OPEN ACCESS

10P Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 58 (2025) 255102 (12pp)

https://doi.org/10.1088/1361-6463/added5

Losses in magnetic field resilient
coplanar stripline resonators

lvo P C Cools™
Oleg Shvetsov

, Rodrigo M Lépez-Baez
, Nermin Trnjanin

, Emil Hogedal

, Vittorio Buccheri®,

and Saroj P Dash

Department of Microtechnology and Nanoscience, Chalmers University of Technology, SE-41296

Gothenburg, Sweden

E-mail: Cools @chalmers.se
Received 26 February 2025, revised 23 May 2025

Accepted for publication 30 May 2025
Published 11 June 2025

Abstract
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Coplanar waveguide (CPW) resonators have shown considerable success in circuit quantum
electrodynamics research. However, their susceptibility to an external magnetic field limits their
general functionality. In addition, electrical voltage gating for devices coupled to a CPW
resonator necessitates alterations to the ground plane, changing the resonator characteristics. To
avoid these problems, we fabricated and measured quarter wavelength differentially driven
coplanar stripline (CPS) resonators made of NbTiN. We measured multiple devices with
varying geometrical parameters in these novel resonators and analyse changes in their internal
quality factor and two-level system losses. Furthermore, we establish the resilience of the
resonators to an applied magnetic field by tracking the resonance frequency shift, without
optimisation of the resonator geometry. Due to their flexible design and high magnetic field
resilience, CPS resonators are particularly well-suited to study superconductor-semiconductor
heterophysics where voltage gating or a magnetic field are necessary.

Keywords: resonator, quantum computing, Andreev bound states, superconductor,

quantum information

1. Introduction

In recent years, superconducting microwave resonators have
garnered significant attention in the field of circuit quantum
electrodynamics (cQEDs) for their ability to enable precise
readout and manipulation of qubits [1-3]. Among the vari-
ous geometries used in this field, coplanar waveguide (CPW)
resonators have emerged as the workhorse due to their ease
of fabrication and high internal quality factors (Q;) [4, 5].
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These distributed element resonators consist of a single cent-
ral conducting transmission line, separated from a ground
plane carrying a return current, and are usually fabricated
from a superconducting material (e.g. Al, Nb, NbTiN...). In
cQED, the coupling strength between resonator and the dipolar
moment of hybrid superconductor-semiconductor structures,
such as electrons in single or double quantum dots [6—8], elec-
tronic spins [9, 10] or quasiparticles in semiconductors [11]
can be tunable. It is mediated by the zero point voltage fluctu-
ations Vzpr ~ wrv/Zg in the resonator, where wg, is the angular
fundamental resonance frequency and Zg = \/é»—‘; is the char-
acteristic impedance of the resonator as defined by the reson-
ator’s inductance, Lg, and capacitance, Cr. Hence, to achieve
the strong coupling regime it is typically necessary to fab-
ricate the device from a superconducting material with high
kinetic inductance. Such applications often require electro-
static gating, which necessitates the interruption of the ground
plane particularly when gating multiple devices per resonator.
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This alteration changes the characteristics of a CPW as it dis-
turbs the return current flowing through the ground plane [12,
13], which requires significant alterations to the microwave
environment or design [14]. Moreover, this introduces elec-
tromagnetic interference problems, such as the appearance of
parasitic slotmodes [15]. Additionally, applications frequently
require an externally applied magnetic field, which leads to the
formation of vortices in the ground plane, resulting in energy
dissipation [4, 16, 17].

A native approach to avoid these problems is to omit
the interfering ground plane altogether and use a coplanar
stripline (CPS) geometry. In this regard, we fabricated and
measured differentially driven A/4 CPS resonators made
from 10 nm thick sputtered NbTiN (with kinetic inductance
Lk =10 pH/L]). We start this paper by demonstrating the con-
sistency of this novel type of resonator, shown by correspond-
ing measurement and simulation results. We study in detail
the different microwave loss mechanisms by varying geomet-
rical parameters of the resonators. Both dependence on the
width of the resonator prongs and the evolution of loss under
an increasing prong-spacing are investigated. These geomet-
rical parameters determine partially the losses in the resonator
[18]. By examination of the power dependence of Q; of each
resonator together with a temperature dependence of the res-
onance frequency, insight is provided into the spectral distri-
bution of two-level system (TLS) losses. This large variation
in parameter space allows us to characterise resonators with
impedances ranging from 81 to 681¢2, using a film with a rel-
atively low kinetic inductance compared to similar measure-
ments from high-impedance resonators in literature [19-21].
Finally, from the behaviour of the resonators in magnetic field,
film parameters such as the electronic diffusion coefficient are
determined.

