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High kinetic inductance superconductors are gaining increasing interest for
the realisation of qubits, amplifiers and detectors. Moreover, thanks to their
high impedance, quantum buses made of such materials enable large zero-
point fluctuations of the voltage, boosting the coupling rates to spin and
charge qubits. However, fully exploiting the potential of disordered or gran-
ular superconductors is challenging, as their inductance and, therefore,
impedance at high values are difficult to control. Here, we report a repro-
ducible fabrication of granular aluminium resonators by developing a wireless
ohmmeter, which allows in situ measurements during film deposition and,
therefore, control of the kinetic inductance of granular aluminium films.
Reproducible fabrication of circuits with impedances (inductances) exceeding
13 kQ (1 nH per square) is now possible. By integrating a 7.9 kQ resonator with a
germanium double quantum dot, we demonstrate strong charge-photon
coupling with a rate of g./2m = 566 + 2 MHz. This broadly applicable method
opens the path for novel qubits and high-fidelity, long-distance two-

qubit gates.

Superconducting circuits made from disordered superconductors
with large kinetic inductance are attracting attention for the devel-
opment of qubits, such as fluxonium'™, parametric amplifiers®® and
kinetic inductance detectors’. High characteristic impedance devi-
ces, enabled by large kinetic inductors, are also paramount to semi-
conductor quantum dot qubit applications, whereby several studies
have demonstrated strong charge-photon™ ™ and spin-photon
coupling® % Furthermore, the first long-distance coherent coupling
experiments between spin qubits have been reported”?*, leading to
the first photon-mediated long-distance two-qubit gate for electron
spins in SiZ. Currently, one of the main challenges for improving the

fidelity of such gates lies in increasing the spin-photon coupling
strength®. This can be achieved by enhancing the charge-photon
coupling and the spin-orbit interaction.

The charge-photon coupling strength g. is enhanced with high-
impedance Z resonators, as g. o« +/Z***?°. To date, quantum dot cir-
cuit quantum electrodynamics (cQED) implementations utilising dis-
ordered nitride?*>*?' or Josephson junction array""® resonators have
not exceeded the characteristic impedance of ~ 3.8 kQ (Supplemen-
tary Fig. 9). Outside the field of quantum dot cQED devices, much
higher impedance has been achieved, either relying on the combina-
tion of a large kinetic inductance with a low stray capacitance of a
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suspended Josephson junction array with an impedance of >200 kQ*?,
or a large mutual geometric inductance with a low stray capacitance of
a suspended planar coil with - 31 kQ*. These approaches cannot be
readily implemented with standard semiconductor spin qubits devices
because of incompatibility with magnetic fields and complex nano-
fabrication requirements. Other studies have focused on the combi-
nation of a kinetic and mutual geometric inductance of meandered
structures of thin-film TiN, with a kinetic inductance of 234 pH per
square ((07)*, or granular aluminium (grAl) with 220 pH[J™, both
with Z = 28 kQ. While grAl offers magnetic field resilience®, lift-off
compatibility’, low losses®, and sheet kinetic inductance reaching
2nH[O"%, it was not yet exploited for quantum dot devices. This is
presumably because of the poor reproducibility of high-impedance
films*°, as the film resistance, which determines the kinetic inductance,
is sensitive to evaporation parameters.

In this work, we developed a high-vacuum-compatible wireless
ohmmeter with an independently controlled rotary shutter, allowing
for in situ measurements of the sheet resistance of the deposited film.
This method allows us to reliably realise superconducting coplanar
waveguide (CPW) grAl resonators with impedance exceeding 13 kQ,
even reaching Z = 22.3 + 0.3kQ, thanks to the large sheet kinetic
inductance up to Ly = 2.7 + 0.1 nH [T These resonators offer magnetic
field resilience of BT™ =(281+1)mT and B =(3.50+0.05)T.

We integrate a grAl CPW resonator with a double quantum dot
(DQD) device fabricated on a planar Ge/SiGe heterostructure confining
holes, whose large spin-orbit interaction enables fast and all-electric
control of spin qubits*. By using a resonator with a characteristic
impedance of 7.9 kQ and sheet kinetic inductance of 800 pH[]?, we
demonstrate a strong hole-photon coupling with a rate of
8./2m = (566 + 2) MHz and cooperativity of C =251+ 8.

