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ABSTRACT Reliable operation of superconducting quantum circuits demands effective control over quasi-
particles, which introduce energy distributions below the superconducting gap and act as a dominant source
of decoherence. Here, we investigate the impact of quasiparticle dynamics on niobium nitride (NbN) mi-
crowave coplanar waveguide resonators on silicon chips. By performing sub-Kelvin measurements of reso-
nance frequency and internal quality factor across temperature sweeps, we find links between quasiparticle
energy and superconducting circuit performance. Calculations of the complex conductivity of the NbN film
reveal the quantitative role of quasiparticle density in experimental results. These findings deepen under-
standing of quasiparticle-induced losses, paving the way toward engineering more resilient superconducting
resonators, with broad implications for scalable and fault-tolerant quantum computing architectures.

INDEX TERMS Circuit quantum electrodynamics (cQED), quantum computing, quasiparticle loss, single-
photon superconducting microwave circuits, superconducting microwave coplanar waveguide resonators

(CPW).

I. INTRODUCTION

Boosting coherence time has become crucial for maximiz-
ing the efficiency of superconducting quantum circuits [1],
especially in Cooper pair transistors [2], kinetic inductance
detectors [3], [4], [5], and superconducting qubits [6].

The presence of charge carriers that participate in su-
perconducting condensate, known as quasiparticle poison-
ing [7], is currently one of the primary reasons limiting the
performance of superconducting quantum circuits [8], [9],
[10], [11]. Moreover, recent studies indicate that in mul-
tiqubit systems, quasiparticle emergence can suppress the
qubit relaxation time since quasiparticles are coupled with
all qubits in a wafer-scale chip [12]. Research demonstrates
that quasiparticles’ impact on the performance of quantum
circuits can be reduced or eliminated by carefully select-
ing materials [13] and engineering designs [14], [15], [16].
For example, including quasiparticle’ traps made of a lower
gap superconductor on the quantum circuit is effective for

this purpose [17]. Therefore, characterizing the quasiparti-
cle dynamics of superconductor films is important in the
development of superconducting qubits and quantum cir-
cuits [12], [18].

Niobium nitride (NbN) is a type II superconductor with
promising applications in unconventional superconducting
quantum circuits [19]. Recent studies have shown that
superconductors—semiconductor nanodevices can host Ma-
jorana quasiparticles or be utilized in Andreev-based super-
conducting circuits [20], [21]. Given that NbN can operate in
quantum circuits at higher temperatures, wider frequencies,
and under higher magnetic fields, it is essential to investigate
the behavior and presence of quasiparticles across different
temperatures. To do so, we fabricate NbN superconducting
microwave coplanar waveguide (CPW) resonators, as they
are fundamental elements in most quantum circuits.

For this study, we selected a 100 nm thickness (#) NbN film
as a tradeoff between low-loss characteristics and robustness
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against magnetic fields of the superconducting film. While
thicker films are typically used in transmon qubits, they
are often more susceptible to the extensive magnetic
field effects on CPWs’ properties, such as resonance
frequency (fr) and internal quality factor (Q;), due to
the emergence of Abrikosov vortices. Our previous work
demonstrated that 100 nm NbN films provide a high Q;
with and without the presence of the magnetic field [22],
making them a suitable choice for investigating quasiparticle
dynamics in hybrid superconductor—semiconductor circuits.
Moreover, CPWs are a powerful and valuable tool for
measuring the losses of superconducting films [23]. CPW
resonators characterize losses, such as two-level system
(TLS) defects [24], nonequilibrium quasiparticles [25], [26],
[27], vortices [28], [29], and microwave radiation [30],
[31], in superconducting circuits. Calculating and modeling
TLS defects is relatively straightforward in superconducting
CPW; however, resolving quasiparticle losses requires
intensive computational calculations. Theoretical predictions
indicate that Cooper pair breaking should be negligible at
temperatures much lower than the critical temperature (7;)
due to insufficient thermal energy to break the pairs. How-
ever, experimental results in materials, such as aluminum
(Al) [32], [33] and titanium nitride (TiN) [34], show a
persistent presence of quasiparticles even at temperatures
significantly below 7.. While limited research has been
done on quasiparticle density in Nb-based superconducting
films [35], [36], there is a significant gap in the research on
quasiparticle density focusing on Nb-based CPW.

