arXiv:2005.05411v1 [physics.app-ph] 11 May 2020

On-chip microwave filters for high-impedance resonators with gate-defined quantum

dots

Patrick Harvey-Collard,’ Guoji Zheng,! Jurgen Dijkema,' Nodar Samkharadze,?
Amir Sammak,? Giordano Scappucci,! and Lieven M. K. Vandersypen'- *

YQuTech and Kavli Institute of Nanoscience, Delft University of Technology, 2628 CJ Delft, The Netherlands
2QuTech and Netherlands Organization for Applied Scientific Research (TNO), 2628 CJ Delft, The Netherlands

(Dated: May 8, 2020)

Circuit quantum electrodynamics (QED) employs superconducting microwave resonators as quan-
tum buses. In circuit QED with semiconductor quantum-dot-based qubits, increasing the resonator
impedance is desirable as it enhances the coupling to the typically small charge dipole moment of these
qubits. However, the gate electrodes necessary to form quantum dots in the vicinity of a resonator
inadvertently lead to a parasitic port through which microwave photons can leak, thereby reducing
the quality factor of the resonator. This is particularly the case for high-impedance resonators, as
the ratio of their total capacitance over the parasitic port capacitance is smaller, leading to larger
microwave leakage than for 50 {2 resonators. Here, we introduce a novel implementation of on-chip
filters to suppress the microwave leakage. The filters comprise a high-kinetic-inductance nanowire
inductor and a thin film capacitor. The filter has a small footprint and can be placed close to the
resonator, confining microwaves to a small area of the chip. The inductance and capacitance of
the filter elements can be varied over a wider range of values than their typical spiral inductor and
interdigitated capacitor counterparts. We demonstrate that the total linewidth of a 6.4 GHz and

~ 3 k2 resonator can be improved down to 540 kHz using these filters.

I. INTRODUCTION

Superconducting microwave resonators enable a rich
variety of quantum mechanical phenomena in micro- and
nanodevices at cryogenic temperatures, known as circuit
quantum electrodynamics (QED). Resonators are used
as coupling elements between various types of coherent
quantum systems, like superconducting qubits [1, 2|, elec-
tromechanical systems [3, 4], collective spin excitations
[5, 6], and semiconductor quantum dot (QD) qubits [7—
15]. QD systems typically have a small charge dipole
moment, while the coupling to spin qubits is achieved
through spin-charge hybridization [16, 17]. This results in
a relatively weak coupling to the resonator mode. High-
impedance resonators are therefore desirable, since their
small capacitance produces large electric fields that en-
hance this coupling [9, 10, 18, 19]. The same physical
advantages of high-impedance resonators have also re-
cently enabled the gate-based rapid single-shot readout
of spin states in double quantum dots [20].

The gate electrodes necessary to form quantum dots in
the vicinity of a resonator inadvertently lead to a para-
sitic capacitance through which microwave photons can
leak, thereby reducing the quality factor of the resonator
significantly [21]. This effect is more pronounced for
high-impedance resonators, i.e. with impedance in the
kiloohm range, as the ratio of their total capacitance
over the parasitic capacitance is smaller, leading to larger
microwave leakage than for 50 €2 resonators. To miti-
gate this leakage, symmetric [22] or dipolar [18] mode
resonators have been developed that reduce the mode
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coupling to the gates, while gate filters [21] have been
employed for popular half- and quarter-wave coplanar res-
onators with monopolar modes. Until now, the efficiency
of gate filters has not been demonstrated in combination
with high-impedance resonators that require heavy fil-
tering. Furthermore, current designs have a problematic
footprint, including a large interdigitated capacitor and a
spiral inductor looping around a bondpad.

