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ABSTRACT

We examine the DC and radio frequency (RF) response of superconducting transmission line resonators comprised of very thin NbTiN
films, <12 nm in thickness, in the high-temperature limit, where the photon energy is less than the thermal energy. The resonant frequencies
of these superconducting resonators show a significant nonlinear response as a function of RF input power, which can approach a frequency
shift of Df ¼ "0:15% in a "20 dB span in the thinnest film. The strong nonlinear response allows these very thin film resonators to serve as
high kinetic inductance parametric amplifiers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100961

Superconducting transmission line microwave resonators are
integral components in quantum circuits for computing and sensing
applications and research on resonators can provide crucial informa-
tion regarding energy loss mechanisms in superconducting circuits.1–3

Resonators can serve a variety of purposes, such as for circuit quantum
electrodynamics studies, as parametric amplifiers, microwave kinetic
inductance detectors, current sensors, and stepped impedance band-
pass filters.4–11 A key element to their physical properties is their non-
linear kinetic inductance which manifests itself as a Kerr-like
nonlinearity to an applied current. To the lowest order approximation,
the kinetic inductance of a superconducting strip is expressed as
Lk Ið Þ % Lkð0Þ½1þ ð II(Þ

2), where I is the current through a supercon-
ducting strip and I( is on the order of the critical current.11 The first
term, Lkð0Þ, is simply the kinetic inductance of the Cooper pairs.
The second term, Lkð0Þ½ð II(Þ

2), describes the nonlinear response to
an applied current. This is essential for a resonator to serve as a
parametric amplifier and has also been utilized in superconducting
resonators for frequency combs and period-tripling subharmonic
generation.12,13

Recent work has focused on newmethods for growth and charac-
terization of superconducting thin films and the characterization of
the quality factors and loss mechanisms of coplanar waveguide

resonators comprised of Al, Nb, Re, NbN, TiN, and NbTiN supercon-
ducting thin films.14–29 The studies of the quality factors and loss
mechanisms in superconducting resonators were primarily focused on
methods to improve the coherence times of superconducting qubits
often, but not exclusively, in the low-temperature, single-photon limit.
NbTiN superconducting films are advantageous over other material
systems, since they are easily deposited by DC sputtering at room tem-
perature onto Si substrates, possess uniform properties across large
substrates, and exhibit a high kinetic inductance.30–33

The high kinetic inductance allows for high-characteristic imped-
ance (Zc * 50X) superconducting resonators, ideal for coupling reso-
nator photons to systems with small electric dipole moments such as
spins in quantum dots.32,33 NbTiN superconducting films are interest-
ing in their fundamental superconducting properties, for instance,
their deviation from a Bardeen–Cooper–Schrieffer theory in terms of
their electromagnetic response of strongly disordered films and
for studies of the superconductor–insulator transition.34–36 Taken
together, these attributes make NbTiN a favorable material system for
superconducting resonator-based parametric amplifiers. Although
other superconducting films, such as granular aluminum films, have a
larger kinetic inductance (+1" 2 nH

sq:) as compared with NbTiN
films, films of granular aluminum have a lower Tc + 2:25–2:6K.37
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The NbTiN films in this study have the combined advantage of a larger
Tc as compared to granular aluminum and a higher kinetic inductance
compared to previous reported kinetic inductance values on NbTiN
superconducting films.32,33 Both attributes are essential for high temper-
ature operation of a parametric amplifier where heat dissipation and
cooling are not an issue. Finally, the resonators are simple to model and
are easy to fabricate as compared to Josephson-junction-based paramet-
ric amplifiers, albeit without in situmagnetic field tunability.38–40

In this paper, we present a study of the resonant frequency
response of a set of five quarter-wave (k=4) NbTiN superconducting
transmission line resonators in the very thin film limit, where the film
thickness t is below 12 nm. We focus on the high-temperature limit
hf +4:8GHzð Þ < kBT ð+31GHzÞ, where h is the Planck constant, f
is the microwave frequency, kB is the Boltzmann constant, and T is
the temperature. We find that upon decreasing the thickness to
3:36 nm, the kinetic inductance of the films increases to %0:4 nH

sq: :

Additionally, we find that in the thinnest film, the resonators exhibit
an easily measurable bifurcation of the resonance curve at a moderate
radio frequency (RF) input power which we attribute to nonlinearity
associated with their high kinetic inductance. The resonators’ high
kinetic inductance, strong nonlinear RF response, and high tempera-
ture operation regime make them ideal candidates for resonator-based
parametric amplifiers.