2. Fabrication

The resonators are fabricated on double side polished
430425 pm thick C-plane Al,O3; wafers. In a first step,
these wafers are cleaned using a standard 5:1:1 RCA pro-
cess of respectively deionised water, ammonia water and
H,0,, heated to 80°C for 10min [22]. Subsequently both
sides of the wafer are covered by sputtering on a target
of Nbg; ¢Tijg N in a near-UHV sputter system from DCA
instruments [23], using an Ar:N, partial gas pressure ratio
of 60:37. On the wafer’s backside, approximately 100 nm of
NDbTIN is sputtered. During this stage of the fabrication pro-
cess, the wafer is actively cooled with a cooling element. After
a brief, ex-situ cleaning step with isopropyl alcohol, NbTiN is
deposited on the sample-side of the sapphire: first, the wafer
is pre-annealed at 660 °C for 30 min and then sputtered with
NbTIN for 34s. Subsequently, the CPS resonators are pat-
terned on the sample side via e-beam lithography using a HSQ
negative resist mask, pre-baked at 90 °C. An e-spacer 300Z
conduction layer is applied to mitigate substrate charging.
After development for 60s in MF319, an Ar/Cl (4:50 sccm)

Figure 1. Experimental setup and sample specifics. (a) Schematic
view of the sample stack. (b) Optical image of one resonator. Inset
are SEM images of the capacitative gap coupler (red) and the
resonator’s end (dark blue), the latter visualising the definition of
lead width W and gap G. (c) The dilution refrigerator and
room-temperature microwave setup for the experiments. Elements
enclosed in the yellow-dashed lines are only used for low-power
measurements (below -30 dBm applied VNA power) to avoid
resonator bifurcation at high powers.

ICP plasma etches the unwritten part of the metal [24, 25].
Finally, the HSQ is removed by a 30s dip in a 2% HF solu-
tion. The final stack is shown in figure 1(a). After dicing, the
sample is pasted using standard silver paint to the bottom of
an oxygen free copper box, used for its high thermal conduct-
ivity at low temperatures [26]. Finally, it is bonded using Al/Si
bondwires to a PCB.

3. Methods

Shown in figure 1(b) is an optical image of one of the res-
onators. A CPW feedline is used to route the signal from the
PCB to the CPS resonator to minimise impedance mismatch.
The CPS is connected to this feedline via standard in-plane
gap coupling capacitors (bottom left inset in figure 1(b). We
stress here that our CPS geometry does not involve a coplanar
ground plane. This enables the potential use of gating struc-
tures near the resonator without significantly altering its char-
acteristics, an area typically reserved for the groundplane in a
CPW geometry. Furthermore, due to the differential drive of
the CPS, a grounding strip line at zero-point DC voltage can
be implemented to DC-ground coupled electrostatically sens-
itive structures. The presently shown resonators include this
ground line to more accurately mimic a realistic measurement
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scenario. To keep the fundamental odd resonance frequency at
6 GHz, the total length of each resonator is adjusted following
simulation in Sonnet, necessitated by the variations in geomet-
rical parameters (resonator lead width W and lead spacing G,
as illustrated in a scanning electroscope image 1(b), bottom
right inset). Via similar simulations, we estimate the external
quality factor Q¢ by estimations of the resonance frequency
bandwidth using a lossless dielectric [4].

The devices are measured in a BlueFors LD dilution refri-
gerator, with base temperature ~10mK, using a setup as
shown in figure 1(c). The VNA, a Keysight P5004A, is pro-
tected from DC signals by a high-pass filter (Mini-Circuits
BLKD-183-S+ DC block) on both input and output sides. The
probing signal is attenuated at the different temperature stages
to achieve an upper bound of 1073 noise photon number at
the mixing chamber plate [27]. Besides the cryogenic atten-
uators, we assume an extra 6 dB attenuation from the CuNi
coaxial microwave cabling [27, 28]. To further minimise stray
infrared radiation causing quasiparticle generation [29], two
in-house fabricated copper powder filters [30, 31] are mounted
at the mixing chamber plate, both on the input and output side,
with cut-off frequency at ~18 GHz. A dual circulator-isolator
(LNF-CIISC4_12A) routes the signal first to through a six-
port microwave switch (Radiall Cryogenic SP6T switch) to the
A-port of a 180°-hybrid (Krytar 4060200) which splits the
signal, allowing to differentially drive the resonator through
two short phase-matched SMA cables between hybrid and
sample. The reflected signal from the resonating sample is
routed to an output line where a cryogenic low noise amplifier
(LNF-LNC4_16B mounted at the 4K stage) and two room-
temperature HEMT low noise amplifiers (LNF-LNR4_14B)
amplify the outgoing signal. Physically the resulting measure-
ment is between ports 1 and 2 of the VNA (Sz;-spectrum),
yet due to the presence of the circulator in the measurement
setup has to be seen as a reflection measurement of the reson-
ator (S;;-spectrum). Magnetic field reliant data is measured in
a similar dilution refrigerator but containing a vector magnet
(AMI Cryogen-free MAxes Vector Magnet).

