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Robust and localised control of a 10-spin
qubit array in germanium

Valentin John 1,4 , Cécile X. Yu 1,4, Barnaby van Straaten1,
Esteban A. Rodríguez-Mena 2, Mauricio Rodríguez 2, Stefan D. Oosterhout 3,
Lucas E. A. Stehouwer1, Giordano Scappucci 1, Maximilian Rimbach-Russ 1,
Stefano Bosco1, Francesco Borsoi 1, Yann-Michel Niquet 2 &
Menno Veldhorst 1

Quantum computers require the systematic operation of qubits with high
fidelity. For holes in germanium, the spin-orbit interaction allows for electric,
fast and high-fidelity qubit gates. However, the strong g-tensor anisotropy of
holes in germanium and their sensitivity to the operational and environmental
conditions challenge the operation of large qubit arrays. Here, we investigate a
two-dimensional 10-spin qubit array with single-qubit gate fidelities above
99%, and obtain surprisingly uniform qubit properties. By tuning the hole
occupation, we demonstrate control over the spin susceptibility, enabling fast
plunger gate driving with Rabi frequencies consistently above 1.45 MHz/
(mV ⋅ T). Moreover, we probe the locality of electric dipole spin resonance and
find that the configurationwith three-hole occupancy driven by the associated
quantum dot plunger gate reduces crosstalk, lowering it by an average factor
of 2.5 to nearest neighbours, compared to single-hole plunger driving. Theo-
retical modelling points towards the pronounced anisotropy of p-like orbitals
as the main mechanism with significant contributions through Coulomb
interactions, giving directions for reproducible control of large qubit arrays.

Semiconductor spin qubits have seen significant progress over the last
few years, with four-qubit and six-qubit quantum processors demon-
strated across different platforms and encodings1–4. In pursuit of
scaling beyond these systems, larger quantum dot (QD) arrays have
been explored, showcasing charge tune-up in a 4 × 4 QD array using a
crossbar architecture5, qubit characterization of a two-dimensional 10-
QD array by coherent single spin shuttling6, and demonstration of a
linear array comprising 12 qubits7.

Hole spin qubits in planar strained Ge/SiGe heterostructures
emerged as a compelling platform that can offer all-electrical control,
fast Rabi driving, long coherence times, and absence of valley degree
of freedom8–10. However, the strong anisotropy of the g-tensor opens a
narrow window around the in-plane magnetic field direction, con-
taining sweet but also weak operation spots for electric dipole spin

resonance (EDSR) and coherence times11–14. The magnetic field direc-
tions of these optimal andweak spots are hard to predict and sensitive
to electrostatic and strainfluctuations15,16, which differ across quantum
dots due to device-specific and cooldown-dependent potential land-
scapes. Beyond optimizing global qubit parameters, such as material
growth properties or magnetic field orientation, qubit performance
can also be tuned by adjusting local control parameters, such as dot
occupation or drive gate. For holes in silicon, it was observed that the
hole occupancy can have little effect on the g-tensor17,18. For electrons
in silicon operated with a micromagnet, it was shown that higher
charge occupancies can increase the Rabi driving19. This was specu-
lated to result from an increased mobility of the qubit charge in the
magnetic field gradient, though more recent theoretical work also
considered the effect of spin-orbit interaction via the quadrupolar
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contribution20. This raises the question whether the hole occupancy
can be used to improve EDSR driving, in particular in systems with
strong spin-orbit interaction, and whether further optimization is
possible by choosing the gate drive.

In this work, we investigate a two-dimensional 10-QD device
hosting 10 hole-spin qubits, with two central qubits each connected to
four different neighbors. We systematically evaluate the EDSR drive
efficiency of each qubit for QDs occupied with one, three, and five
holes, to assess how charge configuration influences driving mechan-
isms. We apply a magnetic field slightly out-of-plane just outside the
narrow window containing sweet and weak spots. This analysis is
extended across all 22 available gates in the device for each qubit,
whichgives us insights about the locality and crosstalk of EDSRdriving.
Additionally, to probe the variation in noise sensitivity in each con-
figuration, we perform longitudinal spin-electric susceptibility (LSES)
measurements by analyzing the changes in resonance frequency as a
function of gate voltages under different charge configurations, which
is closely related to the qubit coherence. Crucially, we find that it is
possible to have systematic, efficient driving with limited crosstalk
when operating with three-hole occupancy using the plunger gate.