We used DC magnetron sputtering to deposit all the NbTiN
films used in this study on blank 4-in. Si wafers with a 1lm thermal
oxide cap and varied the deposition time to achieve the desired
film thickness. We sputtered our films using a Kurt J. Lesker Physical
Vapor Deposition system, which had a typical base pressure of
+2, 10"7 Torr, from a Nb0.67Ti0.33 target. The deposition parameters
are as follows: deposition pressure of 6 mTorr, Ar carrier gas with
2.2% N2, and DC deposition power of 100W. In Fig. 1(a), we display
the NbTiN film thickness, as measured by x-ray reflectometry, vs

deposition time. See the supplementary material for x-ray reflectome-
try measurements. We find that the film thickness, t, 3 nm < t
< 12 nm, depends linearly on the deposition time. The fine control of
the film thickness allowed us to tune the superconducting and normal
state properties within the film set, as shown in Figs. 1(b)–1(d).

To understand the electrical transport properties of these films,
we fabricated Hall bars from these films. See the supplementary mate-
rial for the fabrication details. In Fig. 1(b), we show the sheet resistance
(Rs) vs temperature, of each one of the Hall bars in zero applied mag-
netic field, as measured in a Quantum Design Physical Property
Measurement System, down to T ¼ 2K with a DC excitation - 1 lA.
A DC excitation of 1lA was a sufficiently low current density for all
the films such that the superconducting transitions were not broad-
ened. Each film exhibited a superconducting transition upon decreas-
ing the temperature, where we define the superconducting critical
temperature (TcÞ at zero resistance below a noise level of +0:2 mX

sq: :

Furthermore, as seen in Fig. 1(c), Tc scales linearly with the inverse of
t which has also been observed in superconducting thin films of Nb,
Pb, Bi, and MoC.41–43 This behavior is attributed to the modified
Ginzburg–Landau surface boundary conditions of the superconduct-
ing order parameter in the thin film geometry.44

In Fig. 1(d), we show the surface kinetic inductance (Ls) as a
function of t as inferred from the transport properties in Fig. 1(b). For
a superconducting slab in the local limit, where j ¼ klocal;0

n0
* 1 and

t . klocal;0, where klocal;0 is the local limit penetration depth and n0 is
the Ginzburg–Landau coherence length at zero temperature, one can
show via Mattis–Bardeen theory that Ls % !hRs

pD0
.8,11 Here, Rs is the nor-

mal state sheet resistance, measured at T ¼ 15K for our films, and
D0 ¼ 1:764kBTc. We estimate klocal;0 from the expression

klocal;0 % 105 nm,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qN
1lX"cm

1K
Tc

q
¼

ffiffiffiffiffiffiffiffiffi
!hqN

pl0D0

q
, where qN is the normal

state resistivity at T ¼ 15K.8,11 We find 400 nm - klocal;0 - 1:04 lm
for our films. See the supplementary material for the values. Therefore,
t . klocal;0, and thus, our estimate Ls is reasonable. For the
t ¼ 3:36 nm film, Ls ¼ 0:4036 0:005 nH

sq: and is nearly 24, larger than
for the t ¼ 11:72 nm film. This is greater than the recently reported value
Ls ¼ 0:115 nH

sq: for NbyTi1"yN films used for high-kinetic inductance
superconducting resonators where the film thickness t ¼ 5" 7 nm:33

From each NbTiN superconducting film, we fabricated a set of
five k=4 coplanar waveguide (CPW) transmission line superconduct-
ing resonators capacitively coupled to a central feed line. The other
end of the k=4 resonator is shorted to a ground plane which surrounds
the five resonators and the center feedline CPW. A top-down view of
the layout of the resonators is shown in Fig. 2(c) with a measurement
schematic. The fabrication details and an enlarged view of the resona-
tor layout are included the supplementary material. Each of the five
resonators (R1–R5) was designed with a geometric resonance fre-
quency (fg) to be in the range of 4–5GHz and to be capacitively cou-
pled to a center Z ¼ 50X feedline CPW. We designed fg given
fg ¼ vp=4l , where vp ¼ 0:3956c is the phase velocity, c is the speed of
light, and l is the length of the resonator, and tuned fg by varying l.4

Specifically, we designed R1–R5 to have a decreasing fg from fg;R1
¼ 5:18GHz to fg;R5 ¼ 4:045GHz.