We use this setup to investigate the effect of varying W
and G on the resonator losses in both power and temperat-
ure. Figures 2(a) and (b) show representative data in a small
frequency window around the resonance frequency fr of the
resonator with W= 1um and G = 10 um. Both a represent-
ative normalised |S;| plot and the normalised data represen-
ted in the IQ-plane are shown. Reflection data is fitted around
the fundamental odd resonance using the diameter-correction
method [32, 33], taking into account the fact that the resonators
are purely reflectively measured (and thus not hanger-type). In
that case, we describe Sy, as [34]:

A A 2 1
Sii =ae@e 2T | ] — g— : (1)
0c 1-2iQ, (fl;—R—f)

Here, the prefactor ae'®e 2" ##7 is due to the resonator’s envir-
onment: a is the attenuation factor of the signal, e'“ acts as
a phase prefactor and e~>" k™ is due to the electrical delay
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Figure 2. Representative fits and plots of the losses of coplanar
stripline resonators. (a) Normalised |S;;| versus frequency for the
resonator with width W = 1 ym and gap G = 10 um. Experimental
data (blue) is fitted to equation (5) (black dashed line). (b) The
resonator of (a), plotted in the IQ-plane, showing the effect of the
impedance miss-match near the off-resonance point. (c) A
representative power-dependent evolution of the internal quality
factor of the resonator with W = 2 ym and G = 2 um. The
experimentally determined internal quality factor Q; values (blue),
including error bar (red), are fitted to equation (5) (black). (d)
Low-temperature dependent resonance shift at zero magnetic field at
high average internal photon level. The experimentally determined
frequency shift &f values (blue), including error bar (red), are fitted
to equation (6) (black).

in the refrigerator’s microwave lines. Furthermore, Q) is the
total quality factor, combining both Q;, the internal and the
complex external quality factor O, = |Oclexp(—i¢) as Q' =
o '+ Q;!. This complex Q. describes the asymmetry in the
Lorentzian line shape of [Si;| and is attributed to either an
impedance mismatch [4], an extra series inductance from the
wire bond connections [35, 36] or even reflections in the reson-
ator’s feedline [37]. For the data in the 1Q-plane, the mismatch
exhibits itself as non-circular behaviour near the off-resonance
point. Simulation in the open-source software package QUCS
[38] hints towards a phase-mismatch of the cables after the
hybrid as a potential source of this ¢-factor (appendix D).
For the dataset shown in figures 2(a) and (b), the mismatch is
¢ = —0.43. Fitting scripts are available on the group’s GitHub
page [39].

To verify whether standard CPW resonator routines (e.g.
simulation) work for differentially driven CPS resonators, we
present the data in figure 3. When fabricating a sample, we
measure the DC sheet resistance of the NbTiN film which
allows us to estimate the kinetic inductance via equation
[40] 2:

hRN
7TAO ’

Li (T =0K) = )

where we use the superconducting energy gap of NbTiN via
the BCS theory for extremely dirty superconductors: Ay =



J. Phys. D: Appl. Phys. 568 (2025) 255102

| P C Cools et al

a) b) 1.4
A Ly from simulations ® Experiment
® Ly from DC estimations 12| — fie
10.0 i 1.0 e
(m] N
I ® 0 L) L] 0.8
g | 2
I 95 % w06
& A A &
0.2 €2 =2.59e+01F + 1.51e-30F
9.0 L -C =5.09e-15 £ 1.48e-16
0.
o 2 4 6 8 10 %5 160 200 300 460 560 60.0
Width (um) ZoZpw} (GQ2.MHZ3)

Figure 3. (a) The estimated kinetic inductance Lk of each sample
from DC measurement of bulk films at room temperature, compared
to the estimated kinetic inductance from simulations of the
resonance in the mK regime. Green triangles are the simulated Lk,
blue circles are the estimated Lx from DC measurements. (b)
Validity test of the simulation and fitting procedures. The external
quality factor Q. is plotted versus the rescaled simulated impedance
of the resonators. A fit is performed using equation (3).

