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We have studied superconducting coplanar-waveguide (CPW) resonators fabricated from disor-
dered films of Aluminum. Very high kinetic inductance of these films, inherent to disordered materi-
als, allows us to implement ultra-short (200 pm at 5GHz resonance frequency) and high-impedance
(up to 5 k) half-wavelength resonators. We have shown that the intrinsic losses in these resonators
at temperatures < 250 mK are limited by resonator coupling to two-level systems (TLS) in the envi-
ronment. The demonstrated internal quality factors are comparable with those for CPW resonators
made of conventional superconductors. High kinetic inductance and well-understood losses make
these disordered Aluminum resonators promising for a wide range of microwave applications which
include kinetic inductance photon detectors and superconducting quantum circuits.

I. INTRODUCTION

The development of novel quantum circuits for infor-
mation processing requires the implementation of ultra-
low-loss microwave resonators with small dimensions
[1]. Superconducting resonators have become ubiqui-
tous parts of high-performance superconducting qubits
[2, 3] and kinetic-inductance photon detectors [4]. An
important resource for resonator miniaturization is the
kinetic inductance of superconductors, Ly, which can
exceed the magnetic (“geometrical”) inductance by or-
ders of magnitude in narrow and thin superconducting
films [5]. High kinetic inductance translates into a high
characteristic impedance Z of the microwave (MW) el-
ements, slow propagation of electromagnetic waves, and
small dimensions of the MW resonators. Ultra-narrow
wires and thin films of Nb and NbN [4, 6], TiN [7], InOx
[8, 9], and granular Al [10] were studied recently as can-
didates for high-L applications.

In this Letter, we present a detailed characteriza-
tion of the half-wavelength microwave resonators fabri-
cated from disordered Aluminum films. Our interest in
high-L i films was stimulated by the possibility of fabri-
cation of superinductors (non-dissipative elements with
microwave impedance greatly exceeding the resistance
quantum Rg = h/(2e)? [11-13]), and the development
of superinductor-based protected qubits [14]. We have
fabricated resonators with an impedance Z as high as
5 k), ultra-small dimensions and relatively low losses.
The study of the temperature dependences of the res-
onance frequency f, and intrinsic quality factor @; at
different MW excitation levels allowed us to identify res-
onator coupling to TLS in the environment as the pri-
mary dissipation mechanism at 7" < 250 mK; at higher
temperatures the losses can be attributed to thermally
excited quasiparticles.

* These authors contributed equally to this work.

II. EXPERIMENTAL DETAILS

The standard method for the fabrication of disordered
Al films is the deposition of Al at a reduced oxygen pres-
sure [15, 16]. We have fabricated the films by DC mag-
netron sputtering of an Al target in the atmosphere of Ar
and O,. The fabrication details are provided in the Sup-
plementary Materials [17]. The films were deposited onto
the intrinsic Si substrates at room temperature. By con-
trolling the deposition rate and O pressure, the resistiv-
ity of the studied films can be tuned between 10~* -cm
and 107! Q-cm; the parameters of several representative
samples are listed in Table I.

The hybrid microcircuits containing the CPW half-
wavelength resonators coupled to a CPW transmission
line (TL) have been fabricated using e-beam lithography.
The 50-2 TL was fabricated by the e-gun deposition of a
140-nm-thick film of pure Al on a pre-patterned substrate
and successive lift-off. The use of pure Al facilitated the
impedance matching with the MW set-up and reduced
the number of spurious resonances. After the second e-
beam lithography, several half-wavelength disordered Al
resonators were fabricated in the openings in the ground
plane. The width of the central strip of the resonators
varied between 0.5 ym and 10 gm, and the strip-ground
distance was fixed at 4 pm.

For the resonator characterization at ultra-low tem-
peratures, we used a microwave setup developed for
the study of superconducting qubits [13, 17]. The res-
onators were designed with the resonance frequencies
fr = 2—4 GHz, which allowed us to probe the first three
harmonics of the resonators within the setup frequency
range (2 + 12) GHz. In order to ensure accurate extrac-
tion of the internal quality factor @Q);, the resonators were
designed with a coupling quality factor Q. of the same
order of magnitude as Q);.