Here, we will have a more in-depth discussion on char-
acterizing quasiparticles’ emergence in superconducting mi-
crowave CPW resonators. We model TLS loss with a stan-
dard conventional model [22], [24], [37]. To describe quasi-
particle loss, we calculate the complex conductivity of the
NbN film based on Mattis—Bardeen theory [38], [39].

On the measurement side, we conduct a dc measurement
of the NDN film to find 7. and resistivity in the normal state
(Rm). Moreover, we perform cryogenic microwave spec-
troscopy of the NbN superconducting CPW resonators to find
the effect of temperature sweep 7' < % on the measured Q;
and resonance frequency shift (A f). We successfully main-
tain a high Q; > 7 x 10° at temperatures below 3 K. We
prove the reliability of the Q; measurements by comparing
the measurement results with analytical calculations.

Il. FABRICATION METHOD
In our design, three resonators are capacitively coupled to a
common feedline, with 4 ©m width and 2 um gap.

To fabricate the superconducting circuit, we dipped a high-
resistivity silicon wafer into buffer oxide etchant to strip the
SiO, layer and prepare it for superconducting film deposi-
tion. Immediately after, the wafer was placed in a sputtering
system to form a 100 nm NbN film. The NbN film was
formed through reactive dc sputtering using an argon (Ar)
and nitrogen (N;) plasma [40]. Table 1 illustrates the details
of the sputtering process of the NbN film. Two samples of the
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FIG. 1. (a) XRD pattern of the NbN film. (b) Zoomed-in region (30°-48°)
showing diffraction peaks associated with the superconducting phases
of NbN.

chip were used after dicing: one to pattern the resonators with
standard e-beam lithography, followed by CF, anisotropic
dry etch, and the other was used for dc measurement.

It should be noted that silicon was selected as the substrate
in our CPWs chips because of its compatibility with the fab-
rication process of advanced semiconductor devices and hy-
brid superconductor—semiconductor circuits. Although other
substrates, such as sapphire, offer advantages in terms of re-
duced dielectric loss, silicon remains the preferred choice be-
cause of its compatibility with industrial semiconductor fab-
rication processes. However, coherence times in these types
of hybrid quantum circuit remain a key limitation to further
scaling them. Addressing this challenge requires comprehen-
sive research, and we have taken the initial step toward it in
this article. As for the superconducting material, we concen-
trated on depositing NbN films to achieve low-loss supercon-
ducting films that are well suited for the simple fabrication of
robust hybrid superconductor—semiconductor circuits, such
as through room temperature deposition of the NbN film.

To further investigate the structure and composition of
our NbN film, we examined our sample with X-ray diffrac-
tometry to determine its orientation and phase purity.
Fig. 1(a) displays the X-ray diffraction (XRD) pattern of our
NbN film. In Fig. 1(b), we observed the prominent peaks
corresponding to the (111) and (200) oriented grains of cubic
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TABLE 2. XRD Pattern Data Including: Orientation, Peak Position, FWHM,
Grain Size, and Lattice Size of NbN Film

H Orientation 260 (°) FWHM (°) Grain Size (nm) a (A) H
(111) 35.73 0.47 176.07 4.35
(200) 41.38 1.36 62.54 4.36
(022) 59.81 1.67 54.89 4.37
(222) 75.23 1.44 69.57 4.37

6-NbN film at 35.7° and 41.3°, respectively. We also noticed
two further peaks at 59.8° and 75.2°, which can be assigned
to the grains of (022) and (222) orientation of NbN film [41],
[42], [43]. The full-width at half maximum (FWHM) of the
(111) and (200) peaks were measured to be 0.47° and 1.36°,
respectively. The sharper (111) peak is useful, as it is of-
ten associated with improved electrical and superconducting
properties in 6-NbN films [41]. Peak broadening, as observed
in the (200), (022), and (222) reflections, may be attributed
to reduced crystallite size, microstrain, or structural defects.
The calculated lattice constant (a) from the (111), (200),
(022), and (222) peaks ranges from 4.35 to 4.37 /QX, lower than
the ideal §-NbN value of a = 4.45 A. This slight difference
indicates a nonideal lattice possibly due to strain, mechanical
stress, and induced defects in NbN film [44], [45]. Table 2
summarizes the above information.