1.764kg T, [41-43]. The critical temperature T, is estimated
from previous DC measurements on NbTiN films of the same
thickness (15.2 K), while the normal state resistance Ry is
ideally measured right above T.. As the resistance of dis-
ordered metals does not change appreciably with temperat-
ure, we estimate it from measurements at room temperat-
ure. All DC parameters of a representative film are shown in
appendix A. We correspond the resulting inductance value to
the kinetic inductance we obtain from a comparison between
a simulated resonance frequency in Sonnet to the fitted reson-
ance frequency from measurements [21]. This data is shown
in figure 3(a). We attribute deviations to fabrication toler-
ances, a slight non-uniformity of the film thickness and the
crude estimation of the kinetic inductance using only the
room-temperature sheet resistance. A second check of sim-
ulations versus measurements is shown in figure 3(b). From
fitting resonator data we obtain the external quality factor
Q. while from resonator simulations we obtain its imped-
ance Zgr. The relation between Q. and Zg is (derived in
appendix B)

™

QC - 4 (27TfR)2 C%ZQZR '

3)

This allows us to derive the coupling capacitance C.. In the res-
onator designs, this capacitance was kept approximately con-
stant. However, deviations cause discrepancies between data
and fit, e.g. due to the increasing width of the conductor which
changes C,. but was unaccounted for. Furthermore, a constant
fr was assumed, but here a natural variation due to slightly dif-
fering kinetic inductances was also observed. Finally, at smal-
ler resonator conductor width, fabrication errors become relat-
ively more pronounced (i.e. at higher Zg). We use equation (3)

to do a linear fit to the coupling rate x, = ng £ in function of

Zrfx x Zofs to obtain the coupling capacitance directly, and
we get a reasonable value of C. = (5.0940.148) x 10~15F.
We find the correspondence enough to conclude that standard
industry CPW simulation and fitting routines are applicable to
CPS resonators.

4. Losses

To understand the behaviour of TLS losses on the resonator,
the evolution of Q; on input power is studied at base refriger-
ator temperature. As input power varies depending on the exact
attenuation, the unitless quantity of average photon number
(n) is used instead, defined as [44, 45]:

{m)

= — =P 4

27 hfs Zx O. IN C))
where both the characteristic impedance of the input feedline,
Zy, as that of the resonator Zg play a role as well as the input
power Py at the resonator’s feedline. At low temperature, we
fit the power-dependent Q; to [45, 46]:

1 Ftan (69 _
L Pan(®) s )

. B
G (1+2)

where F' is a material dependent filling factor of the elec-
tric field [45], tan(d),) the intrinsic TLS loss tangent of the
same material, and Jome; 1S usually dominated by the next-
largest loss channel of the resonator. Furthermore, the amount
of photons needed to saturate the TLS is given by n., while /3
is determined by the interacting strength between individual
TLS. For non-interacting TLS [47], /3 equals 0.5 . We neg-
lect the effect of quasiparticles with increasing pw-power [12,
48] due to the comparatively low kinetic inductance fraction
in these resonators [49] and the presence of low-pass copper
powder filters filtering away high energy radiation. A repres-
entative fit is shown in figure 2(c). In this plot, the difference
between high and low power saturation values is attributed to
the TLS losses. Since this power-dependence approach only
probes a narrow window of TLS around the resonance, they
are called the narrow-band TLS losses. [50, 51]. At higher
power, the intrinsic kinetic inductance of the resonator causes
a bifurcation, likely a Duffing non-linearity [52], complicating
the fitting procedure. We do not include these points in our fit,
as a full description is outside the scope of this paper.

On the other side, the wide band TLS losses are uncovered
by the temperature dependence of the real part of the dielectric
constant, usually measured via the shift in relative resonance
frequency up until ~1K [47, 53]:

_Af_k 1.1 mR(T)
f=7 =z (Re{\p<2+2m kT ﬂ

hfr(T)

n(20Y) ®
Here is Af = fr(T) — fo the temperature-dependent resonance
frequency referenced at low temperature (in our data at 10 mK)
while W is the complex digamma function. The factor k =
F 53;1 contains the intrinsic temperature dependent TLS-loss
component, 53;, which is sensitive to thermally varying TLS
for a wide spectrum [24].

As these off-resonant TLS are not saturated, the frequency

shift is nearly power independent and it is possible to gather
data at higher powers which speeds up measurements. We used
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Figure 4. The evolution of the geometrically dependent loss tangent
of the narrow-band losses F 5& (green triangles) and the wide-bands

losses F' 53;i (blue circles) (a) decreases with increased width W of

the resonator leads (for constant gap spacing G =2 um) and (b)
decreases with an increasing G of the leads (for constant W =1 um).

(n) = 1e5, which for each resonator is in the high-power sat-
urated regime [51]. At higher temperatures, the onset of quasi-
particles dominates the resonator’s frequency shift and losses
[21, 54]. For this reason we constrained our fits to data up
to 450mK, still well below the superconducting energy gap
of NbTiN. A representative fit of the temperature dependent
frequency shift is shown in figure 2(d). The presence of a
universal dip in the relative frequency shift at T~ % sup-
ports the validity of equation (6) for these resonators, and con-
firms that quasiparticle loss is not a dominant factor in the
total loss of the resonator [49, 55]. The observed discrepancy
between fit and experimental data at very low temperatures has
similarly been observed for TLS-dominated CPW resonators
[56,57].