Results

Granular Aluminium

Granular aluminium has been studied for almost 60 years**** but has
recently attracted increased attention as a material of interest for
qubits, amplifiers and detectors*. It consists of small crystalline
grains of = 4 nm in diameter (Fig. 1a, red and Supplementary Fig. 1)

embedded in an amorphous aluminium oxide matrix (Fig. 1a, green).
The aluminium grains separated by an insulating barrier can be mod-
elled as a network of Josephson junctions, resulting in high kinetic
inductance®®. The kinetic inductance of superconductors arises from
the inertia of moving Cooper pairs and increases with normal state
resistance. However, it cannot be increased infinitely; it is upper-bound
by a superconducting-to-insulator phase transition (SIT). For ~20 nm-
thin grAl films, the SIT has been measured around 5 kQ[ 7.

We prepare grAl by room temperature electron-beam evapora-
tion of aluminium in an oxygen atmosphere at - 5 x 107 mbar pressure
at a rate of 1nms™. The resulting resistivity of the evaporated film
depends on the oxygen flow and the evaporation rate. To determine
the sheet resistance, we initially used a glass sample of 10 squares and
measured its resistance using a multimeter after the evaporation. The
outcome of these evaporations is summarized in Fig. 1b. It is observed
that the sheet resistance exponentially depends on the oxygen flow for
a given evaporation rate and is not reproducible. The poor reprodu-
cibility is quantified in the blue violin plot in Fig. 1c, which shows
individual evaporations of bare resonator and resonator-quantum dot
samples targeting 2.5kQ[]™. Given the poor reproducibility even for
nominally identical consecutive evaporations, it is challenging to sys-
tematically fabricate high-impedance CPW resonators which operate
within the designed range.

To overcome this experimental difficulty, a hermetically sealed
high-vacuum compatible wireless ohmmeter has been developed
(“Methods” and Supplementary Fig. 2). It allows the in situ two-probe
electrical measurement of the growing film resistance® and wireless
transmission of the data. This enables the termination of the eva-
poration when the desired value is reached. Such a procedure yields a
reproducible resistance at the expense of the uncertainty in the final
film thickness. This can be decreased by equipping the ohmmeter with
an independent rotary shutter, as seen in Fig. 1d. It masks three-
quarters of the sample holder and is wirelessly controlled. In this
manner, three test samples are evaporated before the sample of
interest without having to break vacuum, thus allowing the operator to
fine-tune the oxygen flow and reach the desired film properties. As
shown in Fig. 1c, this procedure significantly reduces the uncertainty of

[
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Fig. 1| grAl microstructure, evaporation characteristics and developed holder.
a Scanning transmission electron microscopy (STEM) electron energy loss spec-
troscopy (EELS) core-loss qualitative compositional maps of Al (red), O (green), and
Si (blue) of a 2.5 kQ[T?, 25 nm-thin grAl film deposited on a Si substrate, oriented
along the [011] zone axis. The oxygen map shows an aluminium oxide matrix with
embedded crystalline Al particles. The top 5 nm of the film is fully oxidised.

b Oxygen flow dependence of the sheet resistance R of a grAl film evaporated with
a deposition rate of 1 nm s™ on a test glass piece with 10 squares as measured with a
multimeter after the evaporation. The line is an exponential fit. The red colour
denotes the area above the SIT. ¢ Sheet resistance R, aiming at 2.5 kQ[]" for the
respective quadrants of the developed sample holder and without (w/o, blue) the
developed holder. The violin plots denote the distribution, points the means and
bars the standard deviation. Although the median value without the holder is

