. van Loo, G. P Mazur, T. Dvir, G. Wang, R. C. Dekker, J.-Y. Wang, M. Lemang,
C. Sfiligoj, A. Bordin, D. van Driel, G. Badawy, S. Gazibegovic, E. P. A. M. Bakkers,
and L. P Kouwenhoven. Electrostatic control of the proximity effect in the bulk of
semiconductor-superconductor hybrids. arXiv:2211.06709 [cond-mat]. Nov. 2022.

M. W. De Moor, J. D. Bommer, D. Xu, G. W. Winkler, A. E. Antipov, A. Bargerbos,
G. Wang, N. V. Loo, R. L. Op Het Veld, S. Gazibegovic, D. Car, J. A. Logan, M. Pend-
harkar, J. S. Lee, E. P M Bakkers, C. J. Palmstrom, R. M. Lutchyn, L. P. Kouwenhoven,
and H. Zhang. “Electric field tunable superconductor-semiconductor coupling in
Majorana nanowires”. In: New Journal of Physics 20.10 (Oct. 2018), p. 103049. ISSN:
13672630.

G. E. Blonder, M. Tinkham, and T. M. Klapwijk. “Transition from metallic to tunnel-
ing regimes in superconducting microconstrictions: Excess current, charge imbal-
ance, and supercurrent conversion”. In: Physical Review B 25.7 (1982), pp. 4515—
4532. 1SSN: 01631829.

E Pientka, A. Keselman, E. Berg, A. Yacoby, A. Stern, and B. 1. Halperin. “Topolog-
ical superconductivity in a planar Josephson junction”. In: Physical Review X 7.2
(2017), pp. 1-17. 1SSN: 21603308.



128

BIBLIOGRAPHY

[56]

[57]

(58]

[59]

(60]

(61]

(62]

[63]

[64]

(65]

(66]

(67]

(68]

H. Ren, E Pientka, S. Hart, A. T. Pierce, M. Kosowsky, L. Lunczer, R. Schlereth, B.
Scharf, E. M. Hankiewicz, L. W. Molenkamp, B. I. Halperin, and A. Yacoby. “Topo-
logical superconductivity in a phase-controlled Josephson junction”. In: Nature
569.7754 (Apr. 2019), pp. 93-98. 1SSN: 14764687.

M. Luethi, K. Laubscher, S. Bosco, D. Loss, and J. Klinovaja. Planar Josephson junc-
tions in germanium: Effect of cubic spin-orbit interaction. arXiv:2209.12745 [cond-
mat]. Sept. 2022.

N. Poccia, T. I. Baturina, E Coneri, C. G. Molenaar, X. R. Wang, G. Bianconi, A.
Brinkman, H. Hilgenkamp, A. A. Golubov, and V. M. Vinokur. “Critical behavior at
a dynamic vortex insulator-to-metal transition”. In: Science 349.6253 (Sept. 2015),
pp. 1202-1205. 1SSN: 10959203.

C. G. Bottcher, E Nichele, M. Kjaergaard, H. J. Suominen, J. Shabani, C. ]J. Palm-
strom, and C. M. Marcus. “Superconducting, insulating and anomalous metallic
regimes in a gated two-dimensional semiconductor-superconductor array”. In:
Nature Physics 14.11 (2018), pp. 1138-1144. 1SSN: 17452481.

B. T. Matthias, T. H. Geballe, and V. B. Compton. “Superconductivity”. en. In: Re-
views of Modern Physics 35.1 (Jan. 1963), pp. 1-22. 1SSN: 0034-6861.

M. Hell, M. Leijnse, and K. Flensberg. “Two-Dimensional Platform for Networks of
Majorana Bound States”. In: Physical Review Letters 118.10 (Mar. 2017), p. 107701.

E Pientka, A. Keselman, E. Berg, A. Yacoby, A. Stern, and B. I. Halperin. “Topolog-
ical Superconductivity in a Planar Josephson Junction”. en. In: Physical Review X
7.2 (May 2017), p. 021032. 1SSN: 2160-3308.

G. Burkard, M. J. Gullans, X. Mi, and J. R. Petta. “Superconductor-semiconductor
hybrid-circuit quantum electrodynamics”. In: Nature Reviews Physics 2.3 (2020),
pp. 129-140. 1SSN: 25225820.

N. M. Chtchelkatchev and Y. V. Nazarov. “Andreev Quantum Dots for Spin Manip-
ulation”. In: Physical Review Letters 90.22 (June 2003), p. 226806.

C. Padurariu and Y. V. Nazarov. “Theoretical proposal for superconducting spin
qubits”. In: Physical Review B 81.14 (Apr. 2010), p. 144519.

M. Pita-Vidal, A. Bargerbos, R. Zitko, L. J. Splitthoff, L. Griinhaupt, J. J. Wesdorp,
Y. Liu, L. P Kouwenhoven, R. Aguado, B. van Heck, A. Kou, and C. K. Andersen. Di-
rect manipulation of a superconducting spin qubit strongly coupled to a transmon
qubit. arXiv:2208.10094 [cond-mat, physics:quant-ph]. Aug. 2022.

M. Spethmann, X.-P. Zhang, J. Klinovaja, and D. Loss. “Coupled superconducting
spin qubits with spin-orbit interaction”. In: Physical Review B 106.11 (Sept. 2022).
arXiv:2205.03843 [cond-mat, physics:quant-ph], p. 115411. ISSN: 2469-9950, 2469-
9969.

M. P. Nowak, M. Wimmer, and A. R. Akhmerov. “Supercurrent carried by nonequi-
librium quasiparticles in a multiterminal Josephson junction”. In: Physical Review
B99.7 (2019), p. 075416. 1SSN: 24699969.



BIBLIOGRAPHY 129

[69] P Del Vecchio, M. Lodari, A. Sammak, G. Scappucci, and O. Moutanabbir. “Vanish-
ing Zeeman energy in a two-dimensional hole gas”. In: Physical Review B 102.11
(2020), p. 115304. 1SSN: 24699969.

[70] R. Mizokuchi, R. Maurand, E Vigneau, M. Myronov, and S. De Franceschi. “Ballis-
tic One-Dimensional Holes with Strong g-Factor Anisotropy in Germanium”. In:
Nano Letters 18.8 (2018), pp. 4861-4865. 1SSN: 15306992.

[71] W. I. Lawrie, H. G. Eenink, N. W. Hendrickx, J. M. Boter, L. Petit, S. V. Amitonov,
M. Lodari, B. Paquelet Wuetz, C. Volk, S. G. Philips, G. Droulers, N. Kalhor, E Van
Riggelen, D. Brousse, A. Sammak, L. M. Vandersypen, G. Scappucci, and M. Veld-
horst. “Quantum dot arrays in silicon and germanium”. In: Applied Physics Letters
116.8 (2020), p. 80501. 1SSN: 00036951.

[72] W. I L. Lawrie, M. Russ, E van Riggelen, N. W. Hendrickx, S. L. de Snoo, A. Sam-
mak, G. Scappucci, and M. Veldhorst. “Simultaneous driving of semiconductor
spin qubits at the fault-tolerant threshold”. In: Preprint at https://arxiv.org/abs/2109.07837
(2021).

[73] G.Badawy, S. Gazibegovic, E Borsoi, S. Heedt, C. A. Wang, S. Koelling, M. A. Verhei-
jen, L. P Kouwenhoven, and E. P. Bakkers. “High Mobility Stemless InSb Nanowires”.
In: Nano Letters 19.6 (June 2019), pp. 3575-3582. 1SSN: 15306992.

[74] Y.-S.Kim, K. Hummer, and G. Kresse. “Accurate band structures and effective masses
for InP, InAs, and InSb using hybrid functionals”. In: Physical Review B 80.3 (2009),
p. 035203.

[75] R.L.Op het Veld, D. Xu, V. Schaller, M. A. Verheijen, S. M. Peters, J. Jung, C. Tong,
Q. Wang, M. W. de Moor, B. Hesselmann, K. Vermeulen, J. D. Bommer, J. Sue Lee,
A. Sarikov, M. Pendharkar, A. Marzegalli, S. Koelling, L. P. Kouwenhoven, L. Miglio,
C.J.Palmstrem, H. Zhang, and E. P. Bakkers. “In-plane selective area InSb—Al nanowire
quantum networks”. In: Communications Physics 3.1 (Mar. 2020), pp. 1-7. ISSN:
23993650.

[76] . Van Weperen, B. Tarasinski, D. Eeltink, V. S. Pribiag, S. R. Plissard, E. P. Bakkers,
L. P Kouwenhoven, and M. Wimmer. “Spin-orbit interaction in InSb nanowires”.
In: Physical Review B - Condensed Matter and Materials Physics 91.20 (2015), pp. 1-
5.1SSN: 1550235X.

[77] E Qu, J. Van Veen, E K. De Vries, A. J. Beukman, M. Wimmer, W. Yi, A. A. Kise-
lev, B. M. Nguyen, M. Sokolich, M. J. Manfra, E Nichele, C. M. Marcus, and L. P.
Kouwenhoven. “Quantized Conductance and Large g-Factor Anisotropy in InSb
Quantum Point Contacts”. In: Nano Letters 16.12 (Dec. 2016), pp. 7509-7513. ISSN:
15306992.