IlIl. DC MEASUREMENT

We characterized the NbN film by performing cryogenic
dc transport measurements of a 15 mm x 15 mm chip
between the temperature ranges from 2 K to room temper-
ature to find the film parameters, such as T¢, sheet resis-
tance R(7;), and residual resistive ratio (RRR). Fig. 2(a)
shows the schematic illustration of the wafer and the detail
of the diced silicon wafer after dicing (bottom) used for dc
measurements. Fig. 2(b) illustrates the extracted 7, = 10.7 £
0.5 Kand Ro(T,) = 159.5 @, respectively. Although achiev-
ing NbN films with higher 7 is possible [46], [47], through
varying deposition parameters, such as substrate heating, the
room temperature magnetron sputtering employed in this
study was selected to ensure compatibility with the fabrica-
tion process of hybrid superconductor—semiconductor quan-
tum circuits. However, this process remains open to fur-
ther optimization, such as by modifying sputtering param-
eters and applying postdeposition treatments, to improve
superconducting 7, while preserving compatibility with the
superconductor—semiconductor fabrication process. We note
that the T, reported here is not the upper limit; higher values
(T, =~ 12.05 K) were later obtained on different substrates
with improved sputtering tool conditions, although these re-
sults are beyond the scope of this work.

IV. TEMPERATURE-DEPENDENT MICROWAVE
SPECTROSCOPY OF CPW RESONATORS

Theoretically, any phonon or photon with energy greater than
the superconducting energy gap (2A) can break Cooper pairs
and generate quasiparticles. These quasiparticles will cre-
ate resistive and inductive channels in the CPW resonators
[48]. Emerging new inductive and resistive channels based
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FIG. 2. (a) Top view and cross section illustrations of a 100nm NbN thin
film sputtered on a 525-um-thick silicon wafer for cryogenic dc transport
and RF spectroscopy measurements. (b) Sheet resistance versus
temperature for the NbN/silicon chip. RRR is estimated to be

R}ooK/RTC ~ 0.98.

on quasiparticle density in CPW will affect its propagation
properties. Calculating the superconducting resonator’s sur-
face impedance will help predict and confirm f, and Q; as a
function of quasiparticle density. The surface impedance of
the superconductor depends on the film thickness, d, mean
free path, [, coherence length, &, and penetration length, A.
In the superconducting dirty limit condition, where [ < &
and / < A, surface impedance and quasiparticle loss can be
written as [48], [49]:

_ o dmee o
2T = || s = Rt jols (D)

Sap Theory (T) ~ ———e (D) @
P e (i (AR)) + 1)

w

where o is the real part of the complex conductivity, o5 is
the imaginary part of the complex conductivity, L is the geo-
metrical inductance [50], g is the free space permeability, @
is the radian frequency, and 8qp, theory is theoretical quasipar-
ticle loss based on the CPW’s complex conductivity. There-
fore, by calculating the superconductive film’s complex con-
ductivity, we can find the contribution of quasiparticle loss
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in superconductive CPW resonators. To evaluate the effect
of resistive and inductive channels, we perform microwave
spectroscopy measurements of our NbN resonators in the
single-photon regime at sub-Kelvin temperature ranges and
calculate superconducting film complex conductivity, which
will be discussed in more detail in the next section.

A. CRYOGENIC MEASUREMENT OF MICROWAVE CPW
RESONATORS

For microwave spectroscopy measurements, the CPW res-
onator chip was glued into a copper sample box and wire-
bound with aluminum wire. The sample box was mounted
inside an adiabatic demagnetization refrigerator (ADR).
Note that the temperature sensor of the millikelvin stage
was RuO,, an effective and accurate low-temperature ther-
mometer. In the ADR setup, complex microwave transmis-
sion spectroscopy (S>1) was conducted using an MS4642B
Keysight vector network analyzer (VNA). To achieve the
single-photon regime, the input power of the VNA (Pyna)
was set to —25 dBm. Subsequently, the VNA’s input line
was attenuated by —50 dB at room temperature. In ad-
dition, the VNA signal was attenuated by —20 dB at
each stage of the ADR (at temperatures of 50, 4, and
0.8 K), resulting in a total attenuation (Pyy) of —110 dB in
the measurement setup. As this total attenuation was applied
before the signals reached the sample’s feed line, it effec-
tively suppressed thermal noise, enabling the resonator to
operate in the single-photon regime. Note that according to
Fig. 3(a), which references the data from our previous
measurement [22], the power range necessary to achieve
the single-photon regime in the CPW feedline is between
—134 and —136 dBm. This precisely matches the power level
selected in this measurement setup. For all subsequent exper-
iments, we consistently use an input power of P, = Pyna +
Py = —135 dBm. After the input signal went through the
sample, an isolator was placed at the 4 K stage to prevent
transmission signals from being contaminated by spurious
reflections from the sample box. The signal was then ampli-
fied by a high electron mobility transistor at the 4 K stage,
providing 40 dB amplification. In addition, a room tempera-
ture amplifier added an extra 45 dB amplification.