Results
The two-dimensional 10-spin qubit array
Figure 1a displays our device, comprising 10 QDs arranged in a 3-4-3
configuration, and four charge sensors located at the cardinal points of
the array, identical to the device layout described in ref. 21. The fab-
rication details can be found in SupplementaryNote 1. In this work, the
quantumdevice is fabricated on a Ge/SiGe heterostructure grown on a
germanium wafer22, exhibiting a high mobility of 3.4(1) × 106 cm2/Vs,
indicating a uniformand low-noise potential landscape for QD arrays21.
The QDs are defined and operated using plunger and barrier gates, as
illustrated in Fig. 1b. Amagnetic field of 41.4mT is applied by a uniaxial
solenoid magnet, tilted approximately 2–3 degrees from the in-plane
orientation21.

The 10-QD array is tuned to a dense charge configuration, with an
odd number of holes at each QD site, defining 10 qubits labeled
Q1–Q10. Each qubit is initialized and readout pairwise using Pauli spin
blockade with a nearby charge sensor23,24. Figure 1c shows the occu-
pation of each QD in the initial tune-up, along with the corresponding
single-qubit gate infidelity, all below 0.6%, obtained through rando-
mized benchmarking25 (see Supplementary Note 2). All qubit proper-
ties in this initial tune-up including the drive gate of eachqubit used for
randomized benchmarking are indicated in Supplementary Note 3. An
in-depth noise analysis detailed in ref. 21 indicates that the qubit per-
formance is bounded by a hyperfine-limited T *

2 of approximately 2μs
arising from the out-of-plane component of the magnetic field, which
could be alleviated by using purified germanium26,27. We also demon-
strate tunable exchange interactions between neighboring qubit pairs
(see Supplementary Note 4), making this spin qubit array representa-
tive for future quantum processors based on densely occupied QD
arrays. Supplementary Note 15 discusses how error correction codes
could be performed on such a device.

Qubit drive efficiency and tunability
This two-dimensional 10-qubit array provides a sufficiently large and
robust platform to gather a comprehensive dataset on the effects of
varying qubit sites and hole occupancies while avoiding device-to-
device variability. By systematically performing the measurement
protocol shown in Fig. 2a, we characterize the LSES and driving effi-
ciency fR/A, with fR the Rabi frequency and A the applied drive ampli-
tude on the device level, across all qubits with one-, three-, and five-
hole occupancy.

These driving properties are intimately linked to the sensitivity of
the g-tensor to the electrostatics and its environment28,29. Indeed, Rabi
oscillations are governed by modulation of the transverse component

of the g-tensor through AC gate voltages, while the LSESmeasures the
gate ability to tune the longitudinal component, which influences

qubit coherence in the charge-noise-limited regime via T *
2 / 1=ξ with

ξ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

gateð∂g*=∂VgateÞ2
q

12,30. Here, the effective g-factor for a given

magnetic field is expressed as g* = jg b
!j, with g representing the

g-tensor and b
!

= B
!

=j B!j the normalized magnetic field direction. The
total longitudinal susceptibility, ξ, encompasses all the gates of the
device and assumes uncorrelated noise contributions between them.
The interplay between driving efficiency and longitudinal suscept-
ibility can be captured by a qubit quality factor, defined as

Q= f R=ξ / f R � T *
2
31. The quality factor Q enables the identification of

operational sweet spots and their dependence on hole configurations.

Figure 2b summarizes qubit statistics collected across the 10
qubits for single- and three-hole occupations, visualizing their ratios in
a boxplot. We refer to plunger drive when the qubit is driven with a
plunger gate, and barrier drive when a barrier gate is used. For the
drive efficiency, we only focus on the plunger drive for each qubit. As
the hole occupancy increases from one to three, both g* and ξ show
minimal variation, while the plunger drive efficiency improves by a
median factor of 3.6. With a modest median increase of 1.3 in ξ, the
quality factor improves by amedian factor of 2.0. Here, we refer to the
median values, as the average is skewed by Q3, which is barely driven
by the plunger gate in the single-hole occupation regime. Notably, the
whisker representing the Rabi frequency and quality factor ratio for
single- and three-hole occupancies extends towards infinity, as no
measurable driving of Q3 using the plunger gate P3 was observed in
the single-hole occupancy within the applied voltage amplitude range,
which confirms the importance of investigating the gate and hole
occupation dependence of EDSR in large qubit arrays.