We modeled the characteristic geometric impedance ðZgÞ of our
resonators using the line calculator option of Quite Universal Circuit

FIG. 1. (a) The thickness (t) of the NbTiN films studied in this work measured by
x-ray reflectometry as a function of deposition time. (b) Sheet resistance (Rs) vs
temperature (T ) indicating a transition from a metallic normal state to the supercon-
ducting state at Tc . (c) Superconducting critical temperature (Tc) plotted against the
inverse of thickness (t"1). (d) Surface kinetic inductance (Ls), measured by DC
transport, and an RF measurement of the kinetic inductance per square (Lksq:) as a
function of thickness (t), showing an order-of-magnitude increase as a function of
decreasing thickness.
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Simulator (QUCS).45 Zg of a transmission line resonator is given by

Zg ¼
ffiffiffiffiffi
Lg;l
Cl

q
, where Lg;l ¼ l0

4
Kðk00Þ
Kðk0Þ and Cl ¼ 4!0!eff

Kðk0Þ
Kðk00Þ

are the geomet-

ric inductance and capacitance per unit length of the transmission line
resonator, l0 ¼ 4p, 10"7 H

m, !0 ¼ 8:854, 10"12 F
m, and !eff is the

effective dielectric constant of the substrate.4,46 KðkÞ is the complete
elliptic integral of the first kind with k0 ¼ w

wþ2s and k00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1" k20

p
,

where w is the width of the center conductor and s is the width of the
gap.4,46 The dimensions and design parameters for R1–R5 are
included in the supplementary material. R1 has the widest center con-
ductor width (w ¼ 10 lm), while R5 has the narrowest (w ¼ 1lm).
At a fixed thickness, the design intention was to have R5 be most sen-
sitive to an applied current.

We measured the transmission through the CPW, S21, as a func-
tion of frequency with a HP 8753D network analyzer (NWA) with a
measurement bandwidth of 30 kHz–6GHz. All frequency scans were
conducted with a positive frequency sweep direction. All measure-
ments were carried out in a pumped helium closed cycle refrigerator
with a base temperature of T ¼ 1:49K, well below Tc of the films, as
seen in Fig. 1(c). The RF input power ðPinÞ was measured at the NWA
with no added attenuators. At room temperature, the stainless-steel
coax lines connecting the top of the refrigerator to the resonator die
exhibited 16 dB of loss at 2GHz and 20 dB of loss at 4 GHz. This pro-
vided sufficient thermal isolation at the resonator die at T ¼ 1:49K.
Multiple resonances appear as dips in S21j j as seen over a large band-
width in Fig. 2(b). These resonances are well separated from one
another in frequency space and are, thus, easily distinguishable over
wideband scans. Over a narrow bandwidth and with decreasing Pin,
we typically measured a sharp resonance as seen in Fig. 3(a). Taken
in aggregate, the resonators have a total quality factor, 1000 < Q
< 30 000, withQ increasing for decreasing resonator center conductor
width. The coupling quality factor, Qc, controls the width dependence
as smaller width resonators have lower fr and higher Qc since scales as

Qc + 1
f 2r
for a transmission line.47 The internal quality factors, Qi, in

the t ¼ 3:36 nm film are Qi > 1900 and are subsequentially larger in
the thicker films whereQi > 16 000 for the t ¼ 11:72 nm film.

As seen in Fig. 2(a), we observe a decrease in the measured
resonant frequency (fr) through R1–R5 as a function of decreasing
film thickness. Taken in aggregate from Fig. 2(a), there is an
overall average decrease in resonant frequency by a factor of + 3
between t ¼ 11:72 nm and t ¼ 3:36 nm. This is simply due to the
overall increase in Lkð0Þ as a function of decreasing thickness, as cor-
roborated in our transport measurements shown in Fig. 1(d). With
this in mind, we could easily shrink wavelength dependent dimensions
of the resonator, the length l, by a factor of + 3, to achieve fr in the
range of 1" 5GHz.

Additionally, the kinetic inductance fraction, defined as
a ¼ Lk

LkþLg , where Lg is the geometric inductance, can be expressed in

terms of fr and fg . Here, a ¼ 1" fr
fg

" #2
where fr ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LkþLgð ÞC
p ; fg

¼ 1ffiffiffiffiffiffi
LgC
p and C is the capacitance of the transmission line resonator.