Using the established fitting and simulation procedure, we
quantify the losses depending on resonator lead geometry
using the aforementioned methods (power and temperature
dependence, with fits to resp. Equations (5) and (6). As
shown in figure 4, we observe decreasing losses with both
W-dependence of the lead as with G, which is on the same
order of magnitude as results of similar geometric depend-
ences of CPW resonators [4, 53, 58, 59]. We report the data
of all devices numerically in appendix C. We explain the geo-
metric behaviour by the fact that the current density (and hence
electric field) is highest on the inner edges of the differen-
tially driven resonators [60, 61]. This means that the interac-
tion of the field with the TLS is enhanced there and thus TLS
losses are higher for resonators with a relatively larger contri-
bution of conductor-edge to total-resonator-surface. These are
the narrower resonators, as the data shows. In a similar vein, an
increased gap to lead-width ratio decreases the current density
at the inner edge and improves the TLS losses.

We support this conclusion by the simulations of inter-
face participation ratios p; shown in figure 5(a). This entity
describes how much of the electrical field is threaded through
each individual volume in the resonator. As electric field
couples to the dipolar TLS, a higher participation ratio leads
to a relatively larger loss for a given volume. We describe
these ratios by the penetrating of the field through four dielec-
tric regions: metal-air (ma), metal-substrate (ms), substrate-air
(sa) and substrate. Here, we neglect the influence of the parti-
cipation ratio of the perfect vacuum volume. More details on
the simulation are given in appendix F. The metal-air interface

a)107! b) 10°
—+— W, ma —e— W, ms +— W, sa —e— W, substrate - G, substrate
- G, ma -=- G, ms G, sa
10728
&£10-3 gox10
—4 \\(, .
10 Lk‘_¥;.r“_.;:;,_: " =1
107° 8x 107!
0o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Geometrical dimension (um) Geometrical dimension (um)

Figure 5. Simulation of the participation ratios of different
dielectric volumes of the resonators. (a) Simulation of the metal-air
(ma), metal-surface (ms) and surface-air (sa) interfaces, threaded by
the electric field and their evolution with geometrical parameter
(resp. W, width, in full line and circle, and G, the gap, in dashed line
and cross). (b) Simulation of the participation ratio of the substrate
and its evolution with geometrical parameter.

has two orders of magnitude less contribution to loss participa-
tion than both the ms and the sa interfaces, including at higher
dimensions of both width and gap. As the participation ratio
of the lossy dielectric interfaces drop for larger geometrical
dimension, the relative contribution of the substrate related
losses increase as shown in figure 5(b). This is because the
total electrical field penetrating the ms and ma interfaces scale
as approximately respectively W or G while the total field in
the substrate scales as approximately W? and G?. Since the
losses of bulk sapphire are negligible compared to those in the
resonator surfaces (the bulk average losses of sapphire are in
the range of 10~7 — 10~?, while those of the resonator surfaces
are around 1073 — 10~%), the overall internal quality factor
decreases with increasing width and gap as observed [62, 63].

5. Magnetic field dependence

The behaviour of the resonance frequency to a magnetic field
is shown in figure 6. These measurements were taken at
an average photon number of (rn) ~ 10*. The thick substrate
effectively shields the resonator current distribution from the
effect of vortex nucleation on the superconducting plane on the
sample’s backside [60]. Hence, the magnetic field behaviour
is fully due to the currents circulating in the resonator leads.
In general, the relative frequency shift due to the supercurrent
depairing by a parallel magnetic field is well approximated by
a quadratic relation of the form

Afr (B
L )
JR,0

—m  Deé? 5
T 48 kT, (O)B "> ®
valid for thin films where the ¢ is much smaller than the effect-
ive London penetration depth, Aesr = A(1 + 57“)%, around 1 ym
for these films [43, 64—67]. Here, A, &y and [ are respectively
the London penetration depth, the coherence length of NbTiN
and the elastic electron mean free path, for which representat-
ive values are shown in appendix A.

We extend this formalism to a perpendicular magnetic
field. In that case [68], as << A¢fr, the screening distance
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Figure 6. The relative shift of the resonance frequency of the
resonator with width W =0.25 ym and 1 pm (gap spacing

G =2 um) when sweeping an external magnetic field. Error bars are
smaller than the data points. (a) and (b) Evolution of the frequency

shift under an in-plane (perpendicular) applied field. Data is fit to

A 2
7,? = —kj()Bjj(1y-

2
A eff

takes the form of Ay = = ~ 100 um > W. This validates
our approach to use W instead of ¢ for perpendicular fields in
equation (8). For the data shown in figure 6, we get ko 25,m, 1 =
1.18£4.81 x 1072 T~? and kim, | = 1.28¢1 £ 1.37 x 107!
T~2. In this approximation, we can derive directly the elec-
tron diffusion coefficient D of the NbTiN films. We obtain
diffusion coefficients of D ,m = 1.55 cm? s~ ! and Do 25um =
2.29cm’s~! from the perpendicular field data, which is in line
with earlier reported results on NbTiN [19, 20, 65, 69].