w/o Ql Q2 Q3 Q4

2.08 kQ[J™, the sheet resistances spread from 60 Q7" to 16 kQ[7”, with the mean
value of 2.64 kQ[1" and a standard deviation of 2.3 kQ[7. With the holder, the
resulting sheet resistance dispersion is significantly decreased at the expense of the
defined film thickness, as shown in the inset. The resistances in the fourth quadrant
are spread between 1.68 kQ[7" to 4.42 kQ[J™, with median of 2.61 kQ[T", mean
of 2.79 k1" and standard deviation of 0.8 kQ[7. The median of the thicknesses
25.4 nm matches the desired value of 25 nm, while they spread around the mean of
27.1 nm with a standard deviation of 8.8 nm. d Schematics of the sample holder
allowing in situ resistance measurements through a wireless connection. An inde-
pendent rotary shutter divides the holder into four quadrants. The rectangular test
pieces (green, red, purple and orange) have gold-plated ends connected via cables
(brown) with the two-probe measurement circuit inside the holder through feed-
throughs (gold). A square sample is shown in blue.
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Fig. 2 | Characteristic impedance, quality factors and magnetic field resilience
of grAl CPW resonators. a Optical microscope image of six 200 nm-wide grAl
resonators side-coupled to a feedline. Due to large sheet kinetic inductance Ly, their
length does not exceed 200 um. The Nb ground plane around the grAl resonator is
patterned with a vortex-trapping hexagonal array of circular holes with - 150 nm
diamater®. b, ¢ Scanning electron microscope image of a single resonator.

d Magnitude |Sy| of six bare resonators capacitively side-coupled to a common
feedline. The impedance of these resonators is extracted to be Z= (9.4 + 0.2) kQ and
the sheet kinetic inductance to be Ly = (916 + 40) pH[J™. e Average photon number
dependence of the internal quality factor for 100 nm- and 200 nm-wide resonators.
The impedance is (13.2 +. 5)kQ [L, = (817 £ 62) pH[J "] and (8.9 *.2) kQ

[Ly = (816 + 28) pH ] respectively. The power dependence of the internal quality
factor reveals behaviour suggestive of losses due to two-level systems. f Centre
conductor width dependence of the characteristic impedance for different sheet

kinetic inductances. The circles correspond to resonators fabricated on Si, while
triangles to Ge/SiGe heterostructures with the Ge quantum well etched away. The
empty circles indicate samples where most resonators did not resonate. The
dashed lines represent the impedance calculated from (1) for 25 um separation of
the centre conductor and the ground plane and relative permittivity of 11.8
(“Methods”). The error bars are extracted from a statistical analysis of several
resonators within a chip. g Sheet kinetic inductance dependence of the char-
acteristic impedance for different resonator widths. h (i) Applied out-of-plane (in-
plane) magnetic field dependence of the relative change in resonance frequency for
different resonator widths (thickness). The inset in h shows the centre conductor
width dependence of the maximum out-of-plane field before the internal quality
factor significantly drops following 1.65®/w” (black line). The kinetic inductance Ly
does not influence the resonator’s response to the applied magnetic field. Corre-
sponding quality factor dependencies are shown in Supplementary Fig. 4.

both resistance, making it possible to target the desired resonance
frequency range. These results demonstrate a successful imple-
mentation of our technical solution, which is also transferable to other
disordered superconductors and, in general, thin-film systems.

Granular aluminium resonators

We utilize the developed method to realize high-impedance grAl CPW
A/2 resonators. We first test the resonators on bare (100) silicon
(p =1 - - 50cm) substrates. We intentionally choose low resistivity
substrates as those resonators are developed for use with semi-
conductor heterostructures with much higher losses than highly
resistive silicon or sapphire wafers”***’, The ground plane and feed-
line are comprised on Nb, with negligable kinetic inductance (“Meth-
ods”) and employ different CPW geometries. The hanger geometry
(Fig. 2a, b) is preferred since it allows testing multiple resonators per
chip, as seen in Fig. 2d, as well as the precise determination of internal
losses and coupling rates. Figure 2b shows a scanning electron
microscope image of a single grAl resonator capacitively side-coupled
to a common Nb feedline. Two strategies are employed in order to
maximise the impedance: first, increasing the kinetic inductance via
the sheet resistance and, second, decreasing the width of the centre
conductor from 10 ym to 100 nm. Additionally, such narrow

resonators exhibit an increased out-of-plane magnetic field
resilience?, beneficial for materials with low in-plane g-factors*..