For the thinnest film resonator die, a > 0:87 for R1–R5. As a function
of thickness, R5, for instance, varies from a¼ 0.98 at t ¼ 3:36 nm to a
¼ 0.88 at t ¼ 11:72 nm. Furthermore, given the characteristic imped-

ance of the resonator is Zc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Lk;lþLg;l

C;l

q
, we can express Zc in terms of

a and Zg , and thus, Zc ¼
Zgffiffiffiffiffiffi
1"a
p . We note that for R5, in the

t ¼ 3:36 nm film, a ¼ 0.98 and Zg ¼ 105:4X; therefore Zc % 750X:
The high Zc is advantageous for spin-photon coupling in quantum
dot-superconducting resonator hybrid systems.32,33

From a and Zc, we can extract a Lk
sq: ¼ 2p L

Nsq:
, given the effective

inductance and capacitance of the transmission line resonator are
L ¼ 1

Cx2
r
and C ¼ p

4xrZc
, where xr ¼ 2pfr and Nsq: ¼ l

w, the total num-

ber of squares comprising the length of the center conductor.47 For
R5, Lk

sq: ¼ 0:2316 0:012 nH
sq:. Averaging

Lk
sq: for R1 through R5 for the

t¼ 3.36 nm film, we arrive at Lk
sq: ¼ 0:255 nH

sq: 60:09 nH
sq:. This number is

in rough agreement with the Ls for this film, as seen in Fig. 1(d), and

FIG. 2. (a) A plot of each of the five resonant frequencies (fr ) per die (constant
color) from resonators R1–R5 at T ¼ 1:49 K and RF input power Pin ¼ "65 dBm.
fr in aggregate increases as function of increasing thickness. (b) Transmission
( S21j j), in log-magnitude scale, through the coplanar wave guide (CPW) vs fre-
quency (f ), showing multiple, well separated resonances between 2 and 3 GHz with
Pin ¼ "45 dBm for the sample with t ¼ 4:96 nm. (c) Layout of the resonator die
design with five k=4 resonators capacitively coupled to a common CPW feedline
on a single 6 , 6mm2 die. See the supplementary material for an enlarged view.
The HP 8753D network analyzer is denoted as NWA, and Pin is measured at the
NWA with no added attenuators.

FIG. 3. (a) Frequency-dependent transmission ð S21j jÞ at selected RF input powers
(PinÞ in a log-magnitude scale for R2. The discontinuity in the resonance curve at
Pin ¼ "50 dBm indicates a dynamic bifurcation where two metastable resonant
oscillation states exist (green trace). (b) Difference in the measured resonant fre-
quency (Df ) with respect to the low power limit in the resonant frequency as a func-
tion of Pin demonstrating the high kinetic inductance of the superconducting
resonator. (c) Df vs w at Pin ¼ "50 dBm for the thinnest film.
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also illustrates that there is a high degree of scatter in the results. In
general, because of the high number of squares in the resonator struc-
tures, we expect them to be more sensitive to any variations in process-
ing and measurement, especially in the thinnest films.

Although we measured the t ¼ 3:36 nm thick film resonators at
a finite temperature where T

Tc
+ 0:4; the difference between the finite

temperature result and the zero-temperature result, for either Lk
sq: or Ls;

was at most a few percent. We can see this by noting the two-fluid

expression for Lk Tð Þ, where Lk Tð Þ ¼ l0k
2 Tð Þl
A + 1

1"ð TTcÞ
4, k Tð Þ is the

penetration depth, l is the length of the film, and A the cross-sectional
area of the film.48 For the thinnest film, where T

Tc
+ 0:4, 1

1"ð TTcÞ
4 +1:026,

and thus, Lk Tð Þ"Lk 0ð Þ
Lk 0ð Þ ¼ 0:026% or 2:6%. Since this difference is small,

we ignored thermal effects, due to quasiparticle excitations, in our cal-
culations of Lk

sq: and Ls:
Furthermore, we demonstrate the nonlinear character of these

films through the resonant frequency shift (Df ) vs power (Pin), as seen
in Fig. 3. The shifts are sufficiently large that parametric amplification
is readily achievable. In addition to the shift in fr as a function of the
film thickness, which is simply due to tuning Lkð0Þ, fr shifts to lower
frequencies with increasing Pin at a fixed film thickness. This is seen in

the second term for the expression for Lk Ið Þ, where +Lkð0Þ ð II(Þ
2

h i

and is most apparent in the thinnest film, as seen in Fig. 3. In Fig. 3(a),
for R2, S21j j exhibits a discontinuity in the resonance curve at Pin
¼ "50 dBm for a frequency sweep from low to high frequency. This
discontinuity is indicative of a dynamic bifurcation where two meta-
stable resonant oscillation states exist and is a general characteristic of
nonlinear oscillators at large drive amplitudes.49 Although the value
for the dynamic bifurcation power (Pbif Þ depends on the frequency
sweep direction, if we were to use R2 as a parametric amplifier, we
would pump the resonator near Pin ¼ "50 dBm at the frequency of
the discontinuity in S21j j, or in other words, Pbif % Pin ¼ "50 dBm.