In this work, we develop on-chip filters, consisting of a
high-kinetic-inductance nanowire serving as a compact in-
ductor and a small thin-film capacitor, to mitigate leakage
from a high-impedance half-wave resonator with silicon
double quantum dots (DQDs) at each end. The resonator
and inductors are patterned from the same high-kinetic-
inductance NbTiN film on a 2®Si/SiGe heterostructure.
We use prototyping chips to mimic the parasitic losses
by the QD gates with faster fabrication and measure-
ment turnaround than full devices, while minimizing the
other lossy mechanisms like dielectric and resistive losses.
We compare both interdigitated and thin-film capacitor
designs. While the interdigitated capacitors achieve the
lowest losses and are simpler to fabricate, their footprint
is still prohibitively large compared with all other chip
elements. The thin-film capacitors advantageously exploit
the third dimension to straddle up to 15 gate lines per
DQD, confining microwaves to a small area of the chip
and dramatically reducing their footprint.

II. METHODS

The full device being optimized in this work is shown in
Fig. 1a. A high-impedance superconducting resonator is
etched from a thin, high-kinetic-inductance NbTiN film.
At each end of the resonator with angular frequency w,
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Figure 1. (a) Optical image with false-color shading of the
central area of the device, showing the superconducting high-
impedance nanowire resonator (in red) and the QD gates of
a full device (in yellow). (b) Simplified electrical circuit of
the resonator and its surrounding components. The resonance
modes of this device can be understood using three sections of
coplanar waveguides with appropriate capacitance and induc-
tance per unit length, C; and L, respectively. A half-wave
mode A/2 couples the DQDs at each end of the resonator in
antiphase, whereas a quarter-wave mode (/4 also exists where
both DQDs are coupled in phase (only one side of the mode is
shown for simplicity). The resonator is probed in transmission
through the “in” and “out” ports with coupling capacitances
Cin and Coyut. Because of the physical footprint of the DQD
gates at each end, an extra capacitance Cy > {Cin, Cout }
causes the microwave energy to escape from the resonator pri-
marily through the gate fanout lines. To prevent irreversible
loss, modelled here by 50 €2 resistors, low-loss microwave filters
are fabricated on-chip to reflect the microwaves back into the
resonator. Filters act as AC grounds through a bias tee effect.
The path of energy escaping the A\/2 mode is represented by
red arrows.

and impedance Z;, a DQD gate structure is fabricated
with one accumulation gate attached to the resonator’s
end, similarly to the device of Ref. [9]. The charge dis-
placement in the DQD is then linked to the zero-point
root-mean-square voltage swing Vims o wpv/Z; at the
resonator end through the gate lever arm «, allowing
a dot-resonator interaction of strength g. < aViys [23].
Maximizing this interaction can help reach the strong
spin-photon coupling regime [8-10] and increases the sen-
sitivity of the resonator for readout [20].

This work focusses on reducing the linewidth x, or
improving the quality factor @ = w,/k, of the high-
impedance resonator using on-chip filters. We model the

behavior of this device using the electrical circuit shown
in Fig. 1b. The resonator can be roughly approximated as
an interrupted coplanar waveguide [24], with a half-wave
mode \/2 and a quarter-wave mode (/4. The quarter-
wave mode arises from the “T”-shaped section of the
resonator direct current (DC) biasing line terminated by
an alternating current (AC) ground provided by the filter
(Fig. 1b). With a frequency roughly half of the A\/2 mode,
it is used as a diagnostics tool for the work that follows.
The inductance per unit length L, is dominated by the
kinetic inductance contribution of the NbTiN film section
near the current antinode, with nominal sheet inductance
115 pH/O. The nanowire width, in the range 100 to
200 nm, serves to adjust the frequency [18]. The kinetic
inductance is almost 1000 times larger than the geometric
inductance. The effective capacitance per unit length C.
is influenced to a large extent by the end sections of the
resonator near the voltage antinodes. A typical frequency
is wy/2/2m = 6.4 GHz and Z, ~ 3 k2. The end-to-end
length is I, = 250 wm, which is much smaller than for a
50 2 resonator. A numerical circuit model and additional
details can be found in the Supplemental Material Sec.
S1B [25].