[78] J. W. Van Den Berg, S. Nadj-Perge, V. S. Pribiag, S. R. Plissard, E. P. Bakkers, S. M.
Frolov, and L. P. Kouwenhoven. “Fast spin-orbit qubit in an indium antimonide
nanowire”. In: Physical Review Letters 110.6 (2013). 1SSN: 00319007.

[79] S. Heedt, W. Prost, J. Schubert, D. Griitzmacher, and T. Schépers. “Ballistic Trans-
port and Exchange Interaction in InAs Nanowire Quantum Point Contacts”. In:
Nano Letters 16.5 (2016), pp. 3116-3123. 1SSN: 15306992.




130

BIBLIOGRAPHY

[80]

(81]

(82]

[83]

(84]

[85]

(86]

T. Kanne, M. Marnauza, D. Olsteins, D. J. Carrad, J. E. Sestoft, J. de Bruijckere, L.
Zeng, E. Johnson, E. Olsson, K. Grove-Rasmussen, and J. Nygard. “Epitaxial Pb on
InAs nanowires for quantum devices”. In: Nature Nanotechnology 16.7 (May 2021),
pp. 776-781. 1SSN: 17483395.

M. T. Deng, S. Vaitiekenas, E. B. Hansen, J. Danon, M. Leijnse, K. Flensberg, J.
Nygéard, P. Krogstrup, and C. M. Marcus. “Majorana bound state in a coupled quantum-
dot hybrid-nanowire system”. In: Science 354.6319 (2016), pp. 1557-1562. ISSN:
10959203.

D. Liang and X. P. Gao. “Strong tuning of rashba spin-orbit interaction in single
InAs nanowires”. In: Nano Letters 12.6 (2012), pp. 3263-3267. ISSN: 15306984.

K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung, J. M. Taylor, A. A. Houck,
and J. R. Petta. “Circuit quantum electrodynamics with a spin qubit”. In: Nature
490.7420 (Oct. 2012), pp. 380-383. 1SSN: 00280836.

S. Nadj-Perge, S. M. Frolov, E. P. Bakkers, and L. P. Kouwenhoven. “Spin-orbit qubit
in a semiconductor nanowire”. In: Nature 468.7327 (Dec. 2010), pp. 1084-1087.
ISSN: 00280836.

M. Aghaee et al. “InAs-Al Hybrid Devices Passing the Topological Gap Protocol”.
In: Preprint at https:/larxiv.org/pdfi2207.02472.pdf (2021).

C. M. Moehle, C. T. Ke, Q. Wang, C. Thomas, D. Xiao, S. Karwal, M. Lodari, V. Van De
Kerkhof, R. Termaat, G. C. Gardner, G. Scappucci, M. J. Manfra, and S. Goswami.
“InSbAs Two-Dimensional Electron Gases as a Platform for Topological Supercon-
ductivity”. In: Nano Letters 21.23 (2021), pp. 9990-9996. 1SSN: 15306992.



10

QARPET: A CROSSBAR CHIP FOR
BENCHMARKING SEMICONDUCTOR
SPIN QUBITS

Large-scale integration of semiconductor spin qubits into industrial quantum processors
hinges on the ability to characterize the performance of quantum components at scale.
While the semiconductor industry has addressed scalable testing for transistors using de-
vice matrix arrays, extending this approach to quantum dot spin qubits is challenged by
their operation at sub-kelvin temperatures, in the presence of magnetic fields, and by the
use of radio-frequency signals. Here, we present QARPET (Qubit-Array Research Platform
for Engineering and Testing), a scalable architecture for characterizing spin qubits using
a quantum dot crossbar array with sublinear scaling of interconnects. The crossbar fea-
tures tightly pitched (1 pm), individually addressable spin qubit tiles and is implemented
in planar germanium, by fabricating a large device with the potential to host 1058 hole
spin qubits. We focus our measurements on a patch of 40 tiles and demonstrate key device
functionality at millikelvin temperature including unique tile addressability, threshold
voltage and charge noise statistics, and characterisation of hole spin qubits and their co-
herence times in a single tile. These demonstrations pave the way for a new generation of
quantum devices designed for the statistical characterisation of spin qubits and for devel-
oping automated routines for quantum dot tuning and spin qubit operation.

This work was originally published on arxiv as: A. Tosato, A. Elsayed, E Poggiali, L. Stehouwer, D. Costa, K.
Hudson, D. Degli Esposti, G. Scappucci.
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10.1. INTRODUCTION

The recent demonstration of spin qubits [1] manufactured in a modern semiconduc-
tor foundry [2] offers a promising avenue to address scalability challenges of quantum
technology, by leveraging decades of technology development in the semiconductor in-
dustry. However, integrating millions of highly coherent spin qubits into a quantum pro-
cessor still demands substantial industrial developments to advance material synthesis,
fabrication processes, and control strategies [3, 4]. These developments depend criti-
cally on the ability to test quantum components at scale for yield and performance, un-
der environmental conditions, such as cryogenic temperatures, that differ significantly
from those in which current semiconductor technology operates.

Various approaches have been explored to streamline the cryogenic testing of quan-
tum devices, including on-chip and off-chip multiplexers [5, 6, 7, 8, 9, 10, 11, 12, 13]
to improve the limited input/output connectors in existing cryostats. Alternatively, a
cryogenic 300 mm wafer prober has been employed to perform low-frequency measure-
ments on alarge number of quantum dots at 1.6 K [14], offering fast feedback to optimise
CMOS-compatible fabrication processes of spin qubit devices. However, none of these
approaches currently provides a scalable solution for statistical measurements of spin
qubits, which typically require radio-frequency (RF) measurements at millikelvin tem-
peratures in the presence of magnetic fields.

In this article, we introduce a scalable architecture for characterising spin qubits us-
ing a quantum dot crossbar array, named QARPET (Qubit-Array Research Platform for
Engineering and Testing). The crossbar is based on arrayed, individually addressable,
and tightly pitched spin qubit tiles, featuring a qubit density of 2 x 105 mm~2 and sub-
linear scaling of interconnects. This architecture draws inspiration from device matrix
arrays (DMAs) widely used in the semiconductor industry as test vehicles for assessing
the matching properties of transistors[15, 16, 17, 18]. DMAs enable precise characterisa-
tion of transistor threshold voltage variability within a die by measuring a large number
of individual transistors through shared lines. We implement QARPET in planar germa-
nium quantum wells [19] and fabricate a large crossbar array device of 23 x 23 tiles, which
offers the potential to test 1058 single hole spin qubits within a single cool-down. In this
first implementation, we demonstrate the unique tile addressability and the capability
to acquire spin qubit device metrics, such as threshold voltages and charge noise, by us-
ing RF reflectometry at millikelvin temperatures. These measurements are extended to
a statistical analysis across 40 tiles, showcasing the scalability of the approach. Impor-
tantly, we demonstrate spin control within a tile by implementing singlet-triplet qubits,
operated with baseband-only control signals, and Loss-DiVincenzo single-hole qubits,
driven by electric dipole spin resonance (EDSR) and characterize their coherence time.
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10.2. RESULTS
10.2.1. A SCALABLE SPIN QUBIT TILE IN A CROSSBAR ARRAY
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Figure 10.1: Quantum dot spin-qubit crossbar. a, Design of a scalable spin-qubit tile comprising a sensing
dot and a double dot, with plunger gates (Ps, Py, P2), barrier gates (Bs, By, B2), ohmic contacts (07, O2), and a
screening gate S. b, The tile layout, with meandering vertical plunger gates and horizontal barrier gates, allows
for integration into a scalable device architecture. A single tile, e.g. the central tile in the illustrated 3x3 array,
is selected for measurements by energizing the correspondent sensor plunger and barrier with gate bias Vp,
and Vp, respectively. The reflectance measured between O1 and O; will be proportional to the reflectance of
the sensor in the central tile, allowing to be exclusively sensitive to the charges in the dots of the selected tile.
¢, False coloured scanning electron microscopy image highlighting a tile within a crossbar device comprising
23x23 tiles and fabricated on a Ge/SiGe heterostructure following the architecture in a,b. The colour scheme
matches the schematics in panel a. The tile has a footprint of 1 x 1 um?, the circular plungers defining the
sensor and the dots have a nominal diameter of 180 nm and 130 nm, respectively. The barriers By and B>
have a width of 60 nm and 50 nm, respectively. d, Transmission electron microscope images showing cross-
sections of a tile within the crossbar. The top panel is along the horizontal axis of the tile, crossing the circular
sensor and dot plungers. The bottom panel is along the vertical axis of the tile, crossing the sensor barriers
and circular plunger. The multi-layer gate structure is fabricated on a buried 16 nm thick Ge/SiGe quantum
well, positioned at 55nm from the surface. The colour scheme and labels match the schematics in a. e,
Scanning electron micrograph image showing the entire crossbar device extending over an area of 23 x 23 pm?
and featuring 529 tiles arranged in a 23x23 array indexed by plunger rows i and barrier columns j. The gate
electrodes and the ohmic contacts fan out at the periphery of the crossbar.