In Figs. 2f, g we summarise the characteristic impedances of the
fabricated resonators. Leveraging the developed wireless ohmmeter
holder, we target sheet resistances of 2.5 kQ[J" and obtain films with a
kinetic inductance reaching 2.7 + 0.1nH[J". The impedance scales
with the kinetic inductance Ly and the centre conductor width w

according to
L, [Ltk+18
Z(L,,w)= _f:\/f L=
Lew=\e g,

with L, (C,) the inductance (capacitance) per length. For a super-
conducting resonator, the inductance per length L, =L} + L% is com-
posed of a geometric L and a kinetic L}f =L, /w contribution
(“Methods”). The highest impedance is reached for widths below
200 nm. However, we observe a limitation with three 100 nm-wide
samples, with most devices failing to respond to microwave excitation.
These samples are highlighted with empty circles in Figs. 2f, g. The
highest characteristic impedance observed for such a sample is
(22.3 + 0.3) kQ. While the reason remains unclear, we speculate that
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Fig. 3 | Integration of a 7.9 k2 grAl CPW resonator with germanium

quantum dots. a Optical microscope image of a quantum dot cQED device
implementing a grAl reflection resonator with a triple quantum dot electrostatically
defined by nine gates. In this experiment, it was operated as a DQD, as indicated in
the schematic cross-section of the device in the inset, which illustrates a hole
delocalized in a DQD potential. b Scanning electron microscope image showing
detail of the region highlighted with blue in a. The resonator grAl centre conductor
(dark blue), which is designed to be = 111 um long and 200 nm-wide, was evapo-
rated with 25 nm thickness. The red region highlights the mesa. ¢ Scanning electron
microscope image showing detail of the region highlighted with red in b. The gates
coloured in grey were grounded throughout the experiments. d Average photon
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number dependence of the internal quality factor for the resonator implemented in
a quantum dot cQED device with grounded gates and a Ge hole gas in the vicinity of
the tip of the resonator. The impedance of the resonators is = 7.9 kQ. e Stability
diagram of the right DQD sensed by the reflected amplitude at the drive frequency
=~ 2 MHz below the resonance frequency as a function of the two plunger gates
defining the right DQD. The number of confined holes is unknown. f A single
interdot transition as seen by the reflected amplitude. The black dashed lines
highlight the range of V., which is used for further analysis. g Line cut taken along
V'}; from the indicated range, centred around zero DQD detuning representing the
average of - 20 line cuts, showing the detuning dependence of the reflection
amplitude.

for smallest widths, the evaporator background pressure could play a
role. In contrast, other 100 nm-wide samples demonstrate reliable
performance. Specifically, five samples comprising 20 resonators with
impedance ranging from 13 kQ to 17.3 kQ show a 100% yield. These
results demonstrate that the impedance of the grAl CPW resonators
can reproducibly exceed 13 kQ, strongly enhancing quantum fluctua-
tions of the voltage.

We next measure the complex frequency response with respect to
the driving power and evaluate the quality factors as a function of the
photon number (“Methods”). Figure 2e displays a power sweep of two
resonators with widths of 100 nm and 200 nm. The resonators retain a
quality factor above 10* in the single photon regime, even with impe-
dance exceeding 13 kQ. We conclude that high impedance grAl reso-
nators exhibit losses that would not limit initial cQED experiments,
with loss rates in the order of MHz, which is comparable with the state-
of-the-art charge/spin qubits decoherence rates®.

To evaluate the potential of the developed CPW resonators for
spin-photon coupling experiments, we investigate their magnetic field
behaviour. Since the g-factor of holes is highly anisotropic, with rather
small in-plane and large out-of-plane g-factors*®, we probe their
behaviour for both magnetic field directions. In Fig. 2h, i (Supple-
mentary Fig. 4), the relative frequency shift (the internal quality fac-
tors) as a function of the applied magnetic fields for resonators with
hundreds of photons is plotted. The superconducting depairing
parabolically lowers the resonance frequency due to increased kinetic
inductance, stemming from the decreasing superconducting gap.
Furthemore, the magnetic field induces losses by introducing

Abrikosov vortices in the film, whose dynamics contribute to micro-
wave losses and resonator instability. The creation of vortices is sup-
pressed with narrow centre conductors. Thus, the maximal out-of-
plane field the resonators withstand before the deterioration BT
increases with decreasing widths, and it approximately follows
B™ =1.650,/d**’, where ®,=h/(2e) is the superconducting flux
quantum and d is the dimension perpendicular to the applied field
(inset Fig. 2g). We note that for 100 nm-wide resonators, the magnetic
field resilience reaches BT™=(281+1)mT out-of-plane. Moreover,
since the creation of vortices is also suppressed with thin films in the
in-plane field, resonators with thickness below 25 nm withstand 3 T, the
thinnest reaching B =(3.50+0.05)T.