We now illustrate why the losses through the gates
are increasingly problematic as the resonator impedance
increases. We first note that the coupling losses can be
approximated in our regime by [26]

Kg = f—rwfzrzgog, (1)
which shows that the losses through a gate fanout s,
with fixed fanout impedance Zg, scale as Z,. For a 3 k2
resonator, the coupling loss is about 60 times worse than
for an equivalent 50 €) resonator, or 10 times worse than
for a 300-€2 one. The resonator is probed in transmission,
with input and output capacitance Cj, = Coyy = 0.28 fF.
The capacitance between each resonator end and the DQD
gate ensemble is found to be Cy = 1.8 fF using numerical
simulations with COMSOL. Using an equivalent lumped-
element parallel LCR oscillator [24], we estimate a res-
onator capacitance of Cyl, /2 =~ 8 {F before gate loading.
Hence, the gates contribute a significant fraction of the
total capacitance, which is a direct side effect of the large
bare impedance Z! = (L,/C,)"/? ~ 4.0 kQ at fixed w;.
Given the large contribution of the gates, improved mitiga-
tion strategies need to be devised compared with previous
work [21]. The benefit of this large impedance is a large
charge-photon coupling strength g./2m ~ 200 MHz [9].
Other work with high-impedance resonators have so far
been limited to linewidths /27 > 10 MHz [10, 19], with
the exception of Ref. [9] where the resonator geometry is
not suitable for the coupling of distant qubits. Meanwhile,
a reasonable target to achieve two-qubit gates would be
k/2m <1 MHz [27].

We propose and demonstrate two models of gate filters
to suppress leakage of photons through the gates, which
are shown in Fig. 2. Previous implementations have relied
on spiral inductors that loop around bondpads [21]. Their
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Figure 2. (a) Optical image of a planar filter with one line. Each filter can be thought of as an LC microwave bias tee. The
inductor L consists of a superconducting high-kinetic-inductance nanowire made from the same film as the resonator. The
capacitor Ct has an interdigitated geometry. Both components are low-loss, thanks to superconducting metals and the absence
of amorphous dielectrics. The nanowire inductor is much smaller than an equivalent spiral inductor and does not require looping
around a bondpad, allowing the filter to be placed closer to the active area. The interdigitated capacitor is still relatively large.
(b) Optical image of a thin-film filter with 15 gate lines (with the same scale as Fig. 2a). The thin film capacitor can be made
a lot smaller than its interdigitated equivalent and straddles multiple gate lines at once, thereby dramatically reducing the
footprint and simplifying the microwave hygiene. In this implementation, the top capacitor plate is electrically floating to
further simplify the integration. The large 8.5C% series capacitance of the capacitor plate to the ground plane acts as a short for
the relevant frequencies. (c) Stitched optical image of a full device chip (4 mm by 2.8 mm) with thin film filters. To single
out the effects from the capacitive loading of the resonator by the gates while minimizing any other loss mechanisms, we used
prototyping chips built from the same processed wafers as the full devices, but the quantum dot areas do not include any of the
implanted regions, the gate oxide, or the implant contact pads. The insets show electron microscope images of the nanowire
resonator DC tap intersection, the prototyping fine gates mockup and full device fine gates. The mockup and full devices have
identical capacitive load, 1.8 fF per DQD. (d) Material stack of a thin film capacitor prototyping chip. See Supplemental
Material Sec. S1 A for details.

drawback is that they have a footprint at least as large
as a bond pad, and that the typical inductance values
are typically in the tens of nH. The capacitor therefore
needs to be large to maintain the LC filter angular cutoff
frequency 27 fr = (LiCy)~ /2. We advantageously use the
high kinetic inductance of the NbTiN film to etch low-loss
and compact nanowire inductors. Given a target sheet in-
ductance of 115 pH/[, and a nanowire of length 380 pm
and width 380 nm, an inductance of 115 nH can easily be
achieved. The resulting planar filter with fr ~ 1.5 GHz is
shown in Fig. 2a. Still, the footprint of typical interdigi-
tated capacitors remains problematic due to their large
size, and since extra space has to be allocated between
bond pads to allow the ground plane access in-between
each line. Our target is 15 gate lines per DQD. We there-
fore also test a thin film capacitor that straddles 15 gate
lines at once, and contacts with the ground plane through
a larger series capacitor that acts as a short at the fre-
quencies of interest, as shown in Fig. 2b. Floating the
capacitor top plate is not necessary, but it allows for a