Figure 10.1a,b illustrates the design of a scalable spin qubit tile that can be arranged
into an n x m crossbar array architecture. Plunger gates control the chemical potentials
of the charge sensor (Ps) and of two quantum dots (P;, P,), while barrier gates adjust the
coupling between the sensor and the ohmics (B;), the sensor and the neighbouring dot
(B1), and between the dots (By). A global screening gate (S) shapes the surrounding po-
tential landscape. Two ohmic electrodes (O;, O,) run vertically and merge at the edges




1340. QARPET: A CROSSBAR CHIP FOR BENCHMARKING SEMICONDUCTOR SPIN QUBITS

into a single pair of ohmic contacts for the entire crossbar, minimizing the off-chip res-
onators needed for RF-reflectometry. Rows of tiles share plunger gates, columns share
barrier gates, and the meandering design of P, prevents overlaps, enabling Ps, P;, and
P, to be patterned in the same layer to simplify fabrication. Similarly to wordlines and
bitlines in random-access memories [20, 21], a specific tile indexed (i, j) is activated and
addressed by energising its Ps and Bs electrodes, which form a sensor dot sufficiently
coupled to the ohmic contacts to provide a transport path. With sensor-based tile se-
lectivity, dot plungers and barriers electrodes can be shorted across tiles, reducing the
required control lines. An n x m crossbar hosting 2mn qubits needs only (n + m +7)
lines: (n+ m) for Bs and P, seven for P;, P, Bi, By, S, O1, and O,. Therefore, this ar-
chitecture achieves sub-linear scaling of control lines with number of qubits, following
Rent’s rule with an exponent p = 0.5 [22, 23].

We implement this architecture in a low-disorder Ge/SiGe heterostructure on a Si
wafer [24] (Methods), which was used in several spin qubit experiments [25, 26, 27, 28].
We fabricate a crossbar array of 23 x 23 spin qubit tiles, which can support up to 1058 in-
dividually addressable spin qubits, while requiring only 53 control lines. The fabrication
process entails germanosilicide ohmic contacts to the germanium quantum well and a
multi-layer gate-stack patterned by electron beam lithography and metal lift-off (Meth-
ods). The scanning electron microscope image in Fig. 10.1c provides detailed views of a
tile within the crossbar. The tile footprintis 1 pm, achieved through a tightly knit fabric of
nanoscale electrodes and yielding a high density of quantum dot qubits of 2 x 10® mm~2.
Furthermore, the tile footprint is comparable to the length scale of strain and compo-
sitional fluctuations of the heterostructure [29], making the device suitable for probing
variations in quantum dot metrics arising from the underlying heterostructure.

The transmission electron microscope images from Fig. 10.1d show cross sections
of a tile along the circular dot and sensor plungers direction (top panel) and, orthog-
onally, across the sensor plunger and barrier direction (bottom panel). These images
illustrate the germanosilicide ohmic contacts to the buried germanium quantum well
and the three layers of gates (screening, barriers, plungers) with dielectric in between.
To electrostatically define charge sensors and quantum dots in the buried Ge quantum
well, circular plunger gates are set to negative potential to accumulate holes, while bar-
rier gates potentials are adjusted to tune the tunnel couplings between source and drain
reservoirs and between the dots. The image of the entire crossbar in Fig 10.1e high-
lights the fanout of the nanoscale gate electrodes and ohmic contacts at the periphery
of the crossbar. The realization of such QARPET chip demonstrates the viability of our
approach to array dense spin-qubit tiles even without the strict process control available
in an advanced semiconductor foundry.

10.2.2. CHARGE SENSOR ADDRESSABILITY AND SINGLE HOLE OCCUPANCY

We evaluate the functionality of the device at 100 mK, by measuring a subset of 40 tiles,
arranged in five rows and eight columns (Methods and Supplementary Fig. 1). Tile se-
lectivity is demonstrated using RF-reflectometry to measure sensor reflectance through
the ohmic contacts, tuning the sensor of one tile at a time to a regime showing clear
Coulomb blockade signatures in Bs versus Pg gate maps (Fig. 10.2a). A negative slope of
the Coulomb peaks confirms that the measured reflectance corresponds to the targeted
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Figure 10.2: Addressability and single hole quantum dot regime. a, The sensor reflectance maps are measured
on a QARPET device with RF reflectometry as a function of the sensor plunger (Ps) and the sensor barrier (Bs)
for a subset of 40 tiles arranged in 5 rows and 8 columns of the device. The selectivity of each tile is confirmed
by the observation that the sensor signal of all sensor-barrier maps presents Coulomb peaks with a negative
slope. This indicates that the sensing dot is capacitively coupled to both the intended sensor plunger gate (Ps)
and the sensor barrier gate (Bs). Furthermore, Coulomb blockade is observed in all tiles expect for two ([4,22]
and [21,7]), indicating that the tile design is suitable for performing charge sensing. b, Sensor reflectance maps
as a function of the sensor plunger (Ps) and the plunger of dot 1 (P1) show charge occupation down to the last
hole for the 37 tiles with a sensor that displays a clear Coulomb blockade signal.
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tile. If the reflectance signal originated from another tile, vertical or horizontal Coulomb
peak lines would appear. Vertical lines would indicate the signal comes from the sensor
of a tile in the same row as the targeted tile, as the selected barrier gate would not affect
its chemical potential, while horizontal lines would correspond to a sensor of a tile in
the same column. We are able to tune the sensor of 38/40 tiles in Coulomb blockade,
demonstrating single tile addressability in the dense array. These measurements also
demonstrate the robustness of the RF-reflectometry approach in addressing hundreds
of sensor dots connected in parallel, despite the increased parasitic capacitance.

Using charge sensing, we demonstrate quantum dots in the few-hole occupation
regime, a typical condition for spin qubit operations. We focus on the occupation of the
first dot (D;) that can be directly loaded from the nearby sensing dot easing the opera-
tion. We sequentially tune D; to the few-hole regime in each tile by measuring charge
stability diagrams of Ps versus P; (Fig. 10.2b) and adjusting voltages in real time, with
all other gates grounded during tuning. Overall, we tune D; to the last hole in 37/40
tiles, with the first transition line approximately centred in each stability diagram. Only
three dots failed achieving the last hole due to sensor issues, with tile (4,23) showing in-
sufficient contrast in sensor Coulomb peaks and tiles (4,22) and (23,7) failing to reach
Coulomb blockade.

10.2.3. ELECTROSTATIC VARIABILITY
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Figure 10.3: Electrostatic variability. a, By analysing statistical data over multiple tiles of a QARPET device
such as in Fig.10.2 and Supplementary Figs 2-5, we obtain violin plots of the relative lever arm of all gates with
respect to Py. b, The violin plots show the distribution of voltages for the different gates whilst the last hole is
reached in dot 1. We also report the values of virtual P; (vP7), calculated by adding the contribution of each
surrounding gate, weighted by the relative lever arm and normalized by the median value of P;. While part of
the variability of Py arises from the different voltages applied to the surrounding gates, vP; accounts for this
and therefore results in a smaller variability. The variability in vP; can be used across different crossbar devices
as a metric to benchmark, for example, improvements in the uniformity of the Ge/SiGe heterostructure. ¢, The
violin plots show the distribution of the addition voltage for different hole occupations of dot 1. We observe

on average a larger addition voltage for N=2 and 6 (red arrows), consistent with shell filling of circular hole
quantum dots.

We investigate the electrostatic variability across the tiles by focusing on lever arms,
single-hole voltages, and addition voltages related to D;. The distributions of these met-
rics across different tiles reflect differences in dot shape and position, the uniformity of
the semiconductor heterostructure and gate stack, and must be evaluated collectively to
account for tile-specific tuning conditions.

Figure 10.3a shows the distributions of the lever arms of nearby gates (Ps, By, S, and
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By) relative to D,, divided by the lever arm of P; to D; (Methods and Supplementary
Figs. 2-5) [30]. As expected from the tile design (Fig. 10.3a, inset), the chemical potential
of D; is more influenced by the gates closest to the dot plunger (B; and S) and less by
sensor gates (Ps and By) in spite of their larger dimensions. Figure 10.3b shows the distri-
bution of voltages applied to gates within a tile for tuning D, to the single-hole regime.
The distribution for the sensor gates has the largest standard deviation (op, = 86 mV,
o, = 58 mV) compared to the other gates (e.g. op, =38 mV, o, = 36 mV). This is ex-
pected given the manual tuning approach and the typically broad voltage range avail-
able for achieving sharp Coulomb peaks that can be used for sensing. Surprisingly, these
standard deviations are smaller than what reported in industrially fabricated quantum
dot devices in Si/SiGe heterostructures with highly optimized gate stacks [14], pointing
to a very low level of disorder achieved with QARPET devices on Ge/SiGe heterostruc-
tures. To isolate the variability introduced by manual tuning, we calculate the virtual
gate voltage vP; (proportional to the chemical potential of D;, Methods) by summing
the contributions of each gate weighted by its relative lever arm. We observe that the
distribution width is reduced to o,p, =29 mV compared to o p, =38 mV.