We use these derived diffusion coefficients of the mater-
ial to recreate the effective electronic thickness of the film.
For this, we determine the k-values of the devices under
an in-plane applied magnetic field parallel to the resonator
direction with equation (8). We extract respective k-values
of koosum,| =2-23x107*+4.0x 107" T~? and kj,m, =
2.47 x 107*£3.74 x 10~7 T~2, which results in calculated
electronic film thicknesses of 4.39 nm and 3.44nm for the
1 pm and 250 nm wide resonators, respectively. We attribute
the difference to the physical layer thickness to rough granular
structure of the NbTiN, especially near the substrate surface,
and the suppression of shielding currents within one coherence
length from the surfaces. Finally, we stress the resonator’s reli-
ability in magnetic field from the consistent and low relative
resonance frequency shift up to 1 T for a parallel field and up
to 250 mT for a perpendicular field.

6. Summary

In conclusion, this paper presented the fabrication and char-
acterisation of differentially driven CPS superconducting res-
onators with varying geometrical parameters, made from a
10 pH/O NbTiN layer. By varying the width of the conductor
leads and the spacing between the conductor pair, we achieved
impedances ranging from 81 to 681¢). This stresses the flex-
ibility of the CPS as its impedance is proportional to the coup-
ling strength with a dipolar moment of e.g. Andreev bound
states in semiconducting nanowires [70]. Moreover, the lack
of groundplane makes these resonators an ideal platform for
the next generation of superconductor-semiconductor hetero-
structure coupled devices, as they enable electrostatic gating
without compromising resonator characteristics. Through the

use of standard fitting techniques, we determined that losses
are dominated by TLS in the zero-field regime. Furthermore,
magnetic field indicates a high electronic diffusion constant
of the NbTiN films, suggesting a high film quality. The films
are especially resilient to parallel magnetic fields, which are
paramount for cQED Majorana research. Future work includes
incorporating semiconductor nanostructures into these res-
onators to directly measure the spectrum of an Andreev
molecule.
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Appendix A. DC characterisation

We performed DC characterisations of our NbTiN films in
a four-point Hall bar geometry, with channel width 10 pm,
length 595 um and specifically fabricated out of the same film
as the resonator with both width and gap 2 pym. All DC res-
ults are summarised in figure 7. We first measure the crit-
ical temperature 7. of the nominally d = 10nm thick film.
In figure 7(a), we show the R(T) plot taken by cooling the
sample from room temperature (bias 100 nA) to base temper-
ature (2 K) in a Quantum Design DynaCool PPMS. From the
data we obtain R, = 98.3 /0 (near T;) and a critical temper-
ature of 15.2 K. To estimate this T, we use a 1 /0 cut-off.
Subsequently, shown in figure 7(b), we perform Hall meas-
urements. This happens at 30 K to avoid potential interference
of superconducting current screening. We again use a current-
biased four-point measurement scheme with /=25 pA to
measure the Hall-voltage Vi (B). Furthermore, we account for
a small voltage offset of 1.2 14V, likely due to fabrication errors
in the Hall bar (misalignment of the arms). A linear fit to the
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Figure 7. DC measurement data of our nominally 10 nm thick
NbTiN films. (a) R(T) plot, taken in decreasing temperature, with
the insert showing a finer scan (increasing temperature) around

T. = 15.2K. (b) Current biased (25 A) Hall measurement to
extract the Hall-coefficient. Via a linear fit we extract

Ru =8.62mQ T~ ', (c) Small subset of the B(T)-phase diagram for
the film. We use a 1 /0 cut-off to estimate the critical magnetic
field B. at every fixed temperature. (d) The estimated critical fields
in function of the temperature near 7¢. A fit to equation (A1) data

generates H. »(0) =12.4 T and dl:;z =—12TK .

data gives a Hall coefficient of Ry = 8.63 mQT~'. This coef-
ficient is also defined as Ry = nj; hence we obtain consecut-
ively the electron carrier density n, = 7.23 x 10% m—3 and the
Fermi wave vector kg = (37%n,)3 = 12.9nm™~" from the Hall
measurement. Finally, we derive the elastic electron mean free
path [, = % = 0.74nm, a value similar to other NbTiN
films reported in literature [65].

