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Niobium nitride (NbN) is a particularly promising material for quantum technology applications, as
it shows the degree of reproducibility necessary for large-scale superconducting circuits. We demonstrate
that resonators based on NbN thin films present a one-photon internal quality factor above 105 maintaining
a high impedance (larger than 2k�), with a footprint of approximately 50 × 100 µm2 and a Kerr nonlin-
earity of few tenths of a hertz. These quality factors, mostly limited by losses induced by the coupling to
two-level systems, have been maintained for kinetic inductances ranging from tenths to hundreds of pico-
Henry per square. We also demonstrate minimal variations in the performance of the resonators during
multiple cooldowns over more than nine months. Our work proves the versatility of niobium nitride high-
kinetic-inductance resonators, opening perspectives towards the fabrication of compact, high-impedance,
and high-quality multimode circuits, with sizable interactions.
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I. INTRODUCTION

The possibility of tuning the magnitude of the induc-
tance in superconducting circuits is paramount to achieve
the high degree of control and flexibility required for quan-
tum technology [1]. Two platforms have been mostly used
to achieve high values of inductance: arrays of Joseph-
son junctions (JJs) [2–6] or high-kinetic-inductance dis-
ordered thin films [7,8]. JJ devices are characterized by
very low dissipation rates, and for this reason they are
routinely used in circuit quantum electrodynamics (cQED)
[9,10]. Usually, JJ-based circuits still exhibit large non-
linearities. To dilute such nonlinearity suitably for appli-
cations such as quantum-limited parametric amplifiers,
arrays of JJs sacrifice compactness and add fabrication
overhead [11,12].

Kinetic inductance is a promising novel resource for
quantum technology [12–15]. For instance, superconduct-
ing high-kinetic-inductance (high-Lk) thin films have been
used for several cryogenic applications, ranging from
detectors [14,16,17] to amplifiers [15,18] and tunable fil-
ters [19,20]. In dirty superconductor thin films, the induc-
tance depends on the Cooper pairs’ carrier density [7], and
it can be tuned by controlling the chemical composition of
the films during deposition. From a cQED perspective, the
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advantages of high Lk are manifold. Thin films give design-
ers the freedom to operate with low or high impedance: for
instance, when designing coplanar waveguide elements, by
adjusting transmission line widths and gaps, it is possible
to obtain impedance ranging from a few tens of ohms up
to several kilo-ohms.

The ability to achieve high-impedance resonators and
waveguides also leads to a higher range of achievable
capacitive coupling between different circuit elements
[21], as this coupling strength is proportional to the square
root of the impedance of the microwave system. In turn,
this allows the exploration of several regimes of light-
matter interaction, from the strong to more exotic ultra-
strong couplings [22,23]. Given the compact nature of
high-Lk film resonators, thin films can reduce the dimen-
sions of both readout and control apparatus, and facilitate
the realization of many-mode quantum devices [24]. Key
to the success of this technology within a quantum frame-
work is attaining regimes of low internal losses, where long
coherence times can be maintained.

Many disordered superconductors have shown high
kinetic inductance, e.g., NbN [24,25], NbTiN [15,18,26],
and TiN [27], or materials composed of microscopic effec-
tive Josephson arrays such as the emergent granular alu-
minum [28]. Several groups have manufactured weakly
disordered thin films that present considerable quality fac-
tors [27,29]. Consequently, thin films with moderate Lk
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have proved useful for quantum computing tasks [30], in
particular for optical communication [31], quantum key
distribution [32], and quantum teleportation [33].

Large-scale quantum applications will, however, also
require a wide range of Lk tunability and high control and
reproducibility of the superconducting building blocks. In
this work, we demonstrate that we fully control the kinetic
inductance of NbN films (from 30 to 170 pH/�), main-
taining a very high resonator quality in excess of 105 at
low photon number, with a high and reliable degree of
reproducibility. According to the power and temperature
dependence of the internal quality factor and the temper-
ature dependence of the resonator frequency, we attribute
to the saturable two-level systems (TLS) the main limiting
factor to a single-photon lifetime [34]. Furthermore, our
devices show no significant film degradation (ageing) over
the course of different cooldowns nine months apart.