In Fig. 10.3c we investigate the distribution of addition voltages across different tiles
for different hole occupations. We observe on average a larger addition voltage for oc-
cupation with two and six holes (red arrows), consistent with shell filling of circular hole
quantum dots [31] and absence of low-energy excited states in all the dots [32]. From
the distribution, we note that the variability of addition voltage for each occupation is
about 10% of its mean value, which gives an insight into the minimum expected vari-
ability of pulse amplitudes required for operating multiple qubits in a device. Compar-
ing the median addition voltage for the first hole (~21 mV) to the distribution of P; volt-
ages for the first charge transition (Fig. 10.3b), we estimate that applying the P; median
voltage to different tiles would tune D; to single-hole occupation in 25% of the cases.
This increases to 57% and 75% when targeting occupation up to three and five holes,
respectively. Odd charge occupation different than the single-hole can be explored for
robust and localized qubit control [33]. These insights provides a concrete benchmark
for further materials and process optimization towards shared-control spin-qubit archi-
tectures [34].

10.2.4. CHARGE NOISE
We characterize the charge noise properties of the sensors in the multi-hole regime using
the flank method [35, 24, 36, 37]. Figure 10.4a shows the obtained charge noise power
spectral density S, as a function of frequency f (Methods), measured at the flank of three
neighbouring Coulomb peaks (inset Fig. 10.4a) of charge occupation (n—-1), n, (n+1) to
build up statistics. We fit each spectrum with the function Sp/f¥ to obtain the charge
noise /Sy at 1 Hz (black arrow in Fig. 10.4a) and the spectral exponent y, and iterate this
protocol for all tiles under investigation (see Supplementary Figs. 6,7). The average y is
close to 1 and is not correlated to /Sy (see Supplementary Fig. 8), suggesting that the
observed 1/ f trend results from an ensemble of two-level fluctuators with a wide range
of activation energies [38, 39].

For each addressed tile (i, j), the heat map in Fig. 10.4b displays the charge noise
v/Sp measured at the three subsequent charge occupations, with the specific charge oc-
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Figure 10.4: Charge noise characterisation. a, The power spectral densities S¢ from the three measured
Coulomb flanks of the charge sensor in tile (4, 16). The spectra are fitted to a So/ f¥ dependence (Supplemen-
tary Fig.7). The inset shows the sensor reflectance at ohmic O; with respect to the sensor plunger P, showing
three Coulomb peaks. with black, grey and light grey circles positioned at their flanks. b, Heat map of 1/Sp from
the 40 investigated tiles (row 7, column j) within the QARPET device. Each tile in the heat map is partitioned
in three to report \/S_g for increasing charge occupancy Nj, j—LNjjNjj+1, corresponding to measurements
from subsequent Coulomb flanks. The accompanying histogram shows the overall distribution, made of the
total 120 experimental \/S_o values. ¢, The voltage power spectral density of dot D in tile (4,16) in the few hole
regime calculated from tracking the transition voltages to charge occupancy N = 1,2,3 (Methods). The spectra
are fitted to a So/ f¥ dependence (Supplementary Fig.i1). The inset shows a 200 s repeated loading of the first
hole in D; by sweeping the plunger P;. The red line shows the estimated position for the N = 0to N = 1 charge
state transition. The transition voltage is then converted to the spectral density (Methods) shown in the panel.
d, Similar to b, the heat map of the few hole regime /Sq corresponding to the physical location of each tile
within the QARPET device. A faulty RF line prevents fast measurements of tiles in row 4. (Methods).

cupation affecting marginally the noise properties of the device (Supplementary Fig. 9).
The overall distribution is shown in the accompanying histogram and is characterized
by a spread over more than an order of magnitude, with a geometric mean of 2.4 +
1.7 ueV/v/Hz. This experimental mean matches closely the bootstrapped mean (Sup-
plementary Fig. 10), indicating that our sample size is sufficiently large to provide con-
fidence in the accuracy of the mean value. From the heat map, we identify a noisier
device region in the bottom-left quadrant, i € {19,21}, j € {14,16}, as well as the best-
performing tile, indexed (17,21), with an average charge noise Sy of 0.7 + 0.24 ueV/vHz
and a minimum of 0.36 peV/vHz.

We complement the charge noise analysis by characterizing quantum dot D; un-
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der P; in the few-hole regime, which is the typical regime of operation for qubits. Fig-
ure 10.4c shows the frequency dependence of the voltage spectral density for the first
three hole transitions. Following the methodology in ref. [40], these spectra are evaluated
from the transition voltages time traces (inset Fig. 10.4c) obtained by sweeping across
the charge transition region over a fixed time. As in Fig. 10.4a, we fit each spectrum to
So/ fY to obtain the charge noise /Sy at 1 Hz (black arrow in Fig. 10.4c) and the spec-
tral exponent y, and extend this protocol to all measurable tiles (Supplementary Fig11).
The resulting heat map in Fig. 10.4d displays the charge noise values v/So measured at
the three subsequent charge transitions with the accompanying histogram showing the
overall distribution. The distribution is characterized by a geometric mean value /Sy
of 52 + 31 uV/vHz. The charge noise average value does not change significantly with
respect to hole filling, but rather the standard deviation decreases with increasing hole
occupancy (Supplementary Fig. 9).

Our statistical characterisation enables a comparison with charge noise measure-
ments in quantum dot devices using a higher-quality Ge/SiGe heterostructure grown on
a Ge substrate [40]. We observe charge noise values an order of magnitude higher than
in ref. [40] for both charge sensors (Supplementary Fig. 12) in the multi-hole regime and
dots in the few-hole regime. These results support the understanding from ref. [40] that
charge noise in Ge/SiGe heterostructures grown on Ge wafers may be lower than in those
grown on Si wafers. Fabrication of QARPET devices on Ge/SiGe heterostructures grown
on Ge wafers will improve statistical assessments of charge noise uniformity over larger
areas.

10.2.5. QUBITS

Lastly, we focus on a single tile of a second QARPET device and demonstrate the ability to
encode singlet-triplet (ST) and Loss-DiVincenzo (LD) spin qubits in the crossbar. Figure
10.5a shows the charge stability diagram of the double dot (D1, D;) obtained by sweeping
the detuning €, and constant potential axes p;». For ST qubits, we define the detuning
of the two dots €1, to be zero at the centre of the (1,1) charge region and perform a spin
funnel experiment. Starting from the (0,2) region, we pulse the system towards the (1,1)
region at varying detuning €, we let it evolve for 100 ns, and pulse back to the readout
point (red dot in Fig. 10.5a). We do this for varying magnetic fields (B) to map the S-T_
anti-crossing as a function of B (dark blue line) [41], which confirms the ability to read
out spins using the Pauli spin blockade (PSB) method.

Figure 10.5¢,d demonstrate coherent STy oscillations as a function of detuning, mag-
netic field, and evolution time. We initialize a singlet in the (0,2) configuration, diabat-
ically pulse towards (1,1), let evolve for a time 7, and diabatically pulse to the readout
point. This sequence is repeated for different 7, for different detuning (Fig. 10.5¢) and
different magnetic field (Fig. 10.5d). From fitting the oscillations as a function of mag-
netic field we estimate the g-factor difference Ag = 0.073 and the residual exchange at
zero detuning J (12 = 0) = 3.74MHz (Supplementary Fig. 13).

We measure the electric dipole spin resonance (EDSR) spectra of the two single hole
spin LD qubits Q; and Q. (Fig. 10.6a) by starting with a singlet in the (0,2) configuration,
pulsing slowly towards the (1,1), applying a microwave (MW) pulse to plunger P; / P,
(top/bottom panel) at frequency f, and pulsing to the readout point. A dark blue line is
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Figure 10.5: Spin readout and singlet-triplet qubit. a, Charge stability diagram of dot 1 and dot 2 measured
on tile (19,14) from a second QARPET device. The red dot indicates the readout point inside the Pauli spin
blockade window, the black dot the manipulation point, while the white arrows represent the pulse sequence
from initialization to manipulation and readout. For the spin funnel observed in b, the system is initialized
in a singlet, pulsed from the (0,2) region towards the (1,1) region in 1 s at varying detuning €12, left evolving
for 100 ns and pulsed to the readout point in 1ns. ¢ STy oscillations as a function of detuning, at 20 mT the

varying time 7 and pulsed to the readout point in 1 ns, this sequence is repeated for different detuning £1,. d
STy oscillations as a function of magnetic field: the system is is initialized in a singlet, pulsed from the (0,2) to
the manipulation point in 1 ns and left evolving for varying time 7 and pulsed to the readout point in 1 ns. This
sequence is repeated for different magnetic fields. By analysing the oscillation frequency as a function of mag-
netic field (Supplementary Fig." 13) we extract the g-factor difference Ag = 0.073 and the residual exchange at
zero detuning J(€12 = 0) = 3.74MHz. In panels b, ¢, d the colour bar represents the singlet (high values) triplet
(low values) probability.

visible where the MW driving frequency is at resonance with the qubit. At zero detuning,
that is at the centre of the (1,1) region, the g-factors for the two qubits result in g; = 0.30
and g» = 0.36 (in line with the values reported for the same heterostructure in ref. [25]
and with other works on Ge [42, 26]). The difference of these g-factors is also consistent
with the Ag = 0.073 extracted from the ST qubit experiment in Fig. 10.5b.