The underlying data of the g-factor variability is visualized in
Fig. 2c across different hole occupancies and qubit sites. Despite holes
in germanium having a large g-tensor anisotropy, we find a small
relative variation in g-factors across 10 qubits within a single device
and different hole configurations, with an average g-factor of
0.58± 0.03.We believe that this small variability results from the large
contribution of theperpendicular component of the g-tensorwhen the
magnetic field is oriented out-of-plane. Additional considerations in
terms of variability can be found in Supplementary Note 14.

Exemplary data for the central qubits, Q5 and Q6, which are
measured across one-, three- and five-hole occupancies, are shown in
Fig. 2d. The data show a distinct increase in qubit plunger drive as the
hole occupation increases fromone to three, while the efficiencyof the
barriers remains approximately unchanged. However, increasing the
hole occupation to five reverses this pattern, with the qubit plunger
drive becoming significantly weaker while the barrier drives become
stronger. The observed g*-tunability patterns include barriers exhibit-
ing both negative and positive ∂g*/∂Vgate, but the relative positions of
these barriers do not reveal clear trends across the full array, making it
challenging to identify their origin. Generally, barriers along the
diagonal often have approximately opposite values, e.g., for Q5 barrier
gates B2 and B9 have similar magnitude but opposite sign for the
single and three-hole occupation, while B3 and B8 are both weak. The
∂g*/∂Vgate value associated with the qubit plunger gate is always posi-
tive, but itsmagnitude is comparable to that of the associated barriers.
These patterns are supported and further explained by numerical
simulations in Supplementary Note 6. The trend of increased top
plunger driving efficiency from one to three holes is observed in eight
of the nine measured qubits (Q2 has only been measured in the five-
hole regime). The exception is qubit Q4, which exhibits a constant
plunger drive efficiency from one- to three-hole occupation. The
complete dataset for g*-tunability and driving efficiency across all
qubits and gates is provided in Supplementary Notes 7 and 8. Overall,
the three-hole regime is a more favorable regime for operation, as the
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drivingmechanisms aremore robust, with importantly no instances of
zero driving, unlike in the single-hole regime.

Modeling of single- and multi-hole quantum dots
The improvement of driving efficiency in the three-hole regime is
captured by simulations of a realistic geometry using a four-band
Luttinger-Kohn Hamiltonian and full configuration interaction for the
Coulomb correlations. These simulations help understanding the
trends of the LSES and Rabi frequency shown in Fig. 2 (see also Sup-
plementary Note 6).

Our analytical and numerical modeling suggests that the
enhancement of the driving efficiency of the plunger gate in the three-
hole regime results from the interplay between symmetry breakings
and Coulomb interactions. In the single-hole regime, the ground state
is a spin doublet with a quasi-circular s-like envelope. When driven by
the plunger gate, the radius of the envelope oscillates, but its shape
remains circular resulting in an isotropic response of the in-plane g-
factors. This modulates the longitudinal (LSES) component much
stronger than the transverse (Rabi) component of the Larmor vector
g � b!. This could be the reason why Q3 could not be driven by the
plunger in the single-hole occupation.

In the non-interacting three-hole regime, the ground state doub-
let is an elongated p-like orbital pu whose in-plane axis u is oriented
along the direction of weakest confinement. It is energetically split
from an orthogonal pv orbital by bias and disorder-induced asymme-
tries, giving rise to a well-defined qubit. This pu orbital as well as its
response to the plunger gate is much more anisotropic, enabling

stronger transverse coupling and thus faster Rabi oscillations. The
same argument could also explain a decrease in Rabi frequency of the
plunger gate in the five-hole regime. The next spin doublet now
occupies the pv orbital, which is, however, less responsive to the
plunger gate because its axis is oriented along a stronger confinement
direction. The shape of the spin wave-function is less relevant for the
barrier gates, whose highly anisotropic potentials can couple states
with any symmetry.

The above considerations, drawn in the non-interacting limit, can
be extended to the interacting case. The Rabi frequency can generally
be split into single-particle (SP) and many-body (MB) contributions:
f R =

�
�~f

SP

R +~f
MB

R

�
�. The latter depends on the strength of the Coulomb

interactions and thegapbetween the single-particle orbitals. Bymixing
orbital configurations together, the Coulomb interactions reshape the
hole density and the response of the ground state doublet to the drive
fields. Interestingly, the MB contributions can be mapped to a dis-
orderedHubbard spinmodel,where the sites correspond to theorbital
states. Consequently, the Rabi driving could be enhanced, similar to
flopping-mode qubits32 (see Supplementary Note 6C). In general, we
find that our full configuration interaction simulations still match the
trends of the non-interacting model but reveal that the Coulomb
interactions have a significant quantitative impact on the Rabi fre-
quencies, especially for barrier gates.