In the context of spin qubits, the demonstrated combination of
high impedance and magnetic field resilience makes grAl a strong
candidate for a long-range coherent coupler. For silicon-based spin
qubits (g-factor of 2), the spin transition can be easily brought to the
4-8 GHz range where microwave resonators are routinely operated.
Moreover, such magnetic field resilience allows one to readily imple-
ment grAl resonators with spin qubits hosted in materials with highly
anisotropic g-factors, such as Ge. In this case, the spin qubit could be
operated in an arbitrary magnetic field orientation, an important fea-
ture of operating the qubit in the parameter range where its coherence
is maximized®’.

Strong charge-photon coupling
The strong coupling condition requires that the coherent coupling
strength g, exceeds both the charge (y) and the resonator (k) decay
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Fig. 4 | Strong charge-photon coupling. a Resonator microwave spectroscopy as
a function of drive frequency wq and DQD detuning €. Two well-isolated dressed
states are observed. At € = 0 and with the charge transition set resonant with the
resonator, the vacuum Rabi splitting is observed, demonstrating the strong cou-
pling regime. The dotted lines show the bare resonator frequency and energies of
the bare charge transition, while the dashed lines show the dressed transitions, with
frequencies extracted from the line cut fits. The inset shows a theoretical repro-
duction of the experimental data (“Methods”). b Magnitude line cuts along the
frequency axes, taken at the detunings indicated by the dashed blue and red labels.
A fit to the line-cut at zero detuning in the right panels gives (g./2m, y/2m, t./

h) = (566, 297, 3626) + (2, 9, 2) MHz, yielding a cooperativity of 251 + 8. The red
curve is offset by 0.15 for clarity.

rates. To coherently couple a charge with a photon, we integrate a grAl
resonator with a DQD formed in a Ge/SiGe heterostructure® (Figs. 3a to
¢). We opted for a reflection geometry, which improves the signal-to-
noise by a factor of two relative to the hanger geometry, where the
signal can leak back to the input port™. The resonance frequency is
measured to be 7.262 GHz, yielding a characteristic impedance of
7.9 kQ and sheet kinetic inductance of 800 pH[J™. The resonator is
designed to be over-coupled, so the coupling quality factor Q. is
(534.8 +4.7), while the internal quality factor Q;is (2000.4 +84.7) with
= 0.2 average photons in the resonator and a DQD formed, leading to
the resonator field decay rate of x/2m = (17.2 + 0.3) MHz. The quality
factors are significantly smaller compared to bare resonators (Fig. 3d).
As described in Ref. 47, low-impedance resonators fabricated on Ge-
rich substrates featuring etched quantum wells exhibit reduced
internal quality factors of - 10* in the single photon regime*’. More-
over, the metallic gates for defining the quantum dots will cause sig-
nificant microwave leakage, even more pronounced for high
characteristic impedance”.

The triple quantum dot array is operated as a DQD formed on the
right side, with the two left-most gates grounded. The DQD is first
tuned by measuring a DC current. As observed in the stability diagram
in Fig. 3e, the resonator is dispersively shifted at the interdot transi-
tions, i.e. when the DQD dipole moment becomes sizeable, allowing
for direct microwave readout of individual interdot transitions
(Fig. 3f). Line cuts along the right gate voltage (Fig. 3g) translated to
detuning through lever arms (“Methods” and Supplementary Fig. 3)
exhibit a sharp response in the complex resonator signal due to the
interaction with the DQD. The clear dispersive interaction between the
DQD and the resonator already hints towards a significant charge-
photon interaction strength. However, this type of measurement does
not provide sufficient information to extract the system parameters
reliably>.

