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intrinsic quality factors of Q; = (9.6 £ 1.5) x 10° at the single-photon level and

Q1 =(991 £ 0.39) x 107 at high power, which is more than twice as high as those for
coplanar waveguide (CPW) resonators under identical conditions on the same chip.
We conducted a comprehensive numerical analysis using COMSOL to calculate
surface participation ratios (PRs) at critical interfaces: metal-air, metal-substrate, and
substrate-air. Our findings reveal that ASRs have lower PRs than CPWs, explaining their
superior quality factors and reduced coupling to two-level systems (TLSs).
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1 Introduction

Superconducting resonators are fundamental components in cutting-edge quantum tech-
nologies, playing essential roles in quantum sensing and quantum computation. They
function as readout devices for superconducting quantum bits [1, 2], facilitate qubit inter-
connections [3], serve as quantum limited amplifiers [4], and enable single-photon detec-
tion [5]. Additionally, these devices are the key to storing and manipulating quantum in-
formation [6] exemplified by bosonic encoding [7, 8]. However, their practical applications
face a constraint in the form of the energy decay time, which is quantified by the intrinsic
quality factor Q; of the resonator. A higher Q; indicates longer coherence times, making
its improvement a primary focus in the development of superconducting resonators for
quantum technologies.

Three-dimensional cavity resonators, where the energy is stored within the dielectric
medium inside the cavity (typically vacuum or a low-loss dielectric), have achieved ex-
ceptional Q; as high as 10% [9-11], enabling breakthroughs such as break-even bosonic
encoding for quantum error correction [12, 13]. Despite their performance, the large size
and complexity of cavity resonators pose challenges for scalability.

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise
in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not

L]
@ Sprlnger permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1140/epjqt/s40507-025-00367-w
https://crossmark.crossref.org/dialog/?doi=10.1140/epjqt/s40507-025-00367-w&domain=pdf
mailto:yusuke.tominaga@riken.jp
mailto:u-atsushi@g.ecc.u-tokyo.ac.jp
http://creativecommons.org/licenses/by/4.0/

Tominaga et al. EPJ Quantum Technology (2025) 12:60 Page20of 13

In contrast, planar resonators—primarily two-dimensional conductor structures, such
as microstrip lines or coplanar waveguides (CPWs)—are more scalable. They are fabri-
cated on a substrate, with their electromagnetic fields concentrated between the resonator
conductors, that is, in the gaps of a stripline or coplanar waveguide. The planar struc-
ture allows for fabrication using standard semiconductor processes such as photolithog-
raphy and etching, and these resonators integrate seamlessly with planar superconduct-
ing qubits, making coupling straightforward. However, electromagnetic waves leaking into
the substrate or surrounding space lead to radiation and dielectric losses, usually resulting
in alower Q; than cavity resonators. Recent advancements in surface treatment techniques
[14-16] and material investigation [17—19] have shown promising results in enhancing the
performance of planar resonators, with recent achievements reaching several million in
the single-photon regime using epitaxial tantalum thin films [20].

Hybrid designs aim to combine the high Q; of 3D designs with the scalability of 2D struc-
tures [21, 22], where these resonators have essentially planar structures with additional
3D characteristics. For example, planar conductor patterns on a substrate combine with
shielding or encapsulating structures to form a quasi-3D electromagnetic field distribu-
tion. While these hybrid architectures offer better performance than purely planar designs
and maintain some degree of design flexibility, they still fall short in terms of the integra-
tion required for large-scale quantum computing systems. As such, the development of
high-quality planar resonators remains critical for achieving fault-tolerant quantum com-
puters. Optimization of the electric field distribution has been identified as a key factor in
improving the Q; of resonators.