III. MICROWAVE CHARACTERIZATION

The resonators were characterized using a wide range
of MW power Pyryw, two-tone (pump-probe) measure-



ments, and time domain measurements. The resonator
parameters f,., Q;, and Q. were found from the simul-
taneous measurements of the amplitude and the phase
of the transmitted signal So;(f) using the procedure de-
scribed in Refs. [18, 19] and Supplementary Materials
[17]. The kinetic inductance Ly of the central conductor
of the resonators, which exceeded the magnetic induc-
tance by several orders of magnitude, was calculated as
Ly = 1/4f2C (the capacitance C between the resonator
strip and the ground was obtained in the Sonnet simula-
tions).

The measured sheet kinetic inductance L g &~ 2 nH/O
is similar to that reported for granular Al films in Ref. [20]
and TiN in Ref. [21], and exceeds by a factor-of-2
Lgpo of ultra-thin disordered InOx films [8, 22]. For
the disordered Al films with p < 10 mQ-cm, Ly is in
good agreement with the result of the MB theory [23],
Lxo(T = 0) = kR /mA(0), where A(0) is the BCS en-
ergy gap at T'= 0 K. Very large values of L g allowed us
to realize the characteristic impedance Z = \/Lk/C as
high as 5 k€ for the resonators with narrow (w = 0.7 pm)
central strips. The speed of propagation of the electro-
magnetic waves in such resonators does not exceed 1% of
the speed of light in free space; accordingly, their length
is two orders of magnitude smaller than that for the con-
ventional CPW resonators with the impedance Z = 50 €.

To identify the physical mechanisms of losses in the
resonators, we measured the dependences of f,. and @Q;
on the temperature (7' = 25 + 450 mK) and the mi-
crowave power Ppw. Below we show that in the case
of moderately disordered films (resonators #2 — 4), both
the dissipation and dispersion at 7" < 0.25 K can be at-
tributed to the resonator coupling to the TLS [24] in the
environment, whereas at higher temperatures they are
controlled by the T' dependence of the complex conduc-
tivity of superconductors, (1) = 01(T") — io2(T) [23].

TABLE I. Summary of the measured parameters of AlOy res-
onators

# 'U.), l? f7‘7 p7 TC7 LK7 Z?

pm pm GHz mQ-cm K nH/D kQ
1 11.0 1090 242 19.2 1.4 2.0 0.6
2 7.4 765 4.05 4.2 1.7 1.2 1.1
3 1.4 445 3.69 4.2 1.7 1.2 2.9
4 0.7 265  3.88 9.9 1.75 2.0 5.0

A. The resonance frequency analysis

We start the data analysis with the non-monotonic
temperature dependence of the relative shift of
the resonance frequency 0f.(T)/fro = [fr(T) —
fr(25mK)]/f-(26mK). Figure 1(a) shows the depen-
dences ¢ f,.(T)/ fro measured for three resonators (#2—4)
with different width w. The non-monotonic character of
these dependences is due to competing effects of TLS

[25] and thermally-induced quasiparticles on f.. The
low-temperature part of §f.(T)/fro is governed by the
T-dependent TLS contribution to the imaginary part of
the complex dielectric permittivity (1) = e1(T)+iea(T).
It should be noted that, in contrast to the TLS-related
losses, the frequency shift J f72% is expected to be weakly
power-dependent [26]. Indeed, the temperature depen-
dences measured for the different values of Py almost
coincide; this simplifies the analysis and reduces the num-
ber of fitting parameters. The low-temperature part of
§fTLS(T) is well described by the following equation [4]:

1 1 hf, hf
%*(2 + 27rikBT> —In (kBT)
(1)

Here Uy (z) is the real part of the complex digamma func-
tion, the TLS participation ratio Vy is the energy stored
in the TLS-occupied volume normalized by the total en-
ergy in the resonator, and the loss tangent Jy charac-
terizes the TLS-induced microwave loss in weak electric
fields at low temperatures kg1’ < hf,. The product V}d
is the only fitting parameter, its values are listed in Table
II. The obtained values of V;dy are close to that found for
Al-based [26] and AlOy-based resonators [21, 27]. Res-
onator #4 demonstrates the most pronounced increase of
f(T') with temperature due to the stronger electric fields
and a larger participation ratio characteristic of the high-
Z resonators [28].