After calibrating the 7/2 qubit rotations we characterize the qubits’ coherence in this
system. We perform a Ramsey experiment (Fig. 10.6b) on both qubits at a magnetic field
of 50mT and extract coherence time T, of 4.4 s and 5.7 s for Q1 and Q> respectively.
These coherence times are comparable to the best results measured in Ge at a simi-
lar magnetic field [27]. Further we perform a Hahn-echo experiment (Fig. 10.6¢) and
extract coherence times of 10.1us and 12.7 s for Q; and Q; respectively, comparable
with previous experiments [27] (note that in ref.[27] TZH of 32 us is measured at at 20 mT
where coherence is expected to be longer compared to our field of 50 mT). These results
demonstrate that the qubit coherence properties are preserved in the QARPET architec-
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Figure 10.6: Coherence of Loss-DiVincenzo hole spin-qubits. a, EDSR spectra of qubits Q; and Q> as a func-
tion of detuning (e12). Starting from the (0,2) configuration, we pulse in 10pus towards the (1,1) at varying
detuning (e12), apply a microwave pulse with frequency f and pulse diabatically to the readout point. At zero
detuning the g-factor of the two qubits are g1 = 0.36 and g2 = 0.30. A higher value in the colour bar represents
a higher singlet probability. b, Ramsey experiment in which /2 pulses are separated by time 7. Fitting of the
results with P = acos(2nAfT + ¢) exp(—(r/ TZ*)“* ), yields a T of 5.7 ps and 4.4 s for Q and Q, respectively.
¢, Hahn-echo experiment consisting of /2, &, and 7/2 pulses, separated by waiting time 7. Fitting the results
oH
with P = uexp(— (21/ TzH ) ) yields a TZH of 12.7 s and 10.1 ps for Q1 and Qo, respectively. Initialization is

performed pulsing deep in the (0,2) and waiting for 100 s for the system to relax into the singlet. All measure-
ments are performed at a magnetic field of 50 mT, oriented parallel to the device.

ture, which further motivates the use of QARPET devices for statistical characterisation
of qubit coherence and is encouraging for scaling quantum processors in dense Ge qubit
arrays.

10.3. CONCLUSIONS

We have demonstrated key functionalities of the QARPET architecture at millikelvin tem-

perature using RF reflectometry, including tile selectivity, single-hole quantum dots, singlet-

triplet, and single-spin Loss-DiVincenzo qubits. We gathered statistics on single-hole
and addition voltages, providing insights into the uniformity of gate-defined quantum
confinement in our device architecture, relevant for hole-spin qubit operations [43, 44]
and for developing shared-control spin qubit architectures [34]. The systematic explo-
ration of charge noise showcases the power of the architecture as a measurement tool
for statistical benchmarking and motivates further fabrication and characterisation of
similar devices on improved heterostructures grown on germanium wafers. Together
with the proof of principle demonstration of spin qubits with respectable quantum co-
herence, our results open the door to the statistical study of spin qubits within a single
cooldown and across pm-scale length-scales, which are relevant for noisy intermediate
scale quantum processors.

QARPET is a flexible platform with potential for further optimization in both design
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and implementation. While the current design features two quantum dots per tile for
charge and spin manipulation, this number could be extended to g > 2, requiring a lin-
ear increase in control lines (n+m+2g+3) to operate g x n x m qubits, thereby maintain-
ing a sublinear scaling of interconnects. The specific properties of the heterostructure,
such as the SiGe barrier thickness, also influence the dimensions of the plunger and bar-
rier gates, thereby setting the minimum tile footprint and determining the overall qubit
density of the device.

Although demonstrated in a Ge/SiGe heterostructure, the QARPET architecture could
be adapted to other accumulation-mode undoped heterostructures with appropriate
design and process modifications. However, such adaptations may introduce additional
challenges. For instance, implementing QARPET in Si/SiGe heterostructures would re-
quire narrower gates due to the the heavier electron mass compared to holes in strained
Ge, as well as additional accumulation gate layers to connect charge sensors to remote
doped reservoirs.

With hundreds of nominally identical quantum dot qubits integrated in a single die,
we anticipate the use of QARPET as an ideal test-bed for training of automated routines
for all phases of the device tuning, from quantum dot read out, to single-spin opera-
tion, also exploiting machine learning and artificial intelligence [45, 46]. On the other
hand, implementing test vehicles like QARPET with advanced semiconductor manufac-
turing will reduce device variability stemming from the material stack and fabrication
and accelerate the development-cycle of industrial spin qubits. Additionally, due to the
dense pattern of multi-layer gates, QARPET-like devices may provide benchmarking of
spin qubit performance in a practically relevant electrostatic environment, paving the
way for the development of large-scale quantum processors.

10.4. METHODS

Ge/SiGe heterostructure growth. The Ge/SiGe heterostructure is grown on a 100-mm
n-type Si(001) substrate using an Epsilon 2000 (ASMI) reduced pressure chemical va-
por deposition reactor. The layer sequence comprises a Sip2Geg g virtual substrate ob-
tained by reverse grading, a 16 nm thick Ge quantum well, a 55 nm-thick Sip ,Geg g bar-
rier, and a thin sacrificial Si cap. Further details and electrical characterisation of Hall-
bar shaped heterostructure field effect transistors on this semiconductor stack are pre-
sented in ref. [24].

Device fabrication. The fabrication of QARPET devices entails the following steps:
Electron beam lithography of the ohmic contacts layer; Wet etching of the sacrificial
Si-cap in buffer oxide etch for 10s; Deposition of the ohmic contacts via e-gun evapo-
ration of 15nm of Pt at pressure of 3 x 10~% mbar at the rate of 3 nm/minute, followed by
rapid thermal anneal at 400 C for 15 minutes in a halogen lamps heated chamber in ar-
gon atmosphere to form PtSiGe ohmic contacts [47]; Atomic layer deposition of 5 nm of
Al, 03 at 300 C; Electron beam lithography and deposition of the first gate layer via e-gun
evaporation of 3nm of Ti and 17 nm of Pd; Lift-off in AR600-71 45 C with sonication at
medium-high power for 1 hour, the patterned side of the chip facing downwards to avoid
re-deposition of metal on the chip surface. For each subsequent gate layer the last two
steps are repeated, increasing each time the deposited Pd thickness by 5nm to guaran-
tee film continuity where overlapping with the first gate layer. We perform AFM imaging
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of the developed resist after each resist development and metal lift-off to monitor the
fabrication process.

Measurements All measurements are performed in a Oxford wet dilution refrigera-
tor with a base temperature of =~ 100 mK. Using battery-powered voltage sources, dc-
voltages are applied to the gates. The DC voltages on gates are combined with an AC
voltage from a Qblox arbitrary waveform generator (AWG) by a bias-tee with a cut-off
frequency of 3Hz. The AC-voltage used for pulses and RF driving is generated by an
AWG . We studied two devices. Measurements and corresponding analysis reported in
Figs. 2-4 and Supplementary Figs. 1-12. are from QARPET device 1. The inter-dot bar-
rier B, was leaky, preventing double-dot studies on this specific device and the RF line
connected to for i = 4 was faulty, preventing on this row to perform fast 2D maps of P;
vs other gates. In QARPET device 2 we focused on a single tile with measurements and
corresponding analysis reported in Figs 5,6 and Supplementary Fig. 13.

Relative lever arm calculation The relative lever arms to D; with respect to P, in Fig-
ure 10.3a are derived from the slopes of the transition lines in the reflectance maps of all
P, -to-surrounding-gates pairs [30] for all the tiles where it was measurable (Supplemen-
tary Figs. 2-5). The slope of the transition lines in these gate- P} maps allows to extract the
lever arm of gate g; to D relative to the lever arm of P; to Dy (ag,;,p,/ap,,p,) [30]. The
variability of the relative lever arms across different spin qubit tiles arises form differ-
ences in the shape and position of dot D, which depends on the electrostatic potential
surrounding the dot and reflects the variability in semiconductor stack and gate-stack
uniformity, as well as differences in electrostatic tuning of the tile. The virtual gate volt-
age vP1 is calculated as uP; - median(P;)/median(uP) where uPy =} giag, p,/@p, p,
with g; comprising P, Bs, By, P; and S.