A major limitation of planar resonators is energy dissipation due to two-level systems
(TLSs) at material interfaces, which dominate losses at low temperatures and low power
levels. The TLSs, which originate from material defects or disorder in the amorphous in-
terface layer [23, 24] forming tunneling states [25], can absorb energy from the resonator
through capacitive coupling [26] and dissipate it to their own environments. TLS-induced
losses not only limit qubit lifetimes and gate fidelities but also pose challenges for im-
plementing bosonic codes, which require high-coherence resonators to encode quantum
information in continuous-variable states. Consequently, understanding and mitigating
TLS effects is crucial for improving planar resonator performance.

In this study, we explore alternative geometries to reduce coupling to TLSs in planar res-
onators, focusing on the use of Archimedean Spiral Resonators (ASRs). The spiral geom-
etry distributes the electric field more evenly across the structure, reducing field concen-
tration at the lossy interface and thus minimizing TLS-induced dissipation. In addition,
compared to CPWs, the high impedance of ASRs facilitates strong capacitive coupling to
the qubit. Unlike many complex resonator geometries, ASRs have well-established analyt-
ical models describing their resonance frequencies, impedance, and current distributions
[27, 28], which allows for precise theoretical predictions and facilitates efficient design
optimizations compared to structures requiring full numerical simulations.

To validate the advantage in Q;, we fabricated ASRs using domain-matched epitaxially
grown titanium nitride (TiN) films on silicon wafers. Our measurements demonstrated
intrinsic quality factors of Q; = (9.6 4 1.5) x 10° at the single-photon level and Q; = (9.91 &
0.39) x 107 at high power, which is more than twice as high as those for CPWs under

identical conditions on the same chip.
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We also conducted a comprehensive numerical analysis of the surface participation ra-
tios (PRs) for both spiral resonators and CPWs using the finite element solver COMSOL
[29]. This analysis examined PR contributions from three critical interfaces: metal-air
(MA), metal-substrate (MS), and substrate-air (SA), following methodologies widely em-
ployed in the study of microwave losses in superconducting materials [9, 30-33]. These
calculations provide insight into the electromagnetic field distribution and energy storage
mechanisms in these different resonator geometries.

The outline of this paper is as follows. In Sect. 2, we describe the design principles and
theoretical foundations of coplanar waveguides and spiral resonators, including their fre-
quency and impedance calculations, and detail our fabrication process and experimental
setup. Section 3 presents our measurement results and analysis of the quality factors of
the resonators. Finally, Sect. 4 examines the participation ratios to explain the superior

performance of spiral geometries.

2 Design and fabrication

CPWs are the widely adopted choice for the design of superconducting planar resonators
due to their simplicity and well-understood behavior. The characteristic frequency fcpw
and impedance Zcpyw of a CPW can be calculated using the parameters k; = w/g and
ky = tanh(ww/2h)/ tanh(;tg/2h), where w is the center conductor width, g is the sum of
the center conductor width plus the gaps on either side, and /% is the distance between

the upper shielding and CPW. The equations for quarter-wavelength CPWs are as follows

[34]:
= — (1)
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where cis the speed of light, / is the length of the resonator, and e.g is the effective dielectric

constant calculated by
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K(k) is the complete elliptic integral of the first kind and k] = \/1 — k7 and k} = /1 — k3.
These equations allow for precise design and optimization of CPW resonators for specific
applications in quantum circuits.

The frequency of ASRs can be calculated by [27, 28]

¢ P
Jeett 27 (rin + np)?’

fase =& (4)

where £ is a shape-dependent constant which is 0.81 for circular coils [27], ry, is the inner
radius, # is the number of turns and p is the pitch which is the wire width w plus spacing.
The effective dielectric constant e.¢ in this case is approximated as the average of the

dielectric constants of air and substrate, (1 + €5,,)/2. The geometric inductance L of ARSs
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can be calculated by the current-sheet method [28, 35, 36]

o (Fout + Tin)C1
- 2

L (log(ca/p) + c3p + cap?), (5)
where (g is the vacuum permeability, roy is the outer radius and p is the fill-ratio of
the spiral given by p = (rout — ¥in)/(Yout + ¥in). C1,2,3,4 are geometry dependent constants,
(1.0,2.5,0.0,0.2) for our case [36]. Thus, the impedance can be calculated by