To investigate the temperature effects on propagation
properties of NbN-based microwave CPWs, we measured
full complex scattering data of our chips, as shown in
Fig. 3(b), within the temperature ranges of 0.1 K < 7T <
3 K. We observed noticeable A f and amplitude reduction
in |S71|. We extracted CPW properties from |Sy1]|, such as
Q; and resonance frequency, (f;), based on the notch-type
resonator circuit model [51]. Extracted data confirm that at
the single-photon regime, Q; initially increases as the tem-
perature rises since TLS defects are primarily responsible for
losses in the T < T,/10 regime [22]. With further temper-
ature increase, TLS losses become negligible compared to
quasiparticle losses, leading to a reduction in Q; and a notice-
able shift in f,.. Fig. 4(a) and (b) illustrates the relationship
between Q; and Af in the 0.1 K < T < 3 K ranges for both
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FIG. 3. (a) Q; in the photon number ranges from < n,, > = 10~ to 10°
corresponding to the power ranges from P, = —140 to —100 dBm at T =
26 mK, and f, = 5.95 GHz, adapted from [22]. The inset plot shows the
approximate < n,;, > concerning input power inside the transmission
line in the CPWs. In this plot, the input power to reach the single-photon
regime is P, ~ —135 dBm. The vertical lines show Q; uncertainty range,
and the horizontal lines show < n,, > uncertainty range. The details
about photon number calculation are illustrated in the appendix. (b)
Microwave spectroscopy of NbN CPWs resonator at 0.1 K < T < 3 K (in
single-photon regime) at P,, ~ —135 dBm. The inset shows the optical
image of the NbN CPW chip being packaged for cryogenic microwave
spectroscopy.

fundamental frequencies. In Fig. 4(a), Q; increases from 10°
atT = 120mK t0 2.571 x 10° at T = 1 K, and then decreases
t07.421 x 103 at T =2.9K at fr = 5.95 GHz. Furthermore,
Fig. 4(b) shows a red shift in the f, starting between 1.6
and 1.8 K, which we speculate is due to an increase in the
quasiparticle density in the inductive channel. To evaluate it,
we calculate the complex conductivity of the NbN film in the
next section.

B. COMPLEX CONDUCTIVITY CALCULATION OF CPW

As mentioned earlier, the propagation properties of the res-
onator, such as Q; and f;., depend on the CPW’s impedance,
which is extracted from the conductivity value of the su-
perconductor film. Superconductor conductivity can be de-
scribed by the two-fluid model (based on the Mattis—Bardeen
theory [39]), where the real part of the conductivity describes
the loss in the superconductor film, and the imaginary part
exhibits the kinetic inductance value, leading to a resonance
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FIG. 4. (a) Q; at single-photon regime versus temperature for f, =
5.95 GHz and f; = 4.45 GHz. (b) Af at single-photon regime versus
temperature for f, = 5.95 GHz and f, = 4.45 GHz.

frequency shift. The superconductor’s complex conductivity,
o(T)=o01(T) — jo(T),when how < Agand kgT K Ay, is
approximated as [48], [49]

(M) 480 (-£%). ha hew
= — B h K 3
o o’ sl 507 ) Ko\t ) @
Uz(T) _ 4ﬂ 1 — 27TkBT ex —AO
oy o Ao PTT

—2exp —Bo exp _hwlo ( heo >:| 4)
kT 2kpT 2kpT
where oy is normal state conductivity, Ay = 1.76kgT, is the
superconducting energy gap at zero temperature, kp is Boltz-
mann’s constant, A is the reduced plank constant, and Ky (x)
and Ip(x) are modified Bessel functions of the second and
first order, respectively.