Flank method for charge noise characterisation of the quantum dots in the multi-
hole regime We characterize charge noise of the sensors using the flank method, mea-
sured via RF reflectometry. The process begins by tuning the surrounding gates until the
reflected signal exceeds the baseline by at least 10 mV, marking the turn-on of the device.
A multi-hole quantum dot is then defined beneath P, by gradually lowering the barrier
gates surrounding P; until a spectrum of Coulomb peaks is observed without any back-
ground signal. Next, we record the reflected signal on the right flank of the first three
Coulomb peaks, where the slope (|d1/d Vi) of the peaks is steepest. The signal is sam-
pled at a rate of 1 kHz for a duration of 100 seconds using a Qblox digitizer. To compute
the current power spectral density S;, the 100-second current trace is divided into ten
10-second segments. The power spectral densities for each segment are calculated and
averaged to yield S;. For each Coulomb peak analysed, we convert S; into the charge
noise power spectral density (S¢) using:

aZSI

=——>1 10.1
\dI/dVey? (0.1

€

where « is the lever arm extracted from the analysis of the Coulomb diamonds (Sup-
plementary Figs6). Finally, the spectral densities are fitted to a 1/ f7 model, and the
value of the spectral density at 1 Hz (Sp) and exponent (y) are extracted and reported.

Charge transition method for charge noise characterisation of quantum dots in
the few-hole regime We begin by tuning P; to the last-hole, as described previously.
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To probe electrostatic fluctuations in the quantum dot, we repeatedly sweep across the
charge transition point over a period of 200 s at a rate of 300 Hz. Transition voltages are
extracted by performing a sigmoid fit to each sweep repetition [40]. From the transition
voltage data, we calculate the voltage spectral density and fit the results to a 1/ f¥ depen-
dence, reporting the noise value at 1 Hz and the spectral exponent. Because we use the
sensor to monitor the transition voltage, the measurements include noise contributions
from both Ps and P;. However, we find that the spectral density of the sensor is an order
of magnitude lower than the spectral densities measured for P;. This confirms that the
observed traces are dominated by charge noise from the quantum dot under P; [40].

SUPPLEMENTARY INFORMATION
Supplementary Figs. 1-13.
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Supplementary Fig. 10.1: a) Optical image of chip with a QARPET device. b) Schematics of the 23 x 23 tiles of
QARPET device 1 with highlighted in blue the 40 tiles that were bonded with measurements and corresponding
analysis reported in Figs. 2-4 and Supplementary Figs.2-12. The RF line connected to P; for i = 4 was faulty,
preventing fast measurements of dot 1 on this row, and the inter-dot barrier B, was leaky, preventing double-
dot studies on this specific device.
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Supplementary Fig. 10.2: Reflectance maps of B; (y-axis) vs P; (x-axis) used to determine the relative lever
arm values presented in Fig. 3a. The slope of the transitions is used to determine the relative lever arm to D;
ag, p,/ap;,p,- Measurement on row 4 were not performed as the RF line connected to P; for i = 4 was faulty
therefore preventing efficient measurements on those tiles. The remaining missing maps were not measured
because the voltage range would violate the constraints sets for the device. The same considerations apply to
the reflectance maps in Supplementary Figs. 3-5
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Supplementary Fig. 10.3: Reflectance maps of B (y-axis) vs P; (x-axis) used to determine the relative lever
arm values presented in Fig. 3a. The slope of the transitions is used to determine the relative lever arm to D
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Supplementary Fig. 10.4: Reflectance maps of S (y-axis) vs P (x-axis) used to determine the relative lever
arm values presented in Fig. 3a. The slope of the transitions is used to determine the relative lever arm to D;
L‘tBs’D1 /(lpl,D1 .
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Supplementary Fig. 10.5: Reflectance maps of P (y-axis) vs P (x-axis) used to determine the charging voltages
presented in Fig. 3c. The first transition line at the top corresponds to the last hole transition.
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Supplementary Fig. 10.6: The reflectance measured as a function of sensor plunger (Ps) and voltage applied to
ohmic contact (O1) showing Coulomb diamonds for individual tiles.
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Supplementary Fig. 10.7: The power spectral densities S¢ from the three measured coulomb flanks of the sen-
sor dot in each of the 40 investigated tiles. The spectral densities are individually fit to a 1/ f¥ and both Sy and
v are extracted.
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Supplementary Fig. 10.8: a Violin plots of the charge noise exponent y obtained from fitting the power spec-
tral densities, showing that most values cluster around ~ 1 b Scatter plot of y versus /Sp, revealing no ap-
parent correlation between the two metrics, supporting a 1/ f noise behaviour consistent with a log-uniform
frequency distribution of TLFs. ¢, d Scatter plots of the lever arm (@) and the charging energy (Ec) versus /S,
respectively, both showing no significant correlation. e Scatter plot of E¢ versus a, demonstrating a positive
correlation, confirming that the quantum dot size influences the lever arm. Together with ¢ and d, this suggests
that dot size does not impact the magnitude of charge noise. f Scatter plot of the Coulomb peak slope versus
\/% , revealing a negative correlation, indicating that sharper peaks correspond to lower charge noise.
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Supplementary Fig. 10.9: Violin plots for three consecutive hole occupancies in each tile reporting the distri-
butions of the charge noise variations (A+/Sp) with respect to the average charge noise in each tile . With the
exception of a few outliers, such as tile (21,21), the median value of A\/ﬁ) fluctuates around zero, suggest-
ing that in the multi-hole regime the specific charge occupation affects marginally the noise properties of the
device. b, The violin plots of the charge noise measurements for 27 tiles across each charge occupation tran-
sition in Dy. The average charge noise does not depend significantly on hole filling, however, we observe a
decrease in the standard deviation of the charge noise distribution with increasing hole occupation, indicating
that higher hole occupations lead to more predictable average charge noise.
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Supplementary Fig. 10.10: Histogram of bootstrapped means with the experimental mean from Fig. 4b in-
dicated by a black arrow. The close agreement between the experimental and bootstrapped means (within
0.2%) suggests that the experimental sample size (120 data points from 40 tiles) is sufficiently large to ensure
an accurate estimation of the mean value. b, Difference between the bootstrapped and experimental means
as a function of the experimental sample size. While the difference remains small throughout, it stabilizes at
approximately 60 data points (20 tiles), indicating a sufficient sample size. ¢, Standard deviation of the boot-
strapped means as a function of sample size, which similarly converges around 60 data points, reinforcing
the reliability of the experimental sample size. d, p-value from a Shapiro-Wilk test as a function of sample size.
This test assesses whether the dataset follows a normal distribution, which suggests that multiple independent
random variables contribute additively to the measured quantity. High p-values (> 0.001) indicate greater nor-
mality, which is achieved at approximately 20 tiles. Collectively, these results confirm that QARPET provides a
sufficiently large dataset to accurately characterize charge noise.
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Supplementary Fig. 10.11: The voltage spectral densities S¢ from the three measured charge transitions of Dy
in each of the 27 investigated tiles. The spectral densities are individually fit to a 1/ f¥ and both Sy and y are
extracted.
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Supplementary Fig. 10.12: Violin plots of 1/Sp at 1 Hz comparing the sensor noise of this study with those
reported in Ref. 40 (main text), highlighting the significant differences in charge noise values between the two
datasets.
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Supplementary Fig. 10.13: Frequency of the ST-oscillations in Fig. 5d at different magnetic fields. For each
magnetic field we extract the frequency of the oscillations (fitting with a sine function) and the resulting points

are fitted to f = %‘/ J? + (AgupB)? from which we extract the g-factor difference Ag = 0.073 and the residual
exchange at zero detuning J(Aejz = 0) = 3.74MHz. Measurements are from QARPET device 2.
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11

CONCLUSIONS AND OUTLOOK

The development of semiconductor spin qubits has made remarkable progress in recent
years, with demonstrations of high-fidelity operations and increasingly larger devices. Through-
out this thesis, we have explored different aspects of materials engineering and device ar-
chitectures to advance the germanium quantum computing platform. In this chapter, we
discuss the challenges ahead and outline promising directions for future research.
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11.1. CONCLUSIONS

When I began my PhD, the field of germanium quantum computing was in its infancy.
The first germanium quantum dots had just been demonstrated, and while the mate-
rial’s theoretical advantages were understood, numerous practical challenges stood be-
tween these early demonstrations and the realization of scalable quantum processors.
My research addressed several of these challenges, advancing germanium’s viability as a
platform for quantum computation.

Alesson learned throughout my PhD journey has been recognizing the value of both
systematic engineering approaches and exploring radically new ideas that, at the time
of experimental design, might have appeared to be audacious experimental leaps. The
work presented in this thesis is the result of both approaches.

To confirm the theoretical predictions of holes’ low effective mass in planar Ge, we
experimentally investigated the effective mass and its density dependence. In Chapter 4
we show that holes in germanium quantum wells can achieve effective masses as low as
0.05m,, the lightest for any planar spin qubit platform. This light effective mass directly
translates to larger quantum dots and more forgiving fabrication tolerances, addressing
one of the key challenges in scaling quantum dot arrays.

Germanium quantum wells were for long exclusively grown on silicon wafers, ac-
cepting the inevitable lattice mismatch and resulting defects as a necessary compromise.
The prevailing wisdom was to manage strain through complex buffer layers. Our work in
Chapter 6 challenged this paradigm by demonstrating that growing directly on germa-
nium wafers could reduce threading dislocation density by nearly an order of magnitude
improved electrical properties and reduced charge noise. While 300mm Ge wafers are
not currently used in semiconductor foundries, germanium quantum technology may
emerge as the compelling application that drives their widespread industrial adoption.