Zasr = 27 fasrL. (6)

In this work, we designed CPWs and ASRs with various line widths. The fundamental
resonance frequencies were designed to range from 4 GHz to 7 GHz, based on Egs. (1) and
(4). The design frequencies calculation considers only the geometric inductance and ne-
glect kinetic inductance. This approximation is justified for our epitaxial TiN films, which
are known to have a low kinetic inductance fraction [26]. The CPWs have line widths of
w =8 um, 12 pm, and 20 um, all with a quarter wavelength and a characteristic impedance
of 50 2 (Fig. 1(a) shows a CPW with w = 8 pm). The ASRs share similar design character-
istics but vary in their line widths and gaps. They have line widths of w = 7 pm, 8 um, 10
nm, and 12 pm, with gaps between neighboring wires matching these widths (i.e. p = 2w).
We fixed the number of spiral turns at 12, resulting in an outer radius of 7, = 12p and a
consistent impedance of 810 €2 for all ASRs, shown in Fig. 1(b).

These resonators, including both CPWs and ASRs, are fabricated on a single 10 mm x
10 mm chip and coupled to a common feedline as shown in Fig. 1(c). To minimize parasitic
slotline modes and ensure ground uniformity across the chip, on-chip airbridge bonding
was implemented across the ground planes (not shown in Fig. 1(c)). This design mitigates
standing wave formation and supports consistent coupling behavior. We implemented a
design modification for the ASRs by extending the tail of the spiral shape to achieve capac-
itive coupling with the feedline. This extension decreases the fundamental frequencies of
the ASRs compared to their pure spiral design, necessitating independent verification of
the actual frequencies. The measured fundamental resonance frequencies of resonators
with various designed width are presented in Table 1.

The measured frequencies for CPW resonators agree well with the design values, within
approximately 2%, confirming the reliability of our modeling. For ASRs, the measured fre-
quencies are consistently about 11% lower than the designed values. This systematic devi-
ation arises primarily from the additional inductance and capacitance contributed by the
resonator extensions, which are not fully captured in Eq. (4). Importantly, this downward
shift is reproducible across all ASRs studied, and can thus be taken into account to target
desired frequency bands. This makes the simplified model a useful and efficient tool for
initial layout despite its limitations.

The devices are fabricated on a (200)-oriented 100 nm TiN film domain-matched epi-
taxially grown on a high-resistivity (20 k<2 - cm) silicon (100) substrate [37]. Fabrication
was carried out via using photolithography followed by a hydrofluoric acid treatment to
remove surface oxidation. The photolithography step employed a etching mask made with
photoresist AZ1500 to pattern the TiN film through dry etching in CF,4 plasma. After re-
moving the photoresist, O, ashing was conducted to eliminate residual organics. To re-
move any oxide generated during ashing and restore a clean surface, a time-controlled
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Figure 1 Experimental setup of the device. An optical microscope image of (a) a coplanar waveguide (CPW)
quarter-wavelength resonator, and (b) an Archimedean Spiral Resonator (ASR) with the outer radius 7oyt and
the pitch p. The scale bars in (a) and (b) indicate 200 pm, corresponding to CPW3 and ASR4 shown in (). (c)
An optical image of the chip on which the resonators are coupled to the feedline. (d) Schematic of the
measurement setup. The sample is bonded to a printed circuit board in a copper sample box and cooled to
10 mK in a dilution refrigerator. The incoming signal from the vector network analyzer (VNA) is attenuated by
75.8-79.0 dB (varying with frequency) to account for attenuators, cable losses, and bonding reflection. It then
passes through an 8 GHz lowpass filter and an eccosorb filter. The output signal passes through another
eccosorb filter, isolators, and a lowpass filter before low-temperature amplification with a
high-electron-mobility transistor (HEMT). Switches allow the signal to be routed either through the sample or
directly through a calibration line for reference measurements. (e) A typical measured S;; parameter of the
resonator is shown here for ASR3 with an average photon number of 17.6 inside the resonator. The
magnitude (top) and phase (middle) are mapped to the resonance circle (bottom), with the diameter Q//|Q|

hydrofluoric acid treatment removed the native oxide layer. This step removes the native
SiO; and yields a hydrogen-terminated silicon surface, with minimal exposure to ambient
conditions before TiN growth, thereby limiting the formation of surface OH groups. TiN
itself is chemically stable under HF treatment, and its high crystallinity helps to suppress