single-step liftoff of both the SiN dielectric and Au metal
plate. The SiN is sputtered with a thickness of 30 nm
and has an estimated dielectric constant of ~ 6, and its
conformal deposition covers the 40 to 50 nm steps created
during the etch of the NbTiN film. The top-plate metal is
sufficiently thick to cover the steps and have low electrical
resistance. As a result, capacitors in the 0.1 to 1 pF range
can be produced with small footprints. Combining the
nanowire inductors and the thin film capacitor, the entire
set of filters for 15 lines can fit in the footprint required for
a single planar filter. This design also allows us to limit
the microwaves to an area much closer to the resonator,
simplifying its integration.

In order to test the efficacy of the filters, we use a sim-
plified version of the full device chip, as shown in Fig. 2c.
This prototyping chip is made from the same wafers that
are used for full devices. The 100 mm 2%Si/SiGe wafers
have been processed with the ion-implanted regions, the
NbTiN film, the Al,O3 gate dielectric, and the Ti/Pt con-
tacts to the implanted regions and the NbTiN film; then



diced in 20 mm coupons. Each coupon is further pro-
cessed with one ebeam and SFg/He reactive ion etching
step to define the superconducting elements; optionally
one ebeam and liftoff step to pattern the SiN/Au thin
film capacitor stack (Fig. 2d); followed by dicing into
4 mm by 2.8 mm individual devices. The pattern is offset
such that there is none of the AlyO3 gate dielectric or the
Ti/Pt contacts used in full devices while using the same
starting pieces. Further fabrication details can be found in
the Supplemental Material Sec. S1 A [28]. To accurately
capture the effects of the resonator capacitive loading
by the gate structure, a simplified version of the gates
is patterned directly into the superconducting film, as
shown in Fig. 2c. This structure has the same capacitance
to the resonator as the real gates, according to numerical
simulations with COMSOL. Hence, the resonator losses
should be dominated by microwave leakage into the gate
fanout, as opposed to dielectric or resistive losses. The
devices are then measured in a 2He refrigerator with a
base temperature of ~ 270 mK, unless otherwise spec-
ified. Setup details can be found in the Supplemental
Material Sec. S1C [29]. The gate pads of each DQD are
wirebonded to each other, and then to a common port
with a 50 Q termination (one line per DQD side) on a
five ports printed circuit board (PCB). This simulates the
irreversible loss of microwaves in a dilution refrigerator
with resistive-capacitive filters and instruments attached
to each gate line. Linewidth analysis details can be found
in the Supplemental Material Sec. S1D [30].

III. RESULTS

A. Planar filters

We now turn to the results for devices with planar
filters, which are summarized in Fig. 3. We first vali-
dated the experimental protocol with various consistency
checks. We have verified that the devices measured in
our fast turnaround *He system have similar linewidths,
both the good and poor ones, to the ones obtained in our
dilution refrigerator setup with all gate lines connected
individually to real instruments. Second, we measured
“no filters” devices and found that the linewidth is so
broad that the resonances can barely be found, and at
times cannot be seen at all. This usually means that
the linewidth is > 15 MHz. This is to be compared

with the coupling linewidths /12’;51 /27 ~ 0.03 MHz and
ext

/@A/2/27r ~ 0.2 MHz, estimated from numerical simula-
tions. As the resonator is usually undercoupled, the
improvements in linewidths are also visible in the larger
transmission amplitude. A “no gates” variant, not shown
in the figure, is meant as a control experiment to mea-
sure frequencies and linewidths in the absence of gate
loading. Typical values yield ¢/4/27 = 0.3 MHz and
Kx/2/2m = 0.9 MHz for the two modes. Because of the
device-to-device variability in resonance frequency, it is
difficult to precisely measure the gate loading (the differ-