To extract the NbTiN coherence length, we first measure a
B(T) diagram under a constant applied current bias of 25 nA,
shown in figure 7(c). By scanning the magnetic field at fixed
temperatures, we obtain the critical magnetic field B, for each.
Again, we use a 1 /0 cut-of criterion. The close-to-T, tail-
end of the B.’s is shown in figure 7(d). Here, we can extract
the critical field at O K for a type-II superconductor from fitting

the data to the Werthamer-Helfand-Hohenberg formula [71]

(A)

dB
Be»(0) = —In(2)T, <d_T2> .
T=T.

Using our initially measured 7. = 15.2K, this gives B, =
12.4T. As the last step, we derive the Ginzburg—Landau coher-

ence length as £(0) = 4/ #“2(0), giving £(0) = 5.1nm.

Appendix B. Qc in Zr derivation

To derive equation (3), we followed the same procedure as
[20], but adapted to pure reflection type A/4-resonators. The
input impedance of a shorted A/4 line is given by [72]

27
K i Awg
20; + wo

Zin = (B1)

where Zg is the resonator’s characteristic impedance and Awy,
the drive frequency w offset to the bare resonator resonance
frequency wy. Coupling the resonator to the environment is
usually done via a coupling capacitance C. This changes both
the impedance,

1
Ziot = Zin + ——

iwC
20i . [40? Aw 1 Awg 2
i {TTOO + wzmc (1 +407 T )}
=27Zg 5
1+40? (ﬁ—?)
(B2)
and the resonance frequency to a new value, wg:
A 2
= R ZeCe (B3)
wo ™

Here, we used the fact that Im(Z,;) = 0 at resonance and the

assumption that % > m which is valid for most resonat-

ors with Q; 2 1e5. Under this assumption, the total impedance
at resonance becomes:

s AZRO; 1
YT 1+ L1602
T
S — B4
40, Zrw3 C (B4

Equating two general forms of |S;;| leads by identification to
the desired result [33, 72]:

ISi| = | = 0 (BS)
1+Zt_2! lJr@
thus
T
= — B6
Oc 2o Zrari C2 (B6)

Appendix C. Table of measured resonator
parameters

The tabulated values of all measured resonators are shown in
table 1. We report the narrow-band (power-dependent) loss
tangent tan(dp), the wide-band (temperature dependent) losses
tan(dt), and the high-power loss tangent (Jother)-
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Table 1. Measured and inferred values of all resonators data. The device with width W = 1 um and gap G = 2 um are used as the base
design. Both the reported internal and external quality factors Q; and Q. are extracted at average internal photon number (n) = 1.

w G Lx r Zr O O tan(dp) tan(dr) other
(pm) (pum) () (GHz) (®) (x10% (x10%) (x107% (x107) (x107°)
1 1 9.9 5.98 287 40.3 6.09 4.362 13.43 1.33
1 2 9.3 6.19 310 6.35 4.07 4.547 8.564 15.0
1 5 9.8 6.11 359 65.6 4.01 2.996 6.243 0.748
1 10 9.7 6.09 389 7.87 11.3 3.231 7.766 11.3
1 25 8.8 6.36 411 25.8 3.76 5.583 3.437 2.89
1 50 9.5 6.17 454 4.53 3.27 1.983 4.789 21.6
0.275 2 94 5.79 681 47.9 3.50 5.870 17.76 1.66
2 2 9.6 6.10 208 46.9 10.3 2.184 6.181 1.21
5 2 9.9 5.96 123 87.8 16.9 3.074 4.326 0.285
10 2 9.3 591 81 44.0 33.6 1.303 2.923 1.19

Appendix D. Derivation of (n)

To derive the average photon number (n) that circulates in the
resonator due to an applied power Pj,, we use the general form
of S;1, given by equation (B5). Then, the absorbed power by
the resonator Py, is given by [73]:

Pyps = Py — |Sll|2PIN

2
= M (D1)
Oi
which means that
40;
= P D2
<l1> hw]% 0. IN (D2)

as Q; = QQ'JrQé . To account for reflections due to impedance
mismatch, the final result becomes:

7 40,
Zr iz Qe

(n) (D3)

We stress that experimentally most of these values are an
approximation, and hence (n) is approximate as well.

Appendix E. Phi-factor

Some of the data sets presented in this work show a non-ideal
Lorentzian behaviour caused by the resonator’s environment,
leading to a complex Q. factor in equation (1). To investig-
ate both the cause of this ¢-factor and the sporadic ‘negat-
ive’ Q; observed in the resonator magnetic field spectra (not
shown), computational simulations were conducted with the
open-source circuit simulator QUCS [38] as shown in table 2.
Initially, a perfectly matched sample behaviour was modelled
to establish a baseline. Subsequently, controlled perturbations
were introduced to various parameters to investigate potential
sources contributing to the shoulder-like features observed in
the Lorentzian profile governing the magnitude spectrum of
the resonator. Finally, we attempt to recreate a ¢-value corres-
ponding to measurement.