Page 5 of 13
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Table 1 Resonator specification: designed width (w), designed frequency (fgesign) Calculated from
Eqg. (1) and Eq. (4), measured resonance frequency (fmeas), and coupling quality factor (Qc)

Label w/pm fdesign/GHz fneas/GHz Qc/10°
CPWI 20 443 449 12
CPW2 12 538 534 14
CPW3 8 6.28 617 17
ASR1 12 449 402 18
ASR2 10 538 481 1.0
ASR3 8 6.72 6.00 17
ASR4 7 769 6.85 16

intrinsic TLS contributions. This process ensures clean interfaces and minimizes potential

loss sources in the final resonator structures.

3 Measurements and characterization

We conducted measurements of the fabricated resonators using a dilution refrigerator
at a base temperature of 10 mK. The sample was bonded to a three-layer printed circuit
board fabricated by Kansai Denki Industry Co., Ltd. It was mounted in a copper sample
box with an aluminum lid, creating a space of 12.3 mm x 12.3 mm x 1.5 mm, with a
back-drill of radius 4.3 mm and depth of 3.1 mm. A schematic of the sample package is
shown in Fig. S1 (Supplemental Materials), where the cavity dimensions and back-drill
geometry are illustrated. The enclosure was designed with minimized seams to suppress
potential radiation loss, while the compact space and back-drill effectively raised the cut-
off frequency of environmental modes.

Figure 1(d) illustrates the experimental setup. We utilized a series of attenuators 66 dB in
total to reduce the incoming signal power. Taking into account cable losses and bonding re-
flections, the overall attenuation ranged from 75.8 to 79.0 dB, depending on the frequency
(for a detailed breakdown, see Sect. 2 of Supplemental Materials). The signal then passed
through an 8 GHz lowpass filter and an eccosorb filter before reaching the sample. The
resonators were probed using a vector network analyzer (VNA) to measure their trans-
mission characteristics (Sp; parameters) over a range of input powers with a consistent
resolution bandwidth of 10 Hz. The VNA output power varied from —80 dBm to 14 dBm,
with an additional 16 dB attenuator placed at room temperature. Quality factors were
extracted from the measured resonance curves using a circle fitting procedure [38] that
accounts for both intrinsic quality factor Q; and coupling quality factor Q.. This method
accounts for cable delay, impedance mismatch, and background transmission level, and is
robust against asymmetric resonance line shapes (see Eq. (52)).

Figure 1(e) shows a typical measured S,; parameter of the ASR with w = 8 pm (ASR3),
mapped to the resonance circle with the diameter Qi/|Q.|, where Q, is the load quality
factor, and additional examples of measured S;; are provided in Fig. S3 in Supplemen-
tal Materials. We designed the Q. values to be approximately equal across resonators us-
ing COMSOL simulations of the coupling structures, which provided order-of-magnitude
guidance. The actual results of Q. from our measurements, shown in Table 1.