Maps of simulated ξ andRabi frequencies for the plunger gate and
one of the barrier gates are shown in Fig. 3 as a function of the mag-
netic field orientation. They highlight the increase of the efficiency of
the plunger gate in the three-hole regime, and the strong dependence
of all quantities on the azimuthal angleϕwhen themagnetic field goes
in-plane (θ = 90°). In particular, the driving efficiency approaches zero
while ξ is large (hence T *

2 small) at specific angles ϕ. The device-to-
device variability of these angles resulting from bias conditions is a
considerable challenge for the tuning and calibration of large-scale
systems. We envision that imprinting an initial anisotropy, strain or
potential can help in reducing these variations.

The simulations thus clearly show the benefits of avoiding the
region around θ = 90° and setting the magnetic field slightly out-of-
plane in the region indicated by the dashed lines. The Rabi frequency
of the plunger gate is sufficiently strong and more uniform in ϕ in the
three-hole regime, while the charge susceptibility is much improved
(smaller ξ). Consequently, driving three-hole qubits with the plunger
gate andmagneticfield slightly out-of-planemayprovide a reliable and
uniform operation mode for scaling up to large arrays in nuclear spin-
free purified germanium26,27.

Driving locality in extended qubit arrays
EDSR is commonly expected to be a local driving mechanism due to
the localized nature of the electric field8,33,34. However, the locality of
EDSR may be altered by electric crosstalk, which can arise from
capacitive coupling between gates or electric field propagating in the
heterostructure. Here, we aim to assess the extent of this locality. To
do so, we analyze the acquired data by focusing on the driving effi-
ciency of each gate to each qubit. Specifically, we evaluate the driving
locality when applying a microwave pulse to any of the 22 available
plunger and barrier gates. In this analysis, we consider four distinct
cases involving either barrier or plunger drive and either one- or three-
hole occupation. Thefive-holeoccupation is excluded in this studydue
to insufficient data across the array. For each driving gate, the corre-
sponding target qubit is defined as thequbit closest to thedriving gate.
We note that the plunger gates are patterned after the barrier gates
and they are separated by a 10 nm thick oxide layer (see Method
section).

In Fig. 4, driving efficiency is categorized by the physical distance
of each gate to each qubit. Independent of direction, we then define
nearest neighbors based on this physical proximity. Driving efficiency
is quantified by the averaged results for all n-th nearest qubits over all

Fig. 1 | A high-fidelity 10-spin-qubit array in germanium. a A false-colored
scanning electron microscope image of a nominally identical device, with the 10
quantum dot plunger gates highlighted in orange, the 12 barrier gates shown in
blue, and the screening gates that screen the fanout of the plunger gates to avoid
accumulation outside the quantum dot array in purple. Four single hole transistors
labeled as N, E, W and S are located at the edge of the array. The 10 qubits are
labeled as Q1–Q10. The applied magnetic field is 41.4mT. The scale bar on the
bottom right represents 500 nm. b Simplified gate layout of the quantum dot array
where the plunger gates are labeled as P1–P10 and the barrier gates as B1–B12.
c Randomized benchmarking single-qubit gate infidelities with the corresponding
charge occupation of the 10 quantum dots annotated.
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driving gates. Figure 4a–d presents the Rabi driving efficiencies as
boxplots up to the sixth nearest neighbor for both barrier and plunger
drive, with a corresponding maximum physical distance of 550nm in
thedeviceplane (all distances of then-th nearest qubits and their ranks
are listed in Supplementary Note 11). To evaluate drive locality, we
express our data in terms of the normalized driving efficiency
f R=f

target
R , obtained by normalizing the Rabi driving efficiency relative

to that of the target qubit. Lower normalized driving efficiencies for
distant qubits indicate less cross-talk and more localized driving. For
qubits located beyond the sixth nearest neighbor, driving efficiency
falls below 0.01MHz/mV, which is below the sensitivity of the

measurement within the range of applied drive amplitudes. We gen-
erally observe a decrease in driving efficiency for larger distances in
both one- and three-hole cases, for both plunger and barrier drives.
Thedrop inmeandriving efficiency from thefirst to the secondnearest
qubit is largest for the three-hole plunger drive and single-hole barrier
drive. These results are compatible with the expected electric field
decay as further discussed in Supplementary Note 12.