The first aspect investigated is the phase mismatch in the
transmission lines between hybrid and sample (H-S leads).
Here, we varied the cable lengths to induce a phase differ-
ence (attributable to electrical length) between the signals
emerging from the -3 dB ports of the 180° hybrid. Secondly,
we assess the impact of an impedance mismatch in the wire-
bonds (Wirebonds, length and impedance). Notably, this intro-
duces a very large shoulder behaviour in the Lorentzian
lineshape, as shown in figure 8(a). Then, we model the non-
ideal behaviour of the hybrid by directly altering the phase
relation between its output ports (Hybrid a—e). This modific-
ation did not lead to large changes in the ¢-factor when using
realistic values.

Subsequently, to exclude the influence of the internal qual-
ity factor, we vary the resonator’s Rg (which directly defines
Q; in QUCS simulations). This is shown in R resonator a—c.
Even over many orders of magnitude, we observe no appre-
ciable difference in ¢, indicating that non-ideal Lorentzian
behaviour primarily stems from the imperfections introduced
in the 180° hybrid component or from wirebonding imped-
ance mismatches. However, we observe the occurrence of a
negative Q; for the higher Ry value, indicating that it may be
the ratio between Q; and Q. that is of importance. This is only
valid when imperfections in the system are present, as shown
in the ideal, high Q; resonator behaviour.

To verify the effect of changing coupling factor g = %
we altered Q. of two resonators by changing their coup-
ling capacitances (Coupling C(a)—(b), keeping their g con-
sistent with respectively the resonators R resonatora and R
resonator.b. We conclude that, under similar circumstances,
a higher g increases ¢, which is attributed to a lower coup-
ling to external impedance mismatches. We could not do the
same simulations for R resonator.c as it is not possible to
define a coupling factor for a negative Q; (which is unphys-
ical). We stress that these negative Q;s are not physical values,
but have to be seen as a convolution of environment and res-
onator. We show the excellent agreement between fit and sim-
ulated data in figure 8 for the simulation Wirebonds.a. This
confirms in part that especially without a well-known back-
ground, getting an accurate value of Q; for pure reflection type
resonators is difficult and leads to inaccuracies not present in
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Figure 8. (a) and (b) The simulation of respectively samples
Wirebonds.a and Hybrid.a, showcasing the excellent fit even with a
virtual negative internal quality factor.

hanger-mode resonator fitting [4]. The root cause is that with
a pure reflection type of resonator, one essentially probes the
entire microwave structure in which the resonator is embed-
ded, which can cause constructive interference between the
ingoing and outgoing signal. However, since this environment
is only minimally power and temperature dependent, we stress
that the methodology of using differences of Q; as used in our
paper remains valid.

Finally, we combine all potential contributing factors to
replicate a similar ¢ as to the measured resonators. Especially
the wirebonding impedance mismatch is of prime importance
to achieve a realistic result. In practice, such mismatch occurs
by e.g. having wirebonds go loose during sample cooldown.
Hence, to avoid non-ideal Lorentzian behaviour in these res-
onators, we suggest to add multiple wirebonds per contact pad.
Furthermore, we conclude that the occurrence of a negative Q;
is not directly related to a high ¢-factor, yet does require a non-
symmetric environment. It will only occur at a higher coupling
factor.

The custom hybrid S;; file, together with the simulation
files is available alongside with the data. Note that all the res-
onator parameters f;, Q;, Q. and ¢ have been obtained from fits
to simulation data, using the same fitting algorithm as men-
tioned in the text [33].

Appendix F. Simulation of the participation ratio

To explain our measured loss spectra, we simulate the par-
ticipation ratios p; of the relevant surfaces in the differen-
tially driven co-planar stripline resonators. Generally, there
are six interfaces participating in loss-calculations: the metal-
air interface (ppn,), the metal-surface interface (Psupstrate) > the
surface-air interface (ps,), the substrate (p,;;) and the air/va-
cuum. The total loss tangent of these areas is ) _, p;tand;, where
surface type i has a loss tangent §;. The participation ratio of
a TLS-host volume with relative permittivity ¢; is then defined
as

5 JyalEPdV

= T s (F1)
1 [y elEPav

where we calculate the ratio between the energy that is stored
in the electric field E in a volume V;, to the total energy of the
electric field threading the resonator. Here, € is the effective
permittivity of the entire volume V [18, 59]. These simula-
tions were performed in the Ansys HFSS software package.

Table 3. Simulation parameters of the resonator for different
interfaces: metal-air, metal-substrate, substrate-air, substrate and air
[15,74,75].

Property Thickness (nm) Dielectric constant €;
Metal-air 1.2 54

Metal-substrate 3 11.35

Substrate-air 3 11.35

Substrate 280 x 10° 11.35

Air/vacuum 10° 1

We included the effect of the differential drive in simulations.
The simulation parameters are shown in table 3.
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