II. DEVICE DESIGN AND FABRICATION

We fabricate planar lumped LC resonators by etch-
ing 13-nm-thick NbN film, with typical impedance Z =√

Lr/Cr of 2 k�, where Lr and Cr are the inductance and
capacitance of the resonator, respectively. The resonators
are designed with inductor widths of 250 and 500 nm. The
inductance contribution of the high-kinetic-inductance film
is at least an order of magnitude larger than the geometric
contribution, i.e., Lr = Lg + Lk ≈ Lk. Indeed, for a 500-nm
microstrip, considering a 525-µm-thick silicon dielectric
(ε = 11.9) to the ground, the geometric inductance per unit
length Lg is roughly 1.8 × 10−12 H/µm. For the same
geometry, considering a sheet kinetic inductance of 30
(170) pH/�, the kinetic inductance per unit length Lk
is 60 × 10−12 (340 × 10−12) H/µm, hence approximately
30 (180) times larger than the geometric inductance. This
leads to a relative contribution of the kinetic inductance
with respect to the total inductance of 96% (99.4%) for the
studied devices.

The fabrication begins with a 2-min dip in a 40% HF
bath to remove the native oxide and possible contami-
nation from the surface of an intrinsic, high-resistivity
(≥ 10 k� cm), 〈100〉-oriented 100-mm Si wafer. There
follows an NbN film bias sputtering [35] at room tempera-
ture in a Kenosistec rf sputtering system. After subsequent
deposition of Ti/Pt alignment markers by an optical liftoff
process and dehydration step at 150◦C for 5 min, 80-nm-
thick CSAR positive electron-beam resist is spin-coated at
4000 rpm on the wafer, and baked at 150◦C for 5 min. With
an electron-beam lithography (Raith EBPG5000+ at 100
keV) step, the devices are patterned on the resist through
development in amyl acetate for 1 min, followed by rinsing
in a solution 9:1 methylisobutylketone:isopropyl alcohol.
The pattern is then transferred to the NbN using CF4/Ar
mixture and reactive ion etching with a power of 15 W
for 5 min. The resist is stripped by means of Microposit

remover 1165 heated at 70◦C. Finally, the wafer is coated
with 1.5 µm AZ ECI 3007 positive photolithography resist
for device protection and diced.

The advantages of bias sputtering [35], i.e., applica-
tion of an rf bias voltage on the substrate, resides in ion
bombardment during the film deposition, which causes a
reduction of the superconducting critical temperature and
grain size, permitting the deposition of a polycrystalline
material. The polycrystallinity improves the superconduc-
tor homogeneity and eases the device realization. The film
behaves as an amorphous material with respect to etching
procedures, and simultaneously maintains the advanta-
geous properties of crystalline superconductors. For exam-
ple, the low electron-phonon interaction time is barely
changed, with important repercussions, such as enhanced
maximum count rate in superconducting single-photon
detectors [35]. To optimize the film properties, we fine-
tune the nitrogen:argon partial pressures in the chamber
across several fabrication runs, with pressure and substrate
bias chosen to give the least roughness in the films. These
steps also improve the reproducibility and yield of the
samples.

III. EXPERIMENTAL SETUP

After the fabrication, we glue the chips on a copper sup-
port with poly(methyl methacrylate) and wire-bond it to
a customized printed circuit board. The copper support is
then mounted on the cold finger installed at the mixing
chamber stage of a BlueFors LD250 dilution refrigerator
at a base temperature of 10 mK; see Fig. 1(a).

In order to test multiple devices in a single cooldown and
to increase the experimental throughput, the devices are
connected in transmission configuration through cryogeni-
cally operating coaxial switches (Radiall, R573 series),
sharing both input and output lines; see Fig. 1(a).

Each sample is composed by seven resonators, capac-
itively coupled to a common 50 � coplanar transmis-
sion line, as in Fig. 1(b). The output line is connected
to two cryogenic insulators (Low Noise Factory, LNF-
ISISC4-8A series) to attenuate thermal noise injection
from the amplifier, and a cryogenic low-noise amplifier
(Low Noise Factory, LNF-LNC4-8C series) operating at
the 4 K stage of the cryostat. Input and output lines are
then connected at room temperature to a Vector Network
Analyzer (Rohde & Schwarz, ZNA26 series) to acquire the
scattering parameters.

The notch (or hanger [36]) configuration of res-
onators has been chosen for a precise estimation of
the internal quality factor of the devices—they self-
calibrate with respect to the transmission baseline—and
this allows frequency multiplexing [36]. Moreover, the
microwave feedline can be probed in dc to estimate the
resistance-temperature characteristic curve and the criti-
cal temperature TC. The latter has been measured with a
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FIG. 1. (a) Schematics for the cryogenic setup. The input lines are attenuated with 60-dB cryogenic attenuators distributed across
the several stages of the cryostat as shown. (b) Scanning electron micrograph of a representative resonator. The hanger resonators are
capacitively coupled to a 50 � microwave feedline, also realized in NbN. Each chip consists of two feedlines, each one coupled to
seven frequency-multiplexed resonators, whose inductor width is either 250 nm or 500 nm.

closed-loop cryostat (PhotonSpot Inc.) with 800 mK base
temperature.