Extracted Q; values for ASRs and CPWs are plotted in Fig. 2. Each data point repre-
sents the harmonic mean of ten individual measurements. At low powers, the extracted
Q; exhibit larger uncertainties, which originate from TLS-induced fluctuations that vary
between measurement sweeps even on the same device. These fluctuations can occasion-
ally result in anomalously high Q; with large fitting errors, contributing to the broad error
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Figure 2 Extracted intrinsic quality factors of (a) CPWs and (b) ASRs. Markers are the measured quality factors,
and lines are TLS fits using Eq. (7)

Table 2 Measured and calculated parameters characterizing resonator performance. The loss
tangent multiplied by surface participation (p dtLs), single-photon quality factor (Q;p), and
high-power quality factor (Qj hign) are obtained through transmission (S21) measurements and TLS
fits, with results shown in Fig. 2. The participation ratios of metal-air (MA), metal-substrate (MS), and
substrate-air (SA) interfaces—pma, Pms, and psa, respectively—are calculated using the finite
element solver COMSOL. The total surface participation (piot) is the sum of pyma, pPms, and psa

Label pdrLs/10°8  Qi0/10° Qihigh/10° pMa/107°  pms/107°  psa/107°  peo/107°
CPW1 58 + 31 1734£93 45504088  5.60 56.50 5481 116.91
CPW2  388%£57 258+38 38594059 941 8842 87.90 18573
CPW3 123428 813+19 23464032 1450 128.03 12952 272.05
ASR1 158+ 45 63418 845+23 266 30.84 25.19 5869
ASR2 221462 45413 880+ 15 3.06 3431 28.82 66.19
ASR3 104+16 % +15 99.1 £39 367 3968 3440 77.75
ASR4 119413 840+93 818463 412 4359 3844 86.15

bars observed in Fig. 2. The error bars represent standard 1-sigma fitting uncertainties
propagated from the individual complex Sy; circle fits.

Here, we observed a clear power dependence in the quality factors Q;, with the highest
Q; achieved at high input powers where the effects of two-level systems are saturated. The
power dependence of the Q; of the resonator is described by the TLS model [39, 40]:

nf
1 tanh (2I<_T>
— =tand ~ porLs ————— + Se»

i B
! (n)
1+ (Vl_c>

where p is the total energy participation ratio, é1rs is the ensemble TLS loss tangent due

7)

to resonant absorption, (#) is the average photon number in resonators, . is the critical
photon number at which TLS saturation occurs, and §. is the power-independent contri-
bution to the total loss. 8 is an empirical parameter which describes TLS interaction. The

measurement results are fit to Eq. (7), allowing us to extract p dt1s as shown in Table 2.
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Our measurements revealed that the spiral resonators consistently outperformed their
CPW counterparts across all power levels. At single-photon energies, the ASRs main-
tained intrinsic quality factors 2—4 times higher than CPWs of comparable dimensions.
Our best-performing ASR exhibited an exceptional intrinsic quality factor reaching 10
million, with Qo = (pd11s)™ = (9.6 £ 1.5) x 10° at the single-photon level, and Q;pigh =
(8e)7t = (9.91 £ 0.39) x 107 at high power. Table 2 presents the single-photon intrinsic
quality factor Qj;o and high-power intrinsic quality factor Q;pg for all resonators.

While the ASRs exhibit higher average Q; than the CPWs, we acknowledge that the
statistical spread caused by temporal fluctuations of TLS loss leads to some overlap in the
measured Q; values. Supplemental Fig. S4 shows the distribution of loss tangent obtained
over a 24-hour period. Despite this overlap, the trend that ASRs yield higher values on
average remains robust.

We note that radiation loss is a well-known issue for resonators due to their open ge-
ometry. In our devices, ASR resonators are expected to be more sensitive to radiation loss
compared to CPW resonators due to their more open structures that could enhance cou-
pling to free-space modes. Nevertheless, the ASRs consistently exhibited higher Q; than
the CPWs on the same chip. This observation suggests that radiation loss is not the domi-
nant limitation for either type of resonator in our experiments. It indicates that our pack-
aging design effectively suppresses radiation loss, allowing intrinsic TLS-related losses to
dominate the performance.