ence in frequency between the “no gates” and “with gates”
prototypes). The variability is due partly to the thicker
superconducting film in the wafer center, and partly to the
lithographic variability of long narrow features. Never-
theless, we usually see a 0.5 to 1 GHz frequency difference
between the “no gates” and “with gates” prototypes, in line
with our estimates from numerical simulations. Finally, a
very useful consistency check is the “wirebond surgery”
technique. This consists of adding extra wirebonds to a
previously measured device to diagnose the cause of the
failure or suboptimal linewidth. It is usually possible to
short the gate lines directly to the ground plane before
the filters, and even a few hundreds of microns from the
resonator, to effectively remove the gate fanout losses.
This useful technique allows us to confidently identify
failure mechanisms due to filters, as opposed to an acci-
dental failure of the resonator for example, with minimal
work.

Next, we look at the various prototypes shown in Fig.
3. The experimental splits are designed to separate the
problems caused by insufficient or defective filtering from
those caused by poor microwave hygiene. Because of
the large kinetic inductance of the superconducting film,
certain waveguides or parts of the gate fanout lines can
have associated wavelengths that are problematic at the
frequencies of interest, effectively causing spurious reso-
nances at a scale that would be otherwise unexpected.
Another potential problem can be the finite inductance
between different ground plane sections causing out-of-
phase return currents that hinder the functioning of com-
ponents. These problems are generically referred to as
microwave hygiene problems. To keep the fabrication
process simple and maintain magnetic field compatibility,
we opted not to locally deposit a thicker ground plane,
and to avoid the use of air bridges. The different ground
plane sections are always connected with crossbonds, as
is common practice. In the case of the “few pads” proto-
types, we specifically test extra crossbonds between the
capacitors.

The most striking feature seen in the top row of Fig. 3
is that the filters seem to be somewhat effective for the
quarter-wave mode, but not for the half-wave mode. We
attribute this to a microwave hygiene problem, where the
filters are only effective for the quarter-wave mode be-
cause of its lower frequency. The “one pad” prototypes in
the second row mean to test the design of a single planar
filter while ensuring proper microwave hygiene. There-
fore, all gates are attached to the same filter unit and
surrounded by a well connected ground plane. Here, we
find that the prototype with 0.5Ct has larger linewidths
than the prototype with 1C%, which we attribute to a
difference in filtering efficacy. To satisfy our curiosity,
we also test a variant that has longer sections of narrow
gate lines before the filter (“one pad, long narrow lines”).
We find that the linewidths are not as small as our best
performing “one pad” device, but still considered accept-
able. We think it is possibly due to the distance between
the resonator and filter that interferes with the filtering.
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Figure 3. Summary for planar filter prototypes. The (/4 mode frequencies lie between 3 and 4 GHz, while the A\/2 mode
frequencies lie between 6 and 7.5 GHz. The experimental splits were designed to separate the problems caused by insufficient or
defective filtering from those caused by poor microwave hygiene. For each prototype, up to three variants were tested. A “no
gates” variant, not shown in the table, is meant as a control experiment to measure frequencies and linewidths in absence of
gate loading. Typical values yield k¢/4/2m = 0.3 MHz and &y /2/2m = 0.9 MHz for the two modes. The “with gates” variant
mimics the full devices. In certain cases, after initial measurements, extra wirebonds shorting the gates to the ground plane are
added close to the resonator area and chips are then remeasured, resulting in the “with wirebond surgery” variant. This sanity
check procedure is useful to verify that the failure of chips is due to insufficient filtering or poor microwave hygiene, and not
due to other problems like a resonator defect. The color coding is a subjective assessment of whether or not the linewidth was
optimal, with green being very close to ideal (< 0.5 MHz), yellow being not ideal but still < 4 MHz, and red being > 10 MHz.
For this set, Lf &~ 114 nH and Cf = 0.1 pF. See main text for discussion.

Notably, the linewidths of good prototypes with gates are
consistently smaller than those without gates, an effect
that we attribute to the larger total capacitance, hence
lower impedance and frequency, of gated prototypes.