IV. RESULTS

A. NbN film composition, critical temperature, and
kinetic inductance

The kinetic inductance per square Lk of the film can be
expressed as [7]

Lk(T) = R��

π�

1
tanh[�/(2kBT)]

. (1)

Here, R� is the sheet resistance when the film is in the nor-
mal state, T is the superconducting film temperature, and
� is the superconducting band gap, which, according to
Bardeen-Cooper-Schrieffer (BCS) theory, can be approxi-
mated to � � 1.764kBTC for T 	 TC with TC the critical
temperature.

Figure 2 reports TC and Lk(T), both measured and
estimated according to Eq. (1), as functions of the N2
flow during the sputtering deposition. The deposition con-
ditions, critical temperatures, sheet resistance, estimated
kinetic inductance, and critical current density jc of the
thin films are reported in Table I. Increasing the N2 con-
centration in the films causes an increment of impurities
embedded in the films during the sputtering process. At
low N2, we notice a rise in the critical temperature. While
the resistivity also increases, the ratio between these two
in Eq. (1) does not compensate, causing a small drop in
Lk in the proximity of the stoichiometric condition, which
for this deposition setting is found approximately at 2.5

sccm N2 flux. Larger N2 concentration increases the film
disorder, causing a rise of film resistivity and a drop of
critical temperature, both boosting the kinetic inductance.
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FIG. 2. Critical temperature and estimated kinetic inductance
for different NbN recipes. All the films presented are 13.0 ±
0.6 nm thick. With increasing N2 flux, the films show first a sud-
den increase of TC corresponding to stoichiometric conditions,
followed by a decrease caused by the large amount of impurities
in the dirty superconductor. At the same time, the kinetic induc-
tance first slightly drops due to the increase of TC as expected
from Eq. (1), and then rapidly increases due to both R� and
TC contributions. The kinetic inductance was estimated both by
BCS theory (LBCS

k ) and by fitting the resonant frequency of the
resonators with Sonnet (Lr

k); see Appendix A.
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TABLE I. Measured and estimated main parameters of the deposited superconducting thin films. The kinetic inductivity of the films
is estimated according to the procedure presented in Appendix A.

Ar/N2 TC R�(Troom) Resistivity, ρ RRR = Lk,0 jc
(sccm) (K) (�/�) (µ� cm) R(10 K)/R(Troom) (pH/�) (A/cm2)

80/0.5 5.0 106 137.8 · · · 34.5 · · ·
80/1 5.2 122 158.6 1.481 38.2 1.23 × 106

80/2 7.3 151 196.3 1.526 34.9 1.36 × 106

80/3 7.5 196 254.8 1.119 44.4 1.66 × 106

80/4 6.5 225 292.5 1.631 52.5 1.51 × 106

80/5 6.0 267 347.1 1.191 57.2 1.21 × 106

80/6 5.8 310 403.0 1.152 76.8 1.05 × 106

80/7 5.6 362 470.6 1.712 91.3 · · ·
80/8 4.2 518 673.4 1.544 173.3 · · ·

B. Internal quality factor and Kerr nonlinearity

We model each cavity as a Kerr nonlinear resonator,
described by the Hamiltonian

H = �ω0a†a + �
K
2

(a†a)2, (2)

where â (â†) is the bosonic creation (annihilation) operator,
ω0 is the resonant frequency of the cavity, and K is the Kerr
nonlinearity. These devices are also characterized by pho-
ton loss events, whose rate is given by (κ + γ ), with κ the
external coupling and γ the internal losses. The resonator
is driven at a frequency ωd of intensity Pin.

For our devices, we measure the transmitted power S21
of the resonator hanging to the feedline. To extract the
parameters of a Kerr resonator in hanger configuration, we
use input-output theory [37], and obtain

S21 = 1 − κ

κ + γ

eiφ

cos φ

1
1 + 2i(δ − ξn)

. (3)

Here the interdependent variables φ, δ, and ξ depend on
K , κ , γ , ω0, the drive frequency ωd, the photon number
n, and other internal parameters of the resonator that can
be independently measured, as detailed in Appendix C. As
will be detailed later, the internal dissipation rate γ has a
nontrivial power dependence. Hence, we perform power
scans of the devices to be able to estimate the total loss
rate (κ + γ ) with respect to the average number of pho-
tons in the resonator 〈nph〉. We first estimate the resonator
frequency ω0, as it corresponds to the dip in frequency of
S21 in the low-power regime. Then, to retrieve κ , γ , and
K , we use a global fit routine at all powers, to increase the
accuracy of the extrapolated values. In the linear regime
at low power, we also benchmark our results for κ and γ

using the Python package by Probst et al. [38], finding no
significant discrepancies with respect to our routine.