To illustrate the impact of cross-talk, we project the measured
results onto an extended densely populated two-dimensional spin
qubit array. When driving a target qubit with a specific gate, the n-th
nearest qubits are color-coded according to the mean of the

Fig. 2 | Statistical analysis of the 10-spin qubit array. a Flow diagram of g*-
tunability and driving efficiency extraction. After selecting one of the qubits,
Q1–Q10, and looping over the one-, three-, and five-hole occupation, the g*-tun-
ability and drive efficiencies are extracted sequentially for each of the 10 plunger
and 12 barrier gates. For the g*-tunability each of the gates is scanned in the range of
±8mV while sweeping the microwave frequency across the corresponding qubit
frequency on a dedicated fixed gate. By fitting the peak in the recorded signal, the
frequency slope can be determined in MHz/mV, which can be converted into a
g-factor slope in 1/mV. For the driving efficiency the amplitude is swept from 1 to
15mV, while applying amicrowave pulse on each of the gates. By performing a fast-

Fourier transform and fitting the dominant frequency contributionwith a linear fit,
the driving slope inMHz/mV can be extracted. b Boxplots in Spear style containing
the ratios of g*, LSES, driving efficiency, andquality factor in the three- and one-hole
occupation for plunger drive. Each boxplot contains 9 data points with all 10 qubits
exceptQ2. The orange line denotes themedian value and thewhiskers are from the
first quartile to third quartile. c g* of all 10 qubits in the one-, three-, and five-hole
occupation. d g*-tunability and driving efficiency for qubit Q5 and Q6 as a function
of all 10 plunger and 12 barrier gates. Each row corresponds to a different hole
occupation of one, three, and five respectively.
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normalized Rabi efficiencymeasured experimentally and presented in
the boxplots of Fig. 4a–d. This visualization highlights howmuch each
qubit would be affected when driven using a plunger or barrier gate
under single- and three-hole occupations.

Figure 4e, g depicts the projected cross-talk for barrier driving. By
design, barrier gates drive the two nearest qubits equally, leading to
pronounced cross-talk between them. Beyond the first nearest qubits,
the single-hole occupation exhibits significantly reduced cross-talk.
Figure 4f, h illustrates the projected cross-talk for plunger driving. In
the three-hole regime, cross-talk is small. In contrast, in the single-hole
regime, plunger driving can result in negligible or even vanishing
driving efficiencies, requiring large drive amplitudes and consequently
inducing substantial cross-talk.

Comparing the different regimes, the most localized driving is
observed for plunger driving in the three-hole regime and barrier
driving in the single-hole regime. Among these, the former achieves
minimal cross-talk while maintaining the highest driving efficiencies,
making it here themost favorabledriving scheme in termsof efficiency
and cross-talk mitigation in a two-dimensional array with dense
occupation. In Supplementary Note 13, we further estimate that this
operational regime enables the control of extended 2D arrays by
engineering repeating tiles that require only a limited number of
unique Larmor frequencies across the entire array.

Discussion
Our results demonstrate that despite the strong sensitivity of the highly
anisotropic germanium g-tensor, remarkably uniform qubit character-
istics canbeobtained in a 10-qubit array.Wehaveobserved an enhanced
and highly localized drive when manipulating qubits in the three-hole
occupation regime using the plunger gate, consistent across the entire
array. Numerical and analytical simulations reinforce these findings,
highlighting the impact of p-like orbital anisotropy and intra-dot Cou-
lomb interactions in the multi-hole regime. For future quantum pro-
cessors based on spin qubits in strained Ge/SiGe quantum wells, we
envision that an effective approach may be to orient the magnetic field
slightly out of plane to avoid weak spots and ensure robust, localized
control, as demonstrated here. Our work also highlights the importance
of including parameters such as the hole occupation and drive gate into
the design considerations of large qubit arrays.

Methods
Fabrication
The device is fabricated on a Ge/SiGe heterostructure with a 16 nm
germanium quantum well buried 55 nm below the semiconductor/
oxide interface on a germanium substrate, as described in ref. 21.
The ohmic contacts are created first through platinum deposition
and diffusion. For the gate stack, the barrier gate layer (20 nm thick)
is deposited, followed by the screening gate layer (30 nm thick), and
finally the plunger layer (40 nm thick). All the gate layers aremade of
palladium, deposited at room temperature. The barrier gates are
separated from the heterostructure by a 7 nm thick aluminum
oxide and a 5 nm oxide is deposited after the barrier and the
screening layers.