Although the value for Pbif is not unique among the resonators
in aggregate, we find that the thinnest film allows for an easily measur-
able bifurcation at a low Pin. For frequency sweeps from low to high
frequency, we define Df as a function of Pin, with respect to the low
power limit as Df ¼ 100(ðfr " fr;low power)/fr;low power , where fr;low power

is the measured resonant frequency at low power. We use this as a
simple measure of the resonator’s nonlinearity up to and near Pbif . For
the five resonators in the thinnest film, Df ranges from "0:017% to
"0:15%, at Pin ¼ "50 dBm as seen in Fig. 3(c) and is strongest in R2

as seen in Figs. 3(a)–3(c). Upon increasing the film thickness, in our
case to t ¼ 4:92 nm, Df at Pin ¼ "50 dBm is typically reduced an
order of magnitude (see the supplementary material).

We further elaborate on the source of the nonlinear RF
response of the individual resonators. In general, the nonlinear RF
response of the superconductor results from a quasiparticle back-
flow current density, which depends on the temperature and
superfluid velocity.7 This leads to a current density dependent
superfluid density, and thus, a nonlinear kinetic inductance contri-
bution +Lk 0ð Þ½ð II(Þ

2), provided the quasiparticles are in local ther-
mal equilibrium with the condensate.7 Beyond this picture, spatial
variations in the superfluid density as a function of increasing cur-
rent density, tuned by increasing Pin beyond "65 dBm, could lead
to a nonequilibrium quasiparticle population in the resonator. For
the thinnest film, all the resonators satisfy the condition
t + n0. klocal;0. The resonator center conductor widths range
from wR5 + klocal;0 to wR1 + 10klocal;0. Such behavior could mani-
fest itself as an inhomogeneous current flow in the center conduc-
tor. However, the strength of the resonators’ RF response can vary
as seen in Fig. 3(c) at Pin ¼ "50 dBm and may not only necessarily
depend strictly on the macroscopic geometry such as the resona-
tor’s width or length but also depend on the microscopic details of
the current path.

We finally comment on the properties of these films in terms of
the root mean squared roughness (Rq) of the film which we measured
by atomic force microscopy (AFM) shown in Fig. 4. Figure 4(a) is a
10, 10 lm2 AFM image of a portion of the ground plane in the thin-
nest film, and Fig. 4(b) is the 3D rendering of the same AFM image to
aid visualization. As viewed from either image, the thinnest film is
smooth over a large length scale. See the supplementary material
for AFM images of the other films. As seen in Fig. 4(c), we measure
Rq ¼ 0:41 60:06ð Þ nm in the thinnest film as compared to
Rq ¼ 0:77 60:24ð Þ nm in the thickest film. The thinnest films are con-
tinuous, have a larger qN , and thus, have an enhanced Lkð0Þ.

In conclusion, we have measured the resonant frequencies of
a collection of high kinetic inductance superconducting k=4
NbTiN transmission line resonators as a function of the film thick-
ness in the very thin film and low frequency limit hf < kBT . This
enhancement can result in Df ¼ "0:15% at approximately Pbif .
The future work will focus on tuning our microfabrication meth-
ods to maintain uniformity of the RF response across different res-
onators on the full 6 , 6mm2 die and design parametric amplifiers
from there.

FIG. 4. (a) A 10, 10lm2 AFM image of the ground plane in the thinnest sample with the z-scale on the left. (b) A 3D rendering of the image in (a). (c) The root mean
squared roughness (RqÞ vs thickness (t) for each film. We note that the thinnest film is continuous as seen in (a) with Rq ¼ 0:41 60:06ð Þ nm:
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See the supplementary material for additional information on the
x-ray reflectivity measurements, Hall bar and resonator fabrication
details, design parameters of the resonators, additional RF resonator
measurements, and AFM images of the NbTiN thin films.
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