In contrast, sweeping the drive frequency while stepping the DQD
detuning reveals the spectrum of the hybridized states (Fig. 4a),
allowing for accurate characterization of the system. Thus, we focus on
the interdot transition shown in Fig. 3f and we probe the system by
reflection spectroscopy. A parabolic spectrum is expected for a DQD
occupied with an odd number of holes. A clear avoided crossing is
observed when the parabolic DQD charge transition frequency is
tuned resonant with the resonator (2t./h = w,/2m, where ¢, is the DQD
tunnel coupling), as seen in Fig. 4a. Since the strong coupling condition
g. > (k, y) is met, two well-resolved dressed states separated by 2g./2m
emerge. The resonant vacuum Rabi splitting is observed (Fig. 4b),
which constitutes the experimental evidence of the strong coupling
regime. From Fig. 4b we extract g./2m of (566 +2) MHz, with y/2m of
(297 +9) MHz, demonstrating strong charge-photon coupling with a
cooperativity C=4g2 /(yk) of 251 + 8°*. The coupling strength agrees
with the expected value g%/2m=ef(w,/2m)\/Z/mh/2 ~ 685MHz
within less than 20%, with e being the elementary charge, given a dif-
ferential lever arm S = 0.241 (“Methods”), w,/2m = 7.27 GHz
and Z=7.9kQ.

Discussion

We have developed a wireless ohmmeter which enables us to in situ
define the sheet resistance of grAl CPWs, allowing for reproducible
fabrication of grAl resonators with characteristic impedance exceed-
ing 13 kQ, even reaching 22 kQ. The reported values are more than four
times higher than the state-of-the-art for semiconductor circuit
quantum electrodynamics experiments".

Furthermore, we have shown that grAl resonators remain low-loss
and are resilient to magnetic field up to 3.5 T in-plane and 281 mT out-
of-plane. By integrating a 7.9 kQ grAl resonator with a DQD formed in
planar Ge we demonstrate strong hole-photon coupling with a rate of
g./2m = (566 + 2) MHz. The demonstrated charge-photon coupling
strength and magnetic field resilience of the grAl resonators combined
with the strong spin-orbit coupling opens the path towards strong
spin-photon coupling in planar Ge*. Even for modest spin-orbit
interaction, similar to that created by a gradient magnetic field of a
micromagnet employed in Si**?**, spin-photon coupling rates could
exceed 100 MHz. Such high rates suggest that two-qubit operations
between distant hole spins with high fidelities are within reach®~>%,

In conclusion, we have proposed controllably deposited grAl as an
alternative to Josephson junction arrays and atomically disordered
superconductors for semiconductor-superconductor circuit quantum
electrodynamics experiments. Its key advantages lie in being high
impedance, magnetic field resilient, lift-off compatible and low-loss. By
further optimising the design to reach = 0.25 and using an impedance
of 16 kQ, charge-photon coupling strengths above 1 GHz are within
reach. Moreover, the impedance can be increased beyond these values
by meandering the grAl resonator and utilizing the mutual geometric
inductance®**. Using a grAl resonator, given the state-of-the-art quan-
tum dot technologies, spin-photon coupling could enter the ultra-
strong coupling regime, following in the footsteps of the super-
conducting qubits and opening an avenue towards unexplored
physics® and advanced quantum information processing applications.

Methods

Vacuum-compatible wireless ohmmeter

The wireless ohmmeter was designed to fit the MEB550S Plassys HV
electron-beam evaporator, equipped with a motorized evaporation
stage. The stage can tilt between the loading and evaporation positions
and rotate along the evaporation axis to ensure a uniform distribution
of the deposited thin film. The ohmmeter was designed to commu-
nicate wirelessly with the handheld device outside the vacuum cham-
ber so as not to restrict the movement of the rotary stage. The
designed device uses the surface of the ohmmeter enclosure lid as a
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mounting surface for the samples and measuring probes. The ohm-
meter circuit is placed inside the hermetically sealed enclosure, and
the measuring electrodes are connected to the ohmmeter through
hermetically sealed electrical cable feedthroughs. The wireless in situ
resistance measurement enables the user to monitor the sheet resis-
tance of the deposited film and to interrupt the process when the
desired resistance is reached.

An independently controlled rotary shutter is magnetically cou-
pled to a servo motor enclosed inside the holder, as magnetic coupling
is a straightforward method for transferring motion from a vacuum-
non-compatible motor to the high vacuum side.