The above equations allow us to calculate the NbN com-
plex conductivity as a function of temperature. Fig. 5(a) and
(b) illustrates o and o in the measured temperature range,
respectively. Fig. 5(a) illustrates the relationship between
increasing temperatures and NbN’s resistive channel value,
o1, which affects the quality factor of CPWs. Moreover, Fig.
5(b) describes an inductive channel, o5, of the NbN CPW,
influencing the resonator frequency shift. This model is used
to describe the complex conductivity of superconducting
film and has provided information about the transition from
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FIG. 5. (a) Real part of the normalized complex conductivity, o1, as a
function of temperature. (b) Imaginary part of the normalized complex
conductivity, o>, as a function of temperature for the NbN
superconducting CPW resonator. Both plots are calculated at f, = 5.95
GHz.

TLS-dominated losses to quasiparticle losses [3]. However,
Mattis—Bardeen theory assumes a thermal equilibrium quasi-
particle distribution and does not account for nonequilibrium
effects, such as quasiparticle trapping, diffusion, or photon-
assisted generation, which can impact the response of high
kinetic inductance materials, such as NbN.

Recent theoretical work has provided analytical descrip-
tions of nonequilibrium quasiparticle distributions in su-
perconducting resonators, revealing that photon-assisted
quasiparticle heating and redistribution of quasiparticles can
modify Q; and f, [52]. These effects become particularly
relevant in NbN, where high kinetic inductance and increased
photon absorption can increase nonequilibrium quasiparticle
lifetimes, leading to deviations from conventional Mattis—
Bardeen theory. A fully theoretical model comprising quasi-
particle trapping, diffusion, and recombination effects of
NbN would be an important future direction. However,
the primary objective of this study is to experimentally
characterize the quasiparticle density of NbN under varying
temperatures, providing a foundation for future theoretical
developments.

C. THERMAL AND NONEQUILIBRIUM QUASIPARTICLE
DENSITY

To demonstrate the existence of nonequilibrium quasiparticle
density, we need to compare the theoretical Q; with the data
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FIG. 6. (@) Qj,measured aNd Q; theory Versus temperature at < nyp, > ~ 1
fitted with the theoretical model of TLS and quasiparticle loss. Both plots
are calculated and measured at f, = 5.95 GHz. (b) Theoretical and
measured quasiparticle density of NbN CPW. The inset shows
quasiparticle density at T < T./10.

shown in Fig. 4(a). In this section and Fig. 6(a), we will dif-
ferentiate between the measured and theoretically calculated
internal quality factors, referring to them as Q; measured and
Qi theory, respectively. We will estimate Q; theory Within the
temperature ranges between 0.1 K < 7' < 3 K by calculating
the TLS loss, OtLs, as evaluated in our previous study [22],
as well as the thermal quasiparticle (2) with the below
equation:

1 1 1
= + Q)
Qi, theory (T) Ors(T) qu, theory (T)
where Qgp, Theroy () ' = 8qp, Theory(T') is thermal quasiparti-

cle loss coming from (2). Fig. 6(a) shows Qqp Theory> OTLS>
and Q; Theory(7") coming from (2), and Q; measured adapting
from Fig. 4(a). In Fig. 6(a), there is a deviation between
the QO theory and Q; measured in T° < 1/10. This deviation
suggests the presence of another loss channel coming from
nonequilibrium quasiparticle density.

To elaborate further, we calculated the nonequilibrium
quasiparticle density in the CPWs in the next step. We used
the following equations to determine the nonequilibrium
quasiparticle density based on the measurement results [53]:

1 1
Qi,measured(T) a QTLS(T)

T hw
Ngp,measured (T') ~ 8qp measured (T)NoA(T') E\/ 2A(T) @
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(6)

8qp,measured (T) =

where ngp measured (1') 18 quasiparticle density calculated from
measurement results, Ny ~ 1.86 x 102 (state/ m3eV) is the
density of states at the Fermi level from [47], [54], and «
is the kinetic inductance ratio extracted from our previous
study [22]. In addition, 8gp theory(7) in (2) can be utilized to
extract quasiparticle density based on Mattis—Bardeen theory
with the following equation:

b huw
ap.theory (1) ~ dqp theory MNoAMD T, [ 7557 (®)