The first row “few pads” prototype means to test the
microwave hygiene further in the case where a bigger
chip size would ultimately be adopted. The hypothesis is
that the failure of the “filters” prototypes from the first
row comes from the insufficient space between the gate
pads. Because of the high kinetic inductance, the sections
connecting the interdigitated capacitors to the rest of the
ground plane act as inductors, hindering their action.
Results show that the extra space allowed between the
pads in the “few pads” prototype does not help. However,

adding crossbonds to further distribute the ground plane
potential improves the linewidth of the high frequency
mode to a good level. This seems an acceptable design
with efficient filters, with the caveat that the footprint
allowed a maximum of 5 or 6 gate lines per DQD given
our chip size.

B. Thin film filters

In order to find a more extensible solution to the fil-
tering problem, we turn to a thin film capacitor design,
shown in Fig. 4a. This design reaches the target of 15 gate
lines per DQD. An example device is shown in Fig. 2c,
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Figure 4. Summary for thin film filter prototypes. (a) The experimental splits were designed to test the impact of the capacitor
area, by changing the length of the capacitor (as shown in the inset), and include results from two very slightly different designs
(vl and v2) and SiN deposition powers (100 W and 150 W). The capacitor Ct = 1 pF has a width of 6 pm (top plate width of
320 um) and length of 100 pum, while the SiN thickness is 30 nm. (b) The A\/2 mode frequencies lie between 6 and 7.5 GHz.
Two groups are observed: good devices with k5 /2/2m < 1.25 MHz, and poor devices with x,,2/27 > 2 MHz. The reason for
their failure is unknown, but in two cases we have verified that the resonance is recovered using wirebond surgery with linewidths
1.1 MHz and 0.7 MHz. The best performing device achieved k5 /2/2m = 0.540 MHz, or a quality factor of 11900. (c) Linewidths
for the ¢/4 mode. The DC tap capacitor for this mode is scaled up in size compared with the gate line capacitors to improve
the AC grounding of the mode (see main text). While the half-wave mode is insensitive to losses through the DC tap because of
its symmetry, the quarter-wave mode can lose energy through both the gate lines and the DC tap, making the contributions

from the different filters convoluted for this mode. In all plots, some points are slightly offset horizontally for clarity.

and the filter operation is described in Fig. 2b. For exper-
imental splits, we change the area of the C; capacitor, as
well as the deposition conditions for the SiN film. We also
cool down several instances of each prototype. One reason
for this extensive testing is to verify whether there is a
critical area beyond which the dielectric losses in the thin
film capacitor would degrade the quality of the filtering.
We find that the size of the capacitor doesn’t have a large
effect on the linewidth. Most devices perform acceptably
with linewidths < 1.25 MHz. The detailed results are
shown in Fig. 4b. There seems to be an optimal point at
Ct = 0.5 pF where the best devices have the narrowest
linewidths, but considering the spread of the results, we
cannot be certain that this is a systematic effect.

The (/4 mode performs similarly to the A\/2 mode with
~ 30% narrower linewidths, as shown in Fig. 4c. For

the v2 design, shown in Fig. 4a, the capacitor on the
DC tap is larger by a factor 5 than the gate line ones.
This is done to improve the AC grounding of the mode.
The ratio is 9.5 for the v1 design (not shown). While
the half-wave mode is insensitive to losses through the
DC tap because of its symmetry, the quarter-wave mode
can lose energy through both the gate lines and the DC
tap, making the contributions from the different filters
convoluted. Therefore, the linewidth results for this mode
are provided for completeness, but are not factored into
the optimization process.

Given that the thin film solution produces devices with
< 1 MHz linewidths with the right number of gate lines,
we are satisfied with these results. It is worth noting
that the cutoff frequency of each line can be adjusted
individually, by changing the capacitance or the nanowire



inductance, simply by adjusting the widths of the gate
line sections.