Experimental setup
The sample was mounted on a printed circuit board (PCB) with 100
direct current (DC) lines. Thirty lines include a resistive bias network
combining alternating current (AC) and DC signals. The AC input is
capacitively coupled (100 nF) and referenced to ground through
100 kΩ, with a 1MΩ resistor linking AC and DC nodes. The DC bias is
decoupled to ground via 100pF. All plunger, barrier, and sensor
plunger gates are bonded to AC lines.

Experiments were performed in a Bluefors LD400 dilution
refrigerator with a base temperature of a few tens of millikelvin. A
superconducting solenoid magnet operated in driven mode provided
an axial magnetic field. The PCB was mounted on a custom cold finger
at a position slightly off-centered, which reduced the magnetic field
amplitude at the sample by a factor of 0.69 relative to the nominalfield
recorded in the metadata.

DC lines were filtered at multiple stages of the refrigerator and
connected outside the cryostat to a battery-powered SPI rack for vol-
tage control. AC lines were attenuated within (9–15 dB) and outside
(~10 dB) the dilution fridge, and connected to a Keysight M3202A
arbitrary waveform generator cluster. Instrument control was imple-
mented using pulselib (pulse-lib.readthedocs.io) and internal qcon-
struct libraries. Virtual gates have been used to account for capacitive
gate-to-gate crosstalk (see Supplementary Note 5).

The device incorporated four single-hole transistors (SHTs) at its
edges, each consisting of a source ohmic, source barrier, sensor
plunger, drain barrier, and drain ohmic. The barriers controlled tun-
neling between the reservoir and the sensor quantum dot. Coulomb
peaks appeared in transport before the SHT current fully turned on;
biasing on the flank of a peak enabled single-charge detection.

Charge sensing employed reflectometry. The PCB feedline was
coupled to four LC tank circuits (100 pF capacitors with off-chip
inductors of a few μH). A 5 kΩ shunt resistor set an RC constant
τ =0.5μs. The input RF tone was attenuated by 43 dB in the fridge and
by a similar amount at room temperature. Reflected signals were
amplified 35 dB by a cryogenic low-noise amplifier at 4 K, digitized at

Fig. 3 | Simulated ξ and Rabi frequency fR as a function of magnetic field angle
at41mT in single- and three-hole occupancies.Data have been obtained through
full configuration interaction simulations. a ξ in the single-hole occupation, b ξ in
the triple-hole occupation, c fR in the single-hole occupation when driving with the
top plunger, d fR in the triple-hole occupation when driving with the top plunger,
e fR in the single-hole occupationwhendrivingwith themost efficient barrier, f fR in
the triple-hole occupationwhen driving with themost efficient barrier. The dashed
and dotted lines indicate the estimated operation field angle of the experiments.
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room temperature with a Keysight M3102Amodule, and demodulated
using its FPGA.

Each SHT source was bonded to one tank circuit, with the drain
grounded. Resonance frequencies ranged from 70–170MHz. Resis-
tance changes induced by nearby charges modified the reflected
amplitude; the RF phase was chosen to maximize sensitivity.

Single-shot readout was performed by repeating pulse sequences
n times and assigning binary outcomes depending on whether the
measured amplitude crossed a calibrated threshold. Thresholds were
set from histograms of the two charge states, with insufficient
separation contributing to readout errors. Typically, 500 repetitions
were used per measurement.

Read-out
We perform parity read-out of qubit pairs via Pauli spin blockade. To
do so, wepulse from the (1,1) charge symmetry point to the PSB region
at the (1,1)-(2,0) anti-crossing, such that wemap odd parity to (2,0) and
even parity to (1,1). The charge signal ismeasured via RF-reflectometry.
Before measuring, we let the system settle 0.5μs to avoid drift of the
charge signal. Since the system has been re-tuned for various charge
configurations, visibilities and integration times do vary. Exemplary
values for each qubit during randomized benchmarking can be found
in Supplementary Note 1.

Data availability
The data supporting the findings of this study are openly available in
the 4TU.ResearchData repository under the https://doi.org/10.4121/
5ee5b0d3-e838-478e-990d-02c50b75eeab.
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