In order to precisely estimate the internal quality fac-
tor and reduce fitting uncertainty, it is more convenient to
approach a critical coupling condition κ ≈ γ , where the

internal quality factor approximately matches the external
coupling [36]. As the internal quality factor is not known
a priori, we take full advantage of the notch configuration
to engineer multiple couplings κ for devices on the same
chip. Fourteen hanger resonators are fabricated for each
film, seven with an inductor width of 250 nm and seven
with an inductor width of 500 nm. In Fig. 3 we present the
measured and fitted transmitted power S21 using Eq. (3)
through the feedline for one of the critically coupled res-
onators as a function of the probe frequency and for several
input powers.

Figure 4(a) reports the extracted quality factors of the
105 tested resonators in the linear regime (for Kerr-induced
frequency shift much smaller than the resonator linewidth).
The data points represent the averaged internal quality
factor estimated for the seven resonators with different cou-
plings κ to the feedline; see Fig. 7(a) for the plot of the
extracted Qi for all the measured resonators. The error bars
represent the standard deviation between the internal qual-
ity factor of the different devices. We also include in the
error bar the uncertainty deriving from the global fit of each
resonator, although we notice that they are negligible with
respect to the parameter spreading due to fabrication.

To quantify the self-Kerr nonlinearity K , we reach
regimes of large photon numbers, where the effect of the
nonlinearity is comparable to the resonator linewidth. In
Fig. 4(b), we report the measured K of the critically cou-
pled tested resonators (κ ≈ γ ) for each film and width. The
data for the resonators with 500-nm-wide (250 nm-wide)
inductors are shown with triangles (circles). The self-Kerr
nonlinearity increases with Lk, with a clear offset between
the two inductor widths, as also reported in Ref. [25]. This
is in agreement with the relation

K ∝ Lk,0ω
2
0

(jcwt)nfr
, (4)

obtained by replacing Ic = jcwt in the Kerr equation [see
Appendix C, Eq. (C8)], where jc is the critical current den-
sity of the thin film, and w and t, respectively, are the width
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FIG. 3. Scattering parameter S21 for a representative resonator. (a) Complex-plane representation of S21 for seven different input
powers. (b) Magnitude and (c) phase response as functions of the probe frequency of the same dataset presented in panel (a). Circles
represent data points, while solid lines are the fitted functions according to Eq. (3).

and thickness of the inductor wire of the resonators. From
this equation, we notice that the difference in width of the
nanowire inductors clearly affects the value of K .

To highlight the dependencies of the self-Kerr nonlin-
earity K on both kinetic inductance and inductor width, we
plot |K |/ω2

0 in Fig. 7(b).

C. Origin of the internal dissipation

All devices, except those with the highest Lk, show Qi
around 105 in the single-photon regime. For the devices

with the largest Lk = 170 pH/�, we argue that the nitro-
gen concentration of the film is approaching the limit-
ing value of the superconductor–normal-metal transition
(SNT), as observed for NbTiN in Ref. [39]. This argu-
ment is corroborated by the observation that the resonators
with 250-nm-wide inductors did not exhibit any supercon-
ducting transition while reaching base temperature, while
the w = 500 nm devices show a lower internal quality fac-
tor in the range of 104 in the single-photon regime. These
170 pH/� resonators, however, present Qi in excess of 105

at a thousand-photon number, in line with the other films,
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panels, error bars represent the distribution of the Qi and K fitted according to Eq. (3) for the 14 devices (see also Fig. 7).
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suggesting that the dissipation can be mainly attributed to
a two-level system (TLS) hosted in highly disordered films
[36,40]. While the TLS nature is still unclear, it is believed
to be related to atoms tunneling between two sites of a
disordered solid [41–43].

In order to describe the various mechanisms contribut-
ing to the internal quality factor as a function of input
power, we write [24,34,44]

1
Qi

= δ0 + Fδ0
TLS

tanh[�ω0/(2kBT)]
(1 + 〈nph〉 /nc)β

+ α

π

√
2�

hfr

nqp(T)

ns(0)�
.

(5)

In this equation, δ0 is the residual loss rate of the resonator,
i.e., the sum of the other loss contributions that are not
described by the TLS nor the quasiparticle loss models.