IV. CONCLUSION

In summary, we have demonstrated compact on-chip fil-
ters for high-impedance resonators that prevent the losses
of microwave energy through the gate lines of the coupled
QD structure. The inductors are made of the same high-
kinetic-inductance superconductor as the resonator. This
produces small inductors of large inductance that can
be placed anywhere on the chip, as opposed to spiral in-
ductors. We compared two approaches to implement the
filter capacitor: one with a planar interdigitated capacitor
and one with an overlapping thin film capacitor. The
planar filters performed well when used with sufficient
crossbonds; however, their footprint is relatively large,
making the solution inconvenient as the number of gate
lines increases. The thin film capacitors are fabricated
with a single additional lithography step and dramatically
reduce the total footprint of the filter. Our implemen-
tation has one capacitor plate overlapping 15 gate lines,
effectively producing a very compact filter unit. When
combined with the nanowire inductors, this simplifies the
microwave engineering by confining the resonator energy
to a small area of the chip. We demonstrate that the total
linewidth of a 6.4 GHz resonator can be improved down
to 540 kHz using these filters, therefore achieving a loaded
quality factor of 11900. With these filters in place, the
biggest source of loss in full devices is then dominated by
the gate resistance and dielectric losses of the QD area,
which will be addressed in future work. These low-loss
resonators with large coupling to quantum dots could al-
low more sensitive hybrid spin-superconducting devices to
realize long-range two-qubit gates, high-speed gate-based
readout, circuit QED experiments with single spins, as
well as more fundamental experiments in the device and
materials fields.
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Supplementary information for:
On-chip microwave filters for high-impedance resonators with gate-defined quantum
dots

S1. ADDITIONAL METHODS
A. Device fabrication

The 28Si /SiGe quantum well heterostructure is grown
on a 100 mm Si wafer via reduced-pressure chemical vapor
deposition, as per Fig. 2d. Photolithography alignment
markers are plasma etched into the surface with a C1/HBr
chemistry. Doped contacts to the quantum well are formed
by *'P implantation and activated with a 700°C rapid
thermal anneal. The 5 — 7 nm superconducting NbTiN
film is deposited via magnetron sputtering, preceded by a
hydrofluoric acid dip and Marangoni drying, and followed
by liftoff of the resist-covered quantum dot areas. The
sheet inductance is targeted to be around 115 pH/O. The
10 nm Al,Og3 gate oxide is grown by atomic layer deposi-
tion, followed by wet etching with buffered hydrofluoric
acid everywhere except for the resist-covered quantum
dot areas. Contacts to implants, contacts to the NbTiN
film and electron beam lithography alignment markers are
patterned with Ti/Pt evaporation preceded with buffered
hydrofluoric acid dip and followed by liftoff. The wafer
is diced into pieces for further electron beam lithography
steps. The NbTiN film is etched via SFg/He reactive ion
etching to define the resonator, inductors, capacitors, and
gate lines in a single electron beam lithography step, leav-
ing a 40 nm step after the etch. The thin film capacitor
is patterned by first sputtering 30 nm of silicon nitride in
a conformal deposition, then evaporating 5 nm of Ti and
100 nm of Au in a directional deposition, allowing for a
single patterning and liftoff step. The resulting structure
is shown in Fig. S1. The SiN relative dielectric constant
was not measured, and is estimated to be ~ 6 based on
typical values for sputtered SiN. Pieces are diced into
individual device chips.

Figure S1. Angled-view scanning electron microscope image
of the thin film capacitor structure overlapping a step and the
NDbTiN film.

B. Numerical resonator model

In this section, we present a numerical method to model
the resonator’s half-wave and quarter-wave modes, to-
gether with the effect of the filters, as shown in Fig. 1.
The model can easily be adapted with different levels of
complexity to better capture the effects of the various
impedances of the different waveguide and resonator sec-
tions, while remaining computationally fast by avoiding
three-dimensional (3D) microwave simulations. Simula-
tions with Sonnet have also been performed on individual
components (like the resonator or a planar filter) as a
consistency check, but the results are not presented in
this work. As seen from the optical image in Fig. 1la,
the resonator doesn’t have a simple coplanar waveguide
geometry. However, we can get a good (yet still relatively
simple) model of it by using combinations of coplanar
waveguide sections. These sections then account, to a bet-
ter degree, for the spatially inhomogeneous capacitance
and inductance per unit length of the system.