4 Surface participation ratio

To elucidate the superior performance of ASRs, we computed the surface participation
ratios (PRs) of resonators. We categorized the key interfaces into three types: metal-air
(MA), metal-substrate (MS), and substrate-air (SA). By analyzing these interfaces sepa-
rately, we assessed their individual contributions to loss. The total loss tangent associated

with these interfaces is given by

tans = Zp,' tan §;, (8)

where p; denotes the PR of interface i = MA, MS, or SA and interface i has loss tangent §;.
PR quantifies the fraction of the electromagnetic energy U; stored at amorphous interfaces
relative to the total energy Uiot:

u,‘ i
pi = /dxdydz % |ECx, y, Z)\2 [Utor ©

U tot i

for the interface material with dielectric constant ;.

We conducted 2D static calculations using COMSOL. For CPWs, we adopted a calcu-
lation method similar to that described in Ref. [41], modeling them as infinitely long rect-
angular metal plates, as shown in Fig. 3(a). ASRs were approximated as sets of concentric
rings using axially symmetric modeling, as shown in Fig. 3(b).

In addition, we introduce an approximation that the electric field E is uniform over the
thin lossy layer, allowing us to calculate the PR solely from the electric field on the surface.
This approximation holds for most of the structure, except for the peripheral region of the
metal where field variations are more significant [30, 41]. When we take the x-axis parallel
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'(c) 100 nm_ 100 nm
>

(b) ASR

Q Axial symmetry

Figure 3 The schematic illustration of the model for 2D simulation of PRs shows: (a) a CPW with width w and
gap g, and (b) an ASR with width w and spacing w. The ASR is approximated as a set of concentric rings using
axially symmetric modeling. The three interfaces are depicted in purple (MA), red (MS), and blue (SA). (c) A
detailed model of the metal edge, where a 3 nm layer within 100 nm of the peripheral region is modeled, as
indicated by the cross-hatched area

to the surface of the substrate and the y-axis perpendicular to it, the continuity of electric
displacement requires:

E;im,i — E;c (10)
Esim,iE;im’i = GiEj,, (11)

where the subscript i = MA, MS, or SA refers to the lossy interface the actual sample
contains and ‘sim, i’ the material present in the simulation instead of the actual material
of i. Here, we supposed ¢; = 10 for all i and we used €gmma = €air = 1, €simms = €si = 11.45
and €gimsa = (€air + €51)/2 = 6.225 for the relative dielectric constant. Thus, the PR in the
internal region of the metal should be calculated by

€sim, i sim,i
— 5@
i

2
pi= t/dxdy % <|E;im’i{2 + ) /utoh (12)

where ¢ represents the thickness of the hypothetical lossy layer. Here we supposed ¢ = 3
nm, which is consistent with prior modeling practices in the literature [30, 31]. This thick-
ness is not experimentally measured in our study and is used only for order-of-magnitude
estimates. While fabrication steps such as CF, etching and subsequent HF cleaning are ex-

pected to influence the surface composition, the comparative nature of our analysis (both
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CPWs and ASRs fabricated on the same die) makes the relative trends in PR robust against
such uncertainties in absolute thickness.

Using the continuity conditions of electric displacement, we can calculate the electric
field in the thin layer without explicitly modeling it in internal regions, significantly reduc-
ing computational costs. However, the peripheral region still requires detailed modeling
due to its more complex field distribution. We modeled the 3 nm layer within 100 nm of
the peripheral region as shown in Fig. 3(c) and calculated PRs using Eq. (9).

The voltage distribution V(x) in an ASR can be expressed as a function of the radial
distance x from the center:

2
V(x) = V,cos ( <ri> ) (13)

where Vj is the applied voltage and oy is the outer radius of the spiral. This analytical
solution allows for efficient calculation of the electric field distribution, which is crucial for
accurate PR calculations. The validity of Eq. (13) was checked using COMSOL simulation
(see Sect. 5 of Supplemental Materials).

Our COMSOL simulations revealed that ASRs have significantly lower PRs compared
to CPWs, as presented in Table 2. The total surface participation (po) is the sum of pya,
Pms, and psa. This reduction in PR largely explains the superior Q; values of ASRs, even
when considering coarse approximations such as modeling a spiral with rings.