The second contribution is due to TLS, which, accord-
ing to the TLS model [43], generates a power- and
temperature-dependent resonator loss. Here, F is defined
as the filling factor (the ratio between the electric field
threading the TLS and the total electric field), nc is the
characteristic photon number of TLS saturation, and δ0

TLS
is the intrinsic TLS loss. While it is known that different
interfaces (between metal, substrate, and air) host TLSs

[45,46], our measurements do not resolve these different
loss channels, and we concentrate on a common TLS bath.

The third contribution is due to quasiparticles, where α

is the ratio between kinetic and total inductance, nqp(T) =
ns(0)

√
2πkBT� e−�/kBT is the temperature-dependent

population of quasiparticles [47], and ns(0) is the Cooper
pairs’ zero energy density of states. We assumed α to be
1, as the kinetic inductance contribution to the resonant
frequency largely dominates the geometric inductance.

Figure 5 reports the measured quality factor for rep-
resentative resonators of different films, close to critical
coupling conditions, κ ≈ γ , as a function of the photon
number. We then fit the model in Eq. (5), and we find that
the TLS contribution dominates the internal quality factor.
We report the values of Fδ0

TLS and nc obtained from the fits
in Table II. Comparing them to what was previously found
in Refs. [24,34], we find similar fitting values for the expo-
nent β, close to 0.2 for all the tested devices. However, as
reported in Fig. 5, the quality factors of the resonators start
to improve after being populated with 50 photons on aver-
age (compare this number with the critical photon number
nc reported in Table II). This value appears to be much
larger than the one that can be inferred in similar NbN films
from Ref. [24], which we attribute to a discrepancy in the
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FIG. 5. Internal quality factors Qi as a function of photon number for NbN compact resonators realized on different films. Charac-
teristic power-quality relations for devices made of films with increasing N2 flow rate during deposition, namely from (a) 1 sccm to (f)
6 sccm. We performed power scans of critically coupled resonators of several film compositions to estimate the TLS fitting parameters
according to Eq. (5). Blue (red) data points and fitting functions represent Qi measured right after (nine months after) film deposition.
The results suggest a clear dominance of TLS as the main dissipation mechanism, as well as a more pronounced ageing effect for NbN
films with lower N2 concentration, in panels (a) and (b).
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TABLE II. Main parameters of the superconducting devices for the films presented in Table I. For each film composition and
resonator inductor width, the table reports only the values of the devices closest to critically coupled conditions (κ ≈ γ ).

Device design Device properties

Width ω0/2π κ/2π γ/2π K/2π Fδ0
TLS nc �fage

ID (nm) (GHz) (kHz) (kHz) (Hz) (×10−5) (MHz)

801-500 500 5.58 86.95 57.52 −2.40 1.02 ± 0.16 34.14 ± 12.97 3.42
801-250 250 4.95 112.87 68.00 −19.58 1.40 ± 0.05 9.69 ± 4.35 · · ·
802-500 500 5.87 74.51 61.77 −3.05 1.00 ± 0.03 47.07 ± 11.08 3.78
802-250 250 5.17 40.59 66.21 −5.56 1.22 ± 0.27 42.84 ± 48.82 · · ·
803-500 500 5.95 91.88 95.96 −4.17 1.83 ± 0.12 1.74 ± 1.58 4.83
803-250 250 5.15 50.42 66.66 −11.50 1.31 ± 0.07 44.38 ± 16.56 · · ·
804-500 500 5.49 123.21 95.31 −7.13 1.69 ± 0.20 77.03 ± 34.87 4.00
804-250 250 4.74 45.52 90.26 −9.59 1.88 ± 0.094 64.42 ± 22.21 · · ·
805-500 500 5.72 105.78 91.09 −5.77 1.53 ± 0.15 47.82 ± 29.05 3.76
805-250 250 5.06 59.69 73.91 −13.94 1.41 ± 0.07 51.64 ± 14.33 · · ·
806-500 500 4.93 76.049 111.30 −5.17 2.16 ± 0.17 48.56 ± 18.93 3.28
806-250 250 4.37 64.83 132.39 −14.88 2.84 ± 0.19 22.71 ± 12.56 · · ·
807-500 500 6.47 64.81 42.17 −18.46 0.67 ± 0.05 94.46 ± 50.58 · · ·
807-250 250 6.59 49.06 62.92 −82.39 1.43 ± 0.63 2.23 ± 4.27 · · ·
808-500 500 3.34 45.63 233.55 −6.23 6.72 ± 0.29 30.84 ± 12.42 · · ·

photon-number expressions: see Eq. (C5), in comparison
to Ref. [48].