The battery-powered wireless ohmmeter includes components to
precisely measure the growing thin film resistance and transmit the
measured values to the recording device outside the vacuum chamber.
The design is based on the ATmega2560 microcontroller to commu-
nicate with the rest of the components, which include a 2.4GHz wire-
less transceiver, a barometer to record the temperature and pressure
inside the hermetic enclosure for detecting potential pressure leaks, a
servo motor to move the magnetically coupled shutter, and a precision
analogue-to-digital converter to measure resistance using the constant
voltage method. The highest sensitivity is achieved by setting the
range resistor closest to the measured value. Since the resistance of the
deposited grAl spans several orders of magnitude, we use a set of four
different resistors selected by switching mechanical relays to cover a
large measurement range.

Sample fabrication

The bare resonators are fabricated on (100) silicon substrates (p =
1-5 Qcm). First, 5/60 nm Cr/Au alignment markers are patterned using
100 keV electron beam lithography (EBL), high-vacuum (HV) electron
beam (e-beam) evaporation and lift-off process. Next, a 20 nm Nb
feedline and ground plane are defined using EBL, ultra-high vacuum
(UHV) e-beam evaporation and lift-off. The grAl is not employed in this
layer since achieving 50 Q matching with a kinetic inductance of
2nH[J? would require a 1 mm-wide feedline separated from the
ground plane by 100 nm. Finally, the ~25nm grAl centre conductors
are patterned with EBL, HV e-beam evaporation in an oxygen atmo-
sphere and lift-off. After the evaporation, the film is subject to a 5 min
static post-oxidation.

The quantum dot cQED devices are fabricated on a Ge/SiGe het-
erostructure grown by low-energy plasma-enhanced chemical vapour
deposition with forward grading®. The two-dimensional hole gas is
self-accumulated in the Ge quantum well =20 nm below the surface.

The process is as follows: First, the ohmic contacts are patterned
with EBL. Before the deposition of 60 nm of Pt at an angle of 5°, a few
nanometres of native oxide and SiGe spacer are removed by argon
bombardment. Next, the hole gas is dry-etched with SF¢-O,-CHF;
reactive ion etching everywhere except a small ~ 60 nm high mesa area
extending to two bonding pads to form a conductive channel. Sub-
sequently, the native SiO, is removed by a 10 s dip in buffered HF
before the gate oxide is deposited. The oxide is a ~10 nm atomic-layer-
deposited aluminium oxide (Al,O3) film grown at 300 °C. Next, a 20 nm
Nb feedline and ground plane are fabricated with EBL, UHV evapora-
tion and lift-off. The separation of the grAl centre conductor from the
Nb ground plane is 25 um for resonators with a width less than 1 um.
Further retraction of the ground plane would not increase the impe-
dance appreciably. The single-layer top gates for defining the QDs are
patterned in three different steps of EBL, evaporation and lift-off. The
barrier and plunger gates are defined separately close to the edge of
the mesa with Ti/Pd 3/20 nm. An additional Ti/Pd 3/97 nm-thick gate
metal layer defines microwave filters and the bonding pads, connects
to the previously defined gates and overcomes the slanted mesa edge.
Finally, the grAl centre conductors are defined as in the bare resonator
samples.

Measurement setup

The reported low-temperature measurements were performed in a
cryogen-free dilution refrigerator with a base temperature of 10 mK.
The sample was mounted on a custom-printed circuit board thermally
anchored to the mixing chamber of the cryostat. The electrical con-
nections were made via wire bonding. The schematic of the mea-
surement setup is shown in Supplementary Fig. 5.

Impedance evaluation

Since the characteristic impedance cannot be measured directly, we
extract it from the resonance frequency. C,= C#(w) and LE (w) in (1)
are solely given by the design parameters (the centre conductor width
w, the separation between the ground plane and the centre conductor
s and the relative permittivity of the substrate &) and can be analyti-
cally calculated. We extract the characteristic impedance from the
resonance frequency, which is given as

1
0=,

Ly (CA/z + Cc> o

where L, = (2¢/m*)L, and C;, = (¢/2)C, are lumped-element equiva-
lents of the distributed parameters of the resonator. For longer, lower-
impedance resonators, the coupling capacitance C. is usually
dominated by C; and can be neglected. In the case of our compact
high-impedance, they are of the same order of magnitude, and both
have to be considered. We simulate the coupling capacitance using
COMSOL electrostatic simulations. We measure the complex fre-
quency response of a resonator and fit the signal to evaluate the
resonance frequency. We calculate the sheet kinetic inductance L by
numerically solving (2) with the simulated coupling capacitance.