Fig. 6(b) illustrates the theoretical and experimental
quasiparticle density in 0.1 K <7 < 3 K. The inset
in Fig. 6(b) experimentally confirms the presence of
nonequilibrium quasiparticle density at temperatures much
lower than 7. In literature, quasiparticle density in the
superconducting film at 7 < T./10 is negligible [55]
because Cooper pair breaking and dissipating heat due
to thermal quasiparticles rarely happen; however, we
observed noticeable quasiparticle density at millikelvin
temperature. In the inset of Fig. 6(b), quasiparticle
density is saturating at 50 um™> at T = 120 mK,
confirming a source of decoherence in quantum circuits at
millikelvin temperature. We conclude that the noticeable
saturation of quasiparticle density leads to a lower internal
quality factor at low temperatures. As shown in Fig. 6(a),
Qi . measured 15 lower than its predicted value. The same behav-
ior has also been shown in other types of superconducting
materials, such as Al and TiN superconducting CPWs [23],
[56], [57]. However, NbN exhibits distinct nonequilibrium
quasiparticle dynamics due to its shorter electron—phonon
relaxation time (t._pp) and higher kinetic inductance
compared to TiN and Al [3], [58], [59]. These properties
make NbN particularly sensitive to quasiparticle-induced
losses and impedance shifts, distinguishing it from
conventional superconductors. Fig. 6(a) and (b) displays
the noticeable nonequilibrium quasiparticle impact on
superconducting film properties, particularly at millikelvin
temperatures, where transmon qubits are measured. This
study provides an experimental investigation into these
effects, contributing to a deeper understanding of loss
mechanisms in high kinetic inductance superconductors.
Future works are needed to distinguish between intrinsic
saturation and external nonequilibrium contributions.

Our microwave loss measurements provide evidence for
quasiparticle saturation in superconducting films at mil-
likelvin. However, to fully validate this phenomenon, com-
plementary techniques, such as tunneling spectroscopy, are
critical [52], [60]. These methods would allow for more
direct measurements of quasiparticle dynamics, helping to
distinguish between intrinsic quasiparticle effects and exter-
nal perturbations coming from cryogenic setups and stray
losses. In particular, understanding whether saturation is fun-
damentally driven by material properties or influenced by
environmental factors, such as stray loss, is crucial for im-
proving the performance of superconducting circuits.

In closing, we want to note that nonequilibrium quasipar-

ticle density can be generated by the interaction between
VOLUME 6, 2025
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electrons and phonons, resulting in the generation and re-
combination of quasiparticles. Indeed, microwave readout
signals from VNA, essential for device operation, can gen-
erate nonequilibrium quasiparticles through photon absorp-
tion [S], [48], [53], [57], [61]. Note that our study could
further extend to analyzing the quasiparticle density in NbN
films fabricated via atomic layer deposition.

V. CONCLUSION

In this study, we performed detailed temperature-dependent
cryogenic microwave spectroscopy of NbN CPW operating
in the single-photon regime. Our results demonstrate that
both TLS and quasiparticle defects contribute to performance
degradation in NbN superconducting resonators. In addition,
we calculated the complex conductivity of NbN films, cap-
turing the dissipative and dispersive effects on the CPW due
to quasiparticle defects. We then presented Q; and f, in re-
sponse to temperature changes. Subsequently, we verified the
effect of thermal and nonequilibrium quasiparticle density on
Q;. Our results show that a noticeable nonequilibrium quasi-
particle density exists at millikelvin temperatures, leading
to decoherence in quantum circuits. These findings deepen
understanding of quasiparticle-induced losses and support
the development of robust superconducting quantum circuits.

APPENDIX

PHOTON NUMBER CALCULATION

We can derive the photon number inside the resonator with
the following equations [62]:

Pin = Purans + Prcficetion + Ploss ©9)
Ploss = Pu(1 — [So1* = [S11 1) (10)
1S21] = Qe 210 + 07 —20110.1) (1)
ISl = 07/1Q.I7 (12)

< gy = 0 x (13)

ha?

where < npp > is the photon number, Py, = Pyna + Pay 18
the input power inside the chip, Pyrans 1S the transmitted power
through the feedline, Py is the source of losses in the chip,
Q) is loaded quality factor, and Q. is coupling quality factor.
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