To further show the dominance of TLS, we investigated
the resonator’s quality factor evolution at different oper-
ating temperatures. The cryostat was slowly warmed up
from a base temperature of 15 mK to a temperature of
almost 1 K in a controlled way, and the resonator spectrum
was acquired at 〈nph〉 ≈ 50. The evolution of the extracted
internal quality factor Qi and resonator resonant frequency
ω0 are reported in Fig. 6(a).

In addition, we characterize the TLS and quasiparticle
contributions using the frequency shift of the resonators

at different temperatures [see Fig. 6(b)]. Indeed, we have
that [34]

�f
fr

= Fδ0
TLS

π

(
Re

{
�

(
1
2

+ hfr
2iπkBT

)}
− ln

hfr
2πkBT

)

− α
�Lk

Lk
, (6)

where � is the digamma function [44], �Lk/Lk is the
kinetic inductance change, Lk(T) = μ0λ

2(T)(l/wd), and
λ(T) is the temperature-dependent London penetration
depth.
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FIG. 6. (a) Temperature dependence of internal quality factor Qi for device 803-500 (see Table II). Inset (b) shows a wider view of
panel (a) for Qi between 105 and 1010, reported to highlight the expected evolution of the quasiparticle contribution to losses. Dashed
red (yellow) lines represent the model of the contribution of quasiparticle (TLS) losses according to Eqs. (5) and (6), respectively. (c)
Resonant frequency shift �f extracted from the same resonator as analyzed in panel (a). The validity of the quasiparticle and TLS
parameters extracted from Eq. (5) is confirmed by agreement with the resonant frequency shift �f predicted by Eq. (6).
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We assume that the film behaves as a superconductor in
the dirty limit. As such, we have

�Lk

Lk
= λ2(T) − λ2(0)

λ2(0)
∝

(
kBT
�

)4

, (7)

given that [λ(T)/λ(0) − 1] ∝ (T/TC)2 [49–51] for T ≤
0.4 TC. Confirming this hypothesis would require conduct-
ing magnetic-field measurements to assess the disorder of
the films, as demonstrated in the work by Chockalingam
et al. [52], which falls beyond the scope of our current
study. Nevertheless, our experimental data exhibit remark-
able agreement with this hypothesis, as illustrated by the
yellow line in Fig. 6(c). The dirty-limit assumption is fur-
ther justified by the discrepancy of the data with respect to
BCS theory [53], implying

�Lk

Lk
= λ2(T) − λ2(0)

λ2(0)
∝

√
2π�(0)

T
exp

(−�

T

)
. (8)

As shown by the red line in Fig. 6(c), such an assumption
does not reproduce the experimental data.

From the two fits of Eqs. (5) and (6) reported in Fig. 6,
we extracted a thin-film critical temperature TC of 7.4
K, and TLS contribution Fδ0

TLS of 1.8 × 10−5, both in
accordance with the previously obtained results reported
in Figs. 2 and 5. We notice that for higher tempera-
ture the internal quality factor increases due to the sat-
uration of TLS fluctuators, and then it starts dropping
due to the losses caused by the quasiparticle population.
Because of the large TC of the characterized film (TC ≈
7.5 K), this effect becomes dominant only at a tempera-
ture higher than 700 mK, i.e., at roughly 10% of TC. The
role played by TLS and quasiparticles is also confirmed
by the temperature evolution of the resonator frequency

shift �f [see Fig. 6(c)]. Below 400 mK, �f is caused
solely by TLS fluctuators, while at larger temperatures, the
quasiparticle-induced shift dominates.

D. Ageing characterization

Finally, to address the problem of thin films ageing, in
particular the effect of the niobium oxide native layer on
the internal quality factor [54–56], the devices were tested
after nine months from the initial measurements, and in
the same exact configuration. The devices were kept wire-
bonded to the printed circuit boards and were stored in
a pure N2 atmosphere inside a Cleatech desiccator, with
constant flow of N2 of 30 sccm to ensure continuous purg-
ing. The temperature of the cabinet was kept between
21 and 23◦C, with a relative humidity below 22%. We
observed a systematic frequency shift dip of about �fage
ranging between 3 and 5 MHz (see Table II) towards lower
frequency for all the measured resonators. In Fig. 5 are col-
lected the power scans of the internal quality factors of the
tested resonators, with respect to average number of pho-
tons, measured right after fabrication (in blue) and after
nine months (in red). While, for the low-Lk devices, the
quality factor dropped slightly due to ageing, for larger Lk
films, this effect is less pronounced, with the internal qual-
ity factor remaining almost unchanged after nine months.
All the resonators remain, however, dominated by cou-
pling to TLS, with internal quality factors at large number
of photons in excess of 105.