Figure 4 shows the relationship between the experimentally extracted and calculated
loss tangent on a log-log scale. Because the error distribution of the loss tangent follows a
log-normal distribution (see Sect. 4 of Supplemental Materials), a log-log representation
provides a more appropriate visualization. At low power levels, the loss tangent fluctuates
due to variations in the TLS state, as shown in Fig. S4, occasionally leading to large exper-

imental values. The dataset was obtained in a single continuous measurement sequence.

10810 (péTLS)
&
T

Slope = 1.34+0.39

| |
-3.4 -3.2 -3.0 -2.8 -2.6 -2.4
10g10(Pmt)

Figure 4 The relationship between experimentally extracted loss tangent values p d1.s and calculated total
participation ratios prot. The vertical axis represents log(p tan 8) while the horizontal axis represents log(ptot)-
Filled circles correspond to ASR data, while open circles represent CPW data. A linear fit to the data yields a
slope of 1.34 & 0.39. The error bars represent fitting errors obtained from Fig. 2, propagated through
logarithmic transformation
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While individual data points may deviate from a linear trend due to the temporal fluctua-
tions in the TLS configuration, the overall linear fit remains a valid approach for assessing
the underlying correlation between simulated and measured loss. A linear fit to the data
yields a slope of 1.34 % 0.39, which, given the uncertainty, is consistent with the ideal value
of unity. This agreement confirms the validity of the PR simulation, as a slope near unity
indicates that the model accurately captures the dominant loss mechanisms. The slight
deviation from unity suggests that additional loss sources, such as bulk loss [42] or other
surface-related effects [43], may also contribute, though they do not dominate the behav-
ior.

The decreased surface participation directly correlates with the observed reduction in
TLS induced losses, resulting in enhanced resonator performance. The MS and SA in-
terfaces still contribute significantly to loss. Future designs that reduce the PR at these

interfaces could lead to substantial improvements in resonator performance.

5 Conclusion

In conclusion, our study demonstrates the potential of spiral geometry in superconduct-
ing resonators for achieving high intrinsic quality factors. Using domain-matched epi-
taxially grown titanium nitride on silicon wafers, we have fabricated Archimedean spiral
resonators with high quality factors, achieving Q; = (9.6 & 1.5) x 10° at the single-photon
level and Q; = (9.91 £ 0.39) x 107 at high power. Our numerical analysis revealed that the
superior performance of our spiral resonators compared to traditional coplanar waveg-
uide resonators is explained by their lower participation ratios at lossy interfaces, which
result from a more evenly distributed electromagnetic field. These results suggest that
spiral resonators could be a promising alternative to traditional coplanar waveguide de-
signs, particularly in applications requiring minimal coupling to two-level systems, such as
quantum computing and quantum sensing. Furthermore, the high-Q; performance of our
spiral resonators may provide a platform for studying the dynamics of two-level systems.

While these results are promising, the metal-substrate and substrate-air interfaces still
contribute significantly to losses. Future work could explore further optimizations of the
spiral geometry, such as varying the width along the spiral or incorporating other design
elements to reduce surface participation further. Additionally, investigating the perfor-
mance of these spiral resonators in different material systems such as niobium, aluminum,
or tantalum could provide deeper insights into the material-dependent losses [33, 44].
Exploring alternative wafer materials, such as sapphire [45] or silicon-on-insulator [46],
could also provide insights into the role of substrate-induced losses and help identify the
fundamental limits of superconducting resonators for further improvement.

These improvements address the challenge of enhancing the scalability and reliability of
superconducting quantum circuits, including the implementation of bosonic code quan-
tum error correction, and may also contribute to advances in quantum sensing, such as
dark matter searches with qubits [47].

While the results presented here are based on measurements from a single die contain-
ing both ASR and CPW resonators, systematic studies across multiple dies and fabrication
runs were not performed in this work. Evaluating the reproducibility and uniformity of the
Q factors across different chips and fabrication batches remains an important direction for

future investigation.
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