The model is implemented using the open source
software QUCS (https://sourceforge.net/projects/
qucs/, v0.0.19). It makes use of a mixture of lumped
components, RLCG waveguide components, and performs
a S-parameter simulation. The circuit is shown in Fig.
52. To calculate the inductance per unit length L and
capacitance per unit length C of the different coplanar
waveguide sections, we use the analytical formulae

= Ho K (k') Ly

T4 Kk w’ (81)
C 460€eﬁ[_[§((kk/)), (S2)

where pg is the permeability of free space, €; is the per-
mittivity of free space, eog = (11.7 4+ 1)/2, K is the com-
plete elliptic integral of the first kind, k = w/(w + 2s),
k' = /(1 —k?), Ly is the sheet inductance, and w and
s are the center conductor width and gap width, respec-
tively.

In a real use case, the capacitances in the model are
determined either by COMSOL simulations or by the
waveguide geometry Eq. (S2). The resonator width is
measured with a scanning electron microscope. The only
free parameter is then Ly, on which the different values for
L depend. We determine Ly by adjusting its value so that
the two resonance frequencies match the experimental
ones. Ly varies from wafer to wafer, and also from center
to edge within one wafer. The model accurately describes
the two resonance frequencies simultaneously. However
the linewidths show only qualitative agreement with the
measured ones. This could be due to unaccounted factors:
for example, to dielectric or resistive losses in the resonator
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Figure S2. Numerical model of the resonator and gate filters implemented using the software QUCS. RLCG elements represent

waveguides with arbitrary inductance per unit length L and capa

citance per unit length C (in SI units). The corresponding device

elements are delimited by dashed boxes. The model includes effects from the diamond-shaped pads at the end of the resonator
narrow section, capacitive loading by the gates, and various waveguide impedances. In some cases, the waveguide dimensions w
and s are indicated in the element name in units of microns for convenience. The narrow resonator sections resi, res2 and
restapl have w = 120 nm and s = 17 pm. The diamond-shaped pad w6s23respadl has w = 6 pm and s = 23 pm. While the

bare impedance of the narrow resonator section consisting of r
small that the capacitive loading by the surrounding elements

esl and res2 is quite high at about 4.5 k2, the resonator is so
brings the effective impedance down to about ~ 3.2 k2. This

last value is obtained by replacing the w6s23respadi, resl and Cgl elements, and their symmetric counterparts, with a single

RLCG element of the same total length, fixing L = 9.60e-4 and

and filters, to the overly simplistic description of the ports’
impedances [see Eq. (1)], or to other 3D microwave effects.

The model presented in Fig. S2 can be further refined
with little computational overhead to include many gate
channels per DQD, to describe the floating top capacitor
plate in the thin-film filter implementation, to change
lumped elements into distributed RLCG ones, or to at-
tempt to model the effect of the finite impedance of the
gate lines on the filtering efficacy. We have tried vari-
ous combinations of these refinements. They sometimes
help identify undesirable features, like resonances in gate
fanout lines or other waveguides. The outcomes serve as a

yielding C = 9.4e-11.

quick design starting point. However, we have found that
chip-scale effects can significantly degrade the predicted
performance, as explained in the main text.

C. Measurement setup

The measurement setup is shown in Fig. S3.
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Figure S3. Measurement setup for the *He system. The
picture shows a wirebonded device with crossbonds mounted

on the PCB.
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D. Data analysis

We generally observe a slight power dependence of the
linewidths. The narrower linewidths are typically 5% to
30% broader at —110 dBm power than at higher powers.
Since we are interested in the low photon number regime,
all linewidths are measured with —110 dBm delivered at
the PCB, except for some of the broadest ones where the
signal-to-noise ratio is too small. Although a Lorentzian
lineshape typically yields acceptable fits for xk < 1 MHz,
the broader resonances are better captured by a Fano
lineshape:

(w—wy)/q+ k&2 2
i(w—wy) +K/2

15211> = a (S3)

b

where a is an arbitrary parameter, ¢ is a complex Fano
factor, and k = k' 4 k™. The fits do not allow to
independently determine the external and internal losses,
k%% and k™, respectively.
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