V. DISCUSSION AND CONCLUSION

We have demonstrated high-internal-quality-factor
(Qi > 105), high-kinetic-inductance superconducting res-
onators operating in the single-photon regime based on
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(b) Plot of self-Kerr nonlinearity K normalized with respect to ω2

0 to highlight the qualitative linear dependence on kinetic inductance.
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NbN thin-film superconductors. The NbN was bias sput-
tered to increase kinetic inductance and device yield due
to its polycrystalline nature, at the expense of a reduced
critical temperature.

Both stoichiometric and nonstoichiometric NbN films
were deposited by varying the pressure conditions during
deposition. After characterizing the deposition rates, films
of equal thickness ∼ 13 nm were sputtered. We fabricated
and characterized 105 compact LC resonators multiplexed
in hanger configuration and with kinetic inductance rang-
ing from 30 to 170 pH/�, as shown in Fig. 7(a). While
for low photon number the internal quality factor presents
a slight dependence on kinetic inductance, at high pho-
ton numbers the resonator quality factors exceed 5 × 105,
suggesting a clear TLS-induced loss mechanism.

By fitting the high-power scattering parameter of the
resonators, we also estimate the self-Kerr nonlinearity K
for the different tested films. Qualitatively, as depicted in
Fig. 7(b), we notice a similar trend as in Ref. [25], sug-
gesting a possible linear dependence of K with respect to
Lk, as expected from theory. The self-Kerr nonlinearity K ,
being below 100 Hz, is about four orders of magnitude
lower than that of resonators made with Josephson junction
arrays [57].

In conclusion, due to the increase of quality factor of at
least a factor of 3 times for high power traces, the results
show a clear dominance of TLS-induced losses across the
board, with lower-kinetic-inductance films having larger
internal quality factors, lower self-Kerr nonlinearity, and
less robustness with respect to ageing effects. Overall,
the study shows the possibility to trade off internal qual-
ity factor at low photon number with kinetic inductivity.
This flexibility makes the technology particularly appeal-
ing for those applications relying on low nonlinearity and

high quality factor at large average photon number, such
as parametric amplifiers, readout resonators, and photon
detectors.
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APPENDIX A: ESTIMATION OF KINETIC
INDUCTANCE

The kinetic inductance of the films was estimated both
using classical BCS theory and via Sonnet simulations, by
simulating the resonant frequency of the tested chips and
comparing it to the measured value at low photon number.

For the BCS theory estimation, the sheet resistance of
the thin films R� was obtained by four-probe measure-
ments at room temperature using a sheet resistance mea-
surement system (CMT-SR2000N, Advanced Instrument
Technology). We perform this measurement right after
the deposition and before device processing (e.g., spin-
coating, patterning, etching). For the critical temperature
estimation, see Appendix B.
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FIG. 8. (a) Sonnet simulation setup. The NbN layer was modeled as a perfect conductor with variable sheet inductance Ls. (b)
Interpolated kinetic inductivity versus resonant frequency curve for the three simulated resonators. Measuring the resonant frequency
of each of the three simulated devices, it is possible to extract the kinetic inductivity of the superconducting film as the average of the
three Ls values.
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For the kinetic inductance estimation using Sonnet, we
used the measured resonant frequencies of the resonators.
The chip designs were slightly different for the various
films, to have the resonant frequencies of the devices in
the same frequency range, and to ensure low reflections by
matching as much as possible the microwave feedline to a
50-� impedance line. We used five designs overall.

For each design, we simulated three resonators with
Sonnet to estimate their resonant frequency at three dif-
ferent sheet kinetic inductivity values Ls; see Fig. 8(a).
Given that the resonator capacitance remains constant, the
resonant frequency should follow a ω0 ∝ 1/

√
Lk depen-

dence. By plotting the hyperbola passing through these
three points, as shown in Fig. 8(b), it is possible, by mea-
suring at low photon number the resonant frequency of
the resonator under test ω0/2π , to estimate the kinetic
inductance of the film. To increase the robustness of such
a method, we average the obtained Lk for the three res-
onators (see Fig. 8), allowing us to reduce even further the
uncertainty associated with the kinetic inductivity of the
films.