An example of successful systematic engineering has been the realization of a hard
superconducting gap in germanium (Chapter 9). We addressed what was one of the ob-
stacles to hybrid quantum devices in planar germanium. While superconducting con-
tacts to germanium had been demonstrated before my work, theylacked the demonstra-
tion of a hard gap, limiting their utility for topological qubits or coherent qubit coupling
schemes. The development of the PtSiGe process, using a thermally activated solid-
phase reaction to form superconducting contacts, provided a reproducible method to
achieve high quality semi-superconductor contact with absence of in-gap states. This
changed germanium’s prospects as a platform for hybrid quantum devices.

Prior to my PhD, quantum dot research for spin qubits operated primarily within
two-dimensional architectures. We recognized the potential of three-dimensional inte-
gration to enhance connectivity and expand functionality, and expanded our designs in
the third dimension. By showing that we could maintain high mobility and low disorder
in double quantum wells (Chapter 7), and then successfully operate vertically stacked
quantum dots (Chapter 8), we created new possibilities for three-dimensional qubit ar-
chitectures. This work made me appreciate how theoretical simulations, in this case
Schrédinger-Poisson, serve as an invaluable guide for designing complex experiments
and predicting device behavior.

The QARPET architecture (Chapter 10) is an example of what we initially consid-
ered an audacious experimental leap. It represents a paradigm shift in how we approach
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quantum device testing. For several years, spin qubit characterization at mK tempera-
ture was limited to individual devices or small arrays, making statistical analysis imprac-
tical. By demonstrating that 1058 potential qubits could be controlled with just 54 lines,
and showing that individual tiles could be addressed and operated as spin qubits, we
created a platform for the systematic study of device variability, yield and qubit perfor-
mance. This capability is essential as the field transitions from hero devices to statistical
process control.

I consider my work on bilayers, hybrid devices, and QARPET to represent my most
meaningful contribution to the field. It has been particularly rewarding to see these ef-
forts stimulate the community to build upon our findings and conduct further research
in these areas.

11.2. OUTLOOK

11.2.1. MATERIALS IMPROVEMENTS FOR BETTER QUBITS

The quality of semiconductor heterostructures remains a fundamental aspect for ad-
vancing quantum computation with spin qubits. Qubits in germanium have been mea-
sured only on a few handful of heterostructures and the path to the optimal material sys-
tem is still a long one. The demonstration of high-mobility hole gases in lightly-strained
germanium in Chapter 5 highlights the importance of optimizing the trade-off between
strain and defect minimization. Strain, directly impact qubit performance by determin-
ing the spin-orbit coupling and g-factor and future investigations should focus on sys-
tematic studies of quantum wells with varying strain profiles to identify optimal config-
urations, balancing band structure control, g-factor, spin-orbit coupling strength, and
defect density.

A critical aspect determining the quality of heterostructures is the role of the strain-
relaxed buffer layers and the substrate choice. While heterostructures for quantum de-
vices have traditionally been grown on silicon wafers, this requires complex strain-relaxed
buffers to accommodate the large lattice mismatch between silicon and germanium-
rich layers. The resulting misfit dislocation network propagates through the quantum
well as threading dislocations and drives significant local strain fluctuations, potentially
limiting qubit performance. In chapter 6 we show that direct growth on germanium
wafers can dramatically improve crystalline quality, significantly reducing threading dis-
location density and providing a more uniform strain landscape. The reproducible high
mobility and very low percolation density, combined with the recent charge noise mea-
surements and coherence measurements [1] demonstrate that this approach provides
a better starting material for spin qubit devices. Looking ahead, the buffer layer chal-
lenge might be eliminated entirely by growing tensile-strained SiGe barriers directly on
(unstrained) germanium [2], similar to approaches used in III-V semiconductors, where
the carrier gas is confined at a single buried heterojunction interface. This could provide
an even more uniform environment for Ge spin qubits by removing the need for complex
strain relaxation processes.

Background impurities present another critical challenge, particularly oxygen incor-
poration during growth, which degrades the potential landscape making it harder to
form quantum dots where intended. Growth optimization should focus on reducing
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Supplementary Fig. 11.1: Heavy-hole (HH) and Light-hole (LH) band edges calculated with a Schrodinger-
Poisson simulation of a Ge/SiGe heterojunction as proposed in patent [2]. The growth direction is from left
to right, the heterostructure is composed by a Ge substrate and a strained SiGe barrier. Negatively biasing the
heterostructure with a top gate, HH and LH states become available at the Ge/SiGe interface.

impurity either by changing the growth conditions or by reducing the impurities in the
growth chamber.

Interface engineering, both at quantum well boundaries and semiconductor-dielectric
interfaces, remains crucial for realizing high-performance quantum devices in germa-
nium. New oxide deposition methods and surface preparation techniques should be
explored to improve interface quality and mitigate charge noise. The semiconductor-
dielectric interface is particularly critical as it directly impacts qubit coherence through
charge noise.

The positioning of quantum wells within the heterostructure also deserves attention,
deeper quantum wells could reduce the impact of interface traps at the oxide interface
while maintaining adequate electrostatic control. In addition, the SiGe barrier, whose
purpose has been traditionally only to separate the quantum well from the oxide, could
be further engineered to reduce the tunneling of charge from the quantum well to the
oxide interface and increase the saturation density [3].

Isotopic enrichment of both Si and Ge will reduce decoherence from hyperfine in-
teractions. The development of growth processes compatible with isotopically enriched
materials which maintain the current levels of material quality will be essential.

11.2.2. FUTURE PROSPECTS FOR HYBRID DEVICES

The development of a hard-gap superconducting germanosilicides (PtSiGe) contact to
the high mobility 2D hole gas in germanium, presented in Chapter 9, opens interesting
new pathways for hybrid quantum devices.

A key opportunity lies in exploring Majorana bound states in phase-biased Joseph-
son junctions [4]. While achieving a hard gap is necessary but not sufficient for topolog-
ical protection, the demonstrated high-quality interfaces and reproducible fabrication
provide a strong foundation. Future experiments should focus on increasing the induced
superconducting gap, which could be achieved through two main approaches. First, a
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superconducting layer with a larger gap, such as Al or Nb, could be deposited on top of
the PtSiGe. Alternatively, other ternary superconducting germanosilicides with higher
critical temperatures could be explored, particularly those based on platinoid metals like
Rh and Ir. These advances would need to be complemented by non-local spectroscopy
measurements in multi-terminal devices and demonstrations of two-electron charging
effects in hybrid Ge/PtSiGe islands.

Perhaps most importantly for spin-qubit applications, the realization of a hard su-
perconducting gap positions germanium as a unique platform for coherent coupling
of high-fidelity spin qubits over long distances. Crossed Andreev reflection could en-
able two-qubit gates spanning micrometer distances, while coupling via superconduct-
ing quantum dots might offer additional control options and potential topological pro-
tection. Even longer-range coupling could be achieved through integration with super-
conducting resonators, with the PtSiGe contacts potentially providing a large coupling
strength thanks to their proximity to the quantum dots. It is encouraging in this di-
rection that recent experiments at IBM and University of Copenhagen have replicated
the the PtGeSi process, demonstrating both Andreev bound state spectroscopy in planar
Josephson junctions [5] and controllable proximitization of quantum dots in Ge/SiGe
heterostructures [6].

Furthermore, the demonstration of a hard gap motivates investigation of alternative
qubit systems, such as Andreev spin qubits. Combined with germanium’s ability to be
isotopically purified, this could overcome the decoherence limitations currently seen in
III-V implementations of such qubits.

11.2.3. SCALING QUBIT TESTING

The challenge of scaling up goes beyond increasing qubit numbers. Understanding de-
vice variability and yield, developing robust control strategies, and establishing efficient
testing protocols are equally important. QARPET-like architectures can provide a pow-
erful platform for addressing these challenges, enabling the collection of statistical data
which is crucial as the field moves toward industrial-scale quantum processors.

Key aspects of scaling that will be relevant to investigate in future research using
QARPET-like platforms, include systematic studies of device variability, crosstalk effects,
and coherence properties. Future experiments measuring quantum dot formation char-
acteristics, tunnel coupling ranges, and spin-orbit coupling strengths across hundreds
of nominally identical devices will enable meaningful statistical analysis of process vari-
ations and provide crucial insights into the uniformity of the material stack and fabrica-
tion processes. The dense packing of quantum dots in large arrays offers opportunities
to investigate crosstalk and electrostatic interactions, which are important for maintain-
ing high-fidelity control. Additionally, measurements of coherence times across multiple
devices could reveal spatial correlations in noise sources and inform the development of
strategies for coherence protection in larger systems. Such statistical studies will be es-
sential for understanding and overcoming the challenges of scaling quantum dot arrays
to the sizes required for practical quantum computation.

The development of algorithms for automatic quantum dot formation and gate vir-
tualization (to compensate for cross-capacitance) will become essential as system sizes
grow. Machine learning approaches could prove particularly valuable for handling the
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high-dimensional parameter space of large arrays, with QARPET-like architectures pro-
viding ideal testbeds for developing and validating such algorithms through multiple
iterations on different tiles.