Fitting

The Heisenberg-Langevin equation of motion for a bare hanger reso-
nator in the rotating frame is

: i Lia Ko K.;
a=—ahw, —wy)a'al —5a- \/;bin

. LK, Ke;
= —l(a)r—wd)a—ia—\/;bin,

where a is the resonator field, Bm is the input field and k. is the reso-
nator coupling rate. For the steady state (a=0), it becomes

3

KC
= V2§ “4)
R R

Using the input-output relation bout=5in+\/§&, where b, is the
output field, yields the complex transmission of a bare hanger-type
resonator

(bour) Ke?
Sywy)=—""=1— - ,
21(Wq) b K+ 200, — aog)

©)

with an inserted term € accounting for the impedance mismatch.
Before fitting, the feedline transmission Sy; is first normalized by a
background trace to remove the standing wave pattern obtained from
a scan with a shifted resonance frequency, either due to a magnetic
field or a DQD-induced dispersive shift. The average intraresonator
photon number at resonance was calculated as

2 K
(n)= h_a)rK_SPd' (6)
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where Py is the drive power after accounting for input attenuation. In
the case of a single port resonator, (6) gains an extra factor of two.

For a DQD occupied with an odd number of holes, the cavity-DQD
Hamiltonian in the rotating frame and rotating wave approximation
can be described by

H = (0, — w0g)d'a+ Maﬁgeﬁ (o +as.), @

where wq is the drive frequency, w, is the resonance frequency,

wq = (/€2 +4t2 /h is the charge transition frequency with & being the

q
DQD detuning and ¢. the tunnel coupling. g.4 =8. ,% is the effective
q

charge-photon coupling strength, @' (a) is the photon creation
(annihilation) operator and 0, is the Pauli z matrix and 6_ (6, ) is the
qubit lowering (raising) operator.

The Heisenberg-Langevin equations of motion for a system
described by (7) are™®

X i . - K . ~
a=—laH-5a- /Kby

8)
. SO N ; L
= —i(w, —wg)a - Ea — VKcbin — ige0_,
6=t mn-Yo
e, ©)
= -0y —wq)0_ — Ea_ — iged.
For the steady state (6_=0), (9) becomes
- 8efr p
=———2q,
T —(wg - wy)*+iy/2 (10)
which inserted in (8) with =0 gives
. —J/Ke .
a= b an

(@, — wq)+ 5 + :(wq_m;ﬁ)ﬁy/z
Using 130ut :bm + /K.a yields the complex reflection of a single-port
resonator coupled to a DQD charge transition

. 0
Sp(wg)= (Bou =1- 2Kc€
(Din) Kk +2i(w, — wq) +

2ig?, 12)
—(Wq—wg) *iy/2

>

Lever arms
The translation between the plunger gate voltages and DQD detuning
is given by

= —pig = (0o — aRL)AVE — (otgr — aLR)AVRr 13)
where p (ug) is the electrochemical potential of the left (right) quan-
tum dot, and aj is the lever arm of the gate i on dot (i, j < {L,R}). The
plunger lever arms are extracted from bias triangles of the DQD, shown
in Supplementary Fig. 3.

To quantify the capacitive effect of the resonator gate on the
double quantum dot (DQD) with a differential lever arm, a test sample
was fabricated. A DC voltage was connected to the gate mimicking the
resonator extension, a DQD was formed, and lever arms were extrac-
ted from Coulomb diamonds. The lever arm of the ‘resonator’ gate to
the underlying quantum dot was dresqp = . 265 + 0.019. Since the
charge-photon coupling is given by the electrochemical potential dif-
ference between the dots induced by the resonator, the agesqp lever

arm needs to be corrected for the effect on the side dot. The cross-
lever arm, between the resonator and the side quantum dot, was
extracted to be agessp = . 024. The differential lever arm is thus esti-
mated to be = Qresqp — ORessp = - 241 = 0.019. The discrepancy
between the estimated and measured charge-photon coupling rate
could be explained by the lever arm dependence on the number of
confined holes and DQD tuning.

Data availability
All experimental data included in this work are available via ISTA
Research Data Repository at https://doi.org/10.15479/AT:ISTA:18886.
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