APPENDIX B: CRITICAL TEMPERATURE
ESTIMATION

The critical temperature was estimated by probing the
microwave feedline of the devices in dc. The feedline
was connected using filtered lines on each end (one BLP-
23+ and one BLP-50+, MiniCircuits) and then probed
using a source and measurement unit (SMU; Source Meter
Unit 2604B, Keithley). The SMU measured the microwave
feedline resistance by applying a current of 500 nA every 5
s and with a duty cycle of 4%. The reason for such a small

current flow and pulsed measurement is multiple: On the
one hand, the current should not warm up the device when
in normal metal state, causing an offset in the measure-
ment of TC. On the other hand, the current should not be
comparable to the critical current of the transmission line,
causing a transition of the superconducting state due to the
temperature-dependent depairing current relation. For all
the microwave feedlines, we measured a critical current in
the range of 1–5 mA at 800 mK, hence far enough from
the used 500 nA.

For all the different films, the critical temperature TC is
estimated as the temperature value at which the NbN film
resistance is 50% of the resistance of the film at 10 K. The
films’ critical temperatures are collected both in Fig. 2 and
in Table I. Figure 9 shows the different superconducting-
metal transitions for different film compositions.

APPENDIX C: DERIVATION OF EQUATIONS

The transmission spectra from the main feedline were
measured at different input powers. The nonlinear effects
of the kinetic inductance of the film produces an effective
Kerr behavior of the resonators (see Fig. 3).

The nonlinear Kerr Hamiltonian for superconducting
resonators can be written as [25]

H = �ω0a†a + �
K
2

(a†a)2, (C1)

where K ∝ �Lω2
0 is the Kerr nonlinearity, �L is the induc-

tance change, and ω0 is the fundamental resonator fre-
quency. Following the same formalism as in Ref. [25,37]
using input-output theory leads to the scattering parameter
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FIG. 9. (a) Sheet resistance versus temperature characteristic for a sample film. From the curve it is possible to estimate the residual
resistivity ratio (RRR), defined as the ratio of the resistance of the film at low temperature before the superconducting transition and
at room temperature, i.e., R(10 K)/R(Troom). The RRR values are reported in Table I for the different films. (b) Resistance versus
temperature curve at the superconducting-metal transition for the various thin films. Increasing N2 concentration causes the transition
to broaden. The resistance change is nondimensionalized for all films with their value at T = 10 K, in accordance with the estimation
of RRR
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for hanger resonators of

S21 = 1 − κ

κ + γ

eiφ

cos φ

1
1 + 2i(δ − ξn)

, (C2)

with

δ ≡ ωd − ω0

κ + γ
, ξ ≡ |α̃in|2K

κ + γ
, n ≡ |α|2

|α̃in|2 . (C3)

In the above, α̃in ≡ √
καin/(κ + γ ); κ ≡ ω0/Qc is the

coupling to the feedline; γ ≡ ω0/Qi is the internal res-
onator loss; φ is a parameter used to take into account
impedance mismatch between the feedline and the res-
onator, also called the φ rotation method (φRM) [43]; and
n is calculated as the solution of the equation

1
2

=
(

δ2 + 1
4

)
n − 2δξn2 + ξ 2n3. (C4)

Cryogenic attenuated input lines were calibrated at base
temperature and an extra contribution of −8 dB was esti-
mated from the coaxial lines, for a total attenuation of
−68 dB. Nonlinear effects described herein have been ana-
lyzed from the assumption that the input power is known
within an error of ±2 dB. The average photon number
〈nph〉 = |α̃in|2 in the resonator,

|α̃in|2 = κ

(κ + γ )2

Pin

�ω0
, (C5)

together with Eq. (C5), allows one to estimate the Kerr
nonlinearity K from the fitting function parameters ξ and
n:

K = ξ
(κ + γ )

|α̃in|2 . (C6)

Using the generalized relation of current dependence of
kinetic inductance derived in Ref. [58], in the limit for
small I/Ic, we obtain

Lk = Lk,0(1 − (I/Ic)
nfr)−1/nfr

≈ Lk,0

(
1 + 1

nfr

(
I
Ic

)nfr
)

. (C7)

Substituting Eq. (C7) in the relation for the Kerr nonlinear-
ity gives

K ∝ �Lω2
0 ∝ Lk,0ω

2
0

I nfr
c

, (C8)

where Lk,0 is the kinetic inductance of the superconducting
film at zero bias current, nfr = 2.21 is the exponential of
the fast relaxation limit function defined in Ref. [58], and

I is the bias current, which is proportional to the pump
power Pin. In order to compare the nonlinearity of the
tested devices, we have measured the critical current of
the coupling feedline so to have an estimate of the critical
current Ic.
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