11.2.4. THREE-DIMENSIONAL QUANTUM DOTS INTEGRATION

The demonstration of quantum dots in double quantum wells presented in chapter 8
opens new possibilities for architectures with three-dimensional integration of quan-
tum dots. Building on the results presented in this thesis, recent advances demonstrated
the ability to tune a device with two neighboring vertically coupled double dots in a Ge
bilayer heterostructure to the (1,1,1,1) charge state [7]. The vertical coupling between
quantum dots provides an additional degree of freedom for designing spin qubit devices
with enhanced connectivity and functionality. Future research should systematically in-
vestigate the parameter space for g-tensor and spin-orbit coupling tuning in multi-layer
systems. Quantum wells with different strain profiles or compositions could be engi-
neered to create differences in parameters like g-factor between layers. This could en-
able novel ways of implementing quantum operations, for example, shuttling qubits be-
tween quantum dots in different wells with distinct g-factors could allow qubit control
using only baseband pulses, potentially reducing the need for high-power microwave
electronics. Precise control of charge occupation on vertically stacked dots could enable
vertical Pauli spin-blockade readout, potentially allowing integration of readout ancilla
qubits directly above or below data qubits. The capability to shift or delocalize wavefunc-
tions between quantum wells could enable low-power electric dipole spin resonance
and advanced spin-qubit control schemes. Important to realizing most of these pos-
sibilities however, will be the development of reliable methods for controlling vertical
tunnel coupling.

The vertical separation between wells provides also opportunities for new device ar-
chitectures. For example, when charges in separate wells are capacitively coupled but
have minimal tunnel coupling, charge sensors could be integrated into separate layers
from the qubits they sense. In regimes with tunnel coupling in the gigahertz range, co-
herent spin shuttling between wells could be realized, enabling one layer to serve as
quantum links connecting remote qubits in another layer.

Our work has also stimulated theoretical investigations into the rich physics these
systems can exhibit. Recent theoretical work has shown that bilayer arrangements of
four quantum dots per layer can display complex magnetic ground states, providing
new opportunities for exploring fundamental condensed matter phenomena in these
devices particularly interesting in the context of spin-qubit-based analog quantum sim-
ulations [8].
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SUMMARY

Quantum computers could solve certain problems exponentially faster than classical
computers. Among the various physical implementations being explored, spin qubits
in semiconductor quantum dots have emerged as a promising platform due to their po-
tential scalability and compatibility with existing semiconductor manufacturing. Within
semiconductor platforms, germanium has recently gained significant attention due to
its strong spin-orbit coupling, absence of valley states, and compatibility with industrial
processes.

In this thesis, we explore several aspects key to advance germanium-based quan-
tum computing technology. The work focuses on improving the material quality and
understanding fundamental properties, developing new device architectures, and en-
abling hybrid superconductor-semiconductor systems.

We begin by investigating the effective mass of holes in strained germanium quan-
tum wells and its dependence on carrier density, confirming theoretical predictions of
a remarkably light effective mass in compressively strained germanium. We then inves-
tigate the properties of a lightly-strained germanium quantum wells which can achieve
hole mobility exceeding 1 x 10° cm?/Vs while maintaining a remarkably low percolation
density. Further, we achieve a major materials breakthrough by growing germanium
quantum wells directly on germanium wafers, rather than the traditional silicon sub-
strates. This novel approach reduces threading dislocation density of nearly an order of
magnitude, resulting in mobility consistently exceeding 3 x 106 cm?/Vs.

Building on our understanding of single quantum wells, we develop and characterize
germanium double quantum well systems. Through magnetotransport measurements,
we demonstrate the formation of a high-mobility hole bilayer and study the coupling
between the two layers. Leveraging this bilayer platform, we demonstrate the first ver-
tical gate-defined double quantum dot in a strained germanium double quantum well,
opening possibilities for three-dimensional quantum circuits.

We further expand the germanium planar platform and create hybrid semiconductor-
superconductor systems by developing high-quality superconducting contacts to ger-
manium. Using a germanosilicide process formed through thermal reaction between
platinum and the semiconductor, we achieve the first demonstration of a hard super-
conducting gap in germanium. This breakthrough enables the integration of quantum
dots with superconducting elements for hybrid quantum devices.

Finally, we present a qubit-array research platform for engineering and testing (QAR-
PET). In a significant step toward testing scalability, we present a crossbar array ap-
proach for statistical testing of spin qubit tiles, each composed of one sensor and two
quantum dots. The device with over 1000 potential spin qubits, achieves a quantum
dot density of 2 million per mm? while requiring minimal control lines and a single
cooldown. This development represents a significant advance for characterizing quan-
tum devices at scale.
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170 SUMMARY

The results presented in this thesis establish planar germanium as a versatile plat-
form for quantum devices, offering high-quality materials, novel three-dimensional ar-
chitectures, and integration with superconductors. Altogether, these developments pro-
vide a foundation for scaling up the complexity of quantum devices.



SAMENVATTING

Quantumcomputers zouden bepaalde problemen exponentieel sneller kunnen oplos-
sen dan klassieke computers. Onder de verschillende fysieke implementaties die wor-
den onderzocht, zijn spinqubits in halfgeleider-quantumdots naar voren gekomen als
een veelbelovend platform vanwege hun potentiéle schaalbaarheid en compatibiliteit
met bestaande halfgeleiderproductie. Binnen halfgeleiderplatforms heeft germanium
onlangs aanzienlijke aandacht gekregen vanwege de sterke spin-baan-koppeling, de af-
wezigheid van valleitoestanden en de compatibiliteit met industriéle processen.

In dit proefschrift onderzoeken we verschillende aspecten die cruciaal zijn voor de
vooruitgang van germanium-gebaseerde kwantumcomputingtechnologie. Het werk richt
zich op het verbeteren van de materiaalkwaliteit en het begrijpen van fundamentele ei-
genschappen, het ontwikkelen van nieuwe apparaatarchitecturen en het mogelijk ma-
ken van hybride supergeleider-halfgeleidersystemen.

We beginnen met het onderzoeken van de effectieve massa van gaten in gespan-
nen germanium-quantumputten en de afthankelijkheid daarvan van de ladingsdicht-
heid, waarbij we theoretische voorspellingen bevestigen van een opmerkelijk lichte ef-
fectieve massa in samengedrukt germanium. Vervolgens onderzoeken we de eigenschap-
pen van licht-gespannen germanium-quantumputten die een gatmobiliteit kunnen be-
reiken van meer dan 1 x 10° cm?/Vs, terwijl ze een opmerkelijk lage percolatiedichtheid
behouden. Verder bereiken we een grote doorbraak in materiaalkunde door germanium-
quantumputten rechtstreeks te laten groeien op germaniumwafers in plaats van op de
traditionele siliciumsubstraten. Deze nieuwe aanpak vermindert de dichtheid van dis-
locaties met bijna een orde van grootte, wat resulteert in een mobiliteit die consequent
hoger is dan 3 x 106 cm?/Vs.

Voortbouwend op ons begrip van enkele quantumputten, ontwikkelen en karakteri-
seren we germanium dubbele quantumputsystemen. Door middel van magnetotrans-
portmetingen tonen we de vorming van een hoog-mobiel gaten-bilayer aan en bestu-
deren we de koppeling tussen de twee lagen. Gebruikmakend van dit bilayerplatform
demonstreren we de eerste verticaal poort-gedefinieerde dubbele quantumdot in een
gespannen germanium dubbele quantumput, waarmee de weg wordt vrijgemaakt voor
driedimensionale kwantumcircuits.

We breiden het germanium-planarplatform verder uit en creéren hybride halfgeleider-
supergeleidersystemen door hoogwaardige supergeleidende contacten met germanium
te ontwikkelen. Door gebruik te maken van een germanosilicideproces, gevormd door
thermische reactie tussen platina en het halfgeleidermateriaal, realiseren we de eer-
ste demonstratie van een harde supergeleidende kloof in germanium. Deze doorbraak
maakt de integratie mogelijk van quantumdots met supergeleidende elementen voor hy-
bride kwantumapparaten.

Ten slotte presenteren we een qubit-array-onderzoeksplatform voor engineering en
testen (QARPET). In een belangrijke stap richting het testen van schaalbaarheid presen-
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teren we een crossbar-arraybenadering voor statistisch testen van spinqubit-tegels, elk
bestaande uit één sensor en twee quantumdots. Het apparaat, met meer dan 1000 po-
tentiéle spinqubits, bereikt een quantumdot-dichtheid van 2 miljoen per mm?, terwijl
het minimale controlijnen en slechts één afkoeling vereist. Deze ontwikkeling vertegen-
woordigt een belangrijke vooruitgang in het karakteriseren van kwantumapparaten op
schaal.

De resultaten die in dit proefschrift worden gepresenteerd, vestigen planar germa-
nium als een veelzijdig platform voor kwantumapparaten, met hoogwaardige materi-
alen, nieuwe driedimensionale architecturen en integratie met supergeleiders. Al met
al vormen deze ontwikkelingen een fundament voor het opschalen van de complexiteit
van kwantumapparaten.
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