At T > 0.25 K, f, rapidly drops due to the decrease of
the superfluid density. The dependences § f,.(T") over the
whole studied T range can be described as

8 (T)/ fro = 8£;25(T)/ fro + 6 fME(T) / fro (2)

where

SfES(T) _ Vido
f'rO B

SfMB(T) 1 oo(T) — 02(25mK) 3)

fro 2 02(25mK)

is the resonance shift due to the T-induced break of
Cooper pairs and subsequent increase of the kinetic in-
ductance, calculated in the thin film limit [26]. The
only free parameter in 6 fMB(T)/f.o is the gap energy
A(0), which can be found by fitting of the high-T" portion
of 6f+(T)/fro [Eq. (2)]; the measured ratio A(0)/T. is
about 10% greater than the BCS value of 1.76kg, which
is consistent with previously reported data [29)].

B. The quality factor analysis

We now proceed with the analyses of losses. We
observed the enhancement of the internal quality fac-
tor @); with increasing the average number of photons
in the resonators, 1 = 2PywQ?/(Q:hf?) [30], where
Q= (1/Q; +1/Qc)~ 1 is the loaded quality factor. The
dependences Q;(n) for three resonators with different w
measured at the base temperature ~ 25 mK are shown in
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FIG. 1. The temperature dependences of resonance frequency shift § f2 “5(T")/ fro (a) and the internal quality factor Q; (b) for
the resonators #2 — 4 measured at i &~ 1(57) and 7 > 1(A). The fitting curves correspond to Eq. (2) and Eq. (7), respectively.

Fig. 2. Similar behavior of Q;(7) have been observed for
many types of CPW superconducting resonators (see, e.g.
[4, 31] and references therein), including the resonators
based on disordered Al films [10, 20]. The increase of Q);
with the input MW power Py is limited by the reso-
nance distortion by bifurcation at Py;w > P.. For the
resonators with @Q; > 10* the onset of bifurcation is ob-
served for the microwave currents I, = \/2P,/Z which
scale approximately as Ig,/+/Q; [32], where I, is the
Ginzburg-Landau depairing current in the central strip
[17].

The power-dependent intrinsic losses can be attributed
to the resonator coupling to the TLS with the Lorentzian-
shaped distribution

1
Errs — hfr)? + (h/12)?’ @

where Frpg is the energy of TLS and 73 is its dephasing
time [33]. Once the MW power Py reaches some char-
acteristic level P. and the Rabi frequency of the driven
TLS Qg ~ v/ Pyw exceeds the relaxation rate 1//7172,
the population of the excited TLS increases, and the
amount of energy that the TLS with frps = f. can ab-
sorb from the resonator decreases. Thus, the high Py
“burns the hole” in the density of states (DoS) of dis-
sipative TLS. The width of the “hole” is k/27T9, the
power-dependent factor can be written as

k=114 (:)B (5)

9(Errs) ~ (

where 7 and n. correspond to Py and P,., respectively.
The exponent (3 is known to be dependent on the electric
field distribution in a resonator [34], and the character-
istic power n. increases with temperature by orders of
magnitude due to a strong T-dependence of 7 and 7
[35, 36]. Taking into account the TLS saturation at high
temperature, the power dependence of the TLS-related
part of the loss tangent can be expressed as follows [28]:

(STLs(’Fl, T) = V):SO tanh (2227T> . (6)

By fitting the experimental data with Eq. (6) we found
B and n. listed in Table II. We found that larger values
of 8 correspond to wide strips, and the extracted n.(0)
scales as the square of the electric field on the surface of
the resonator. The details of the fitting procedure can
be found in Supplementary Materials [17].

The experimental dependences @Q;(T) measured for
resonators #2 —4 at o = 1 and @ > 1 [Fig. 1(b)] are
well described by the sum of the TLS contribution [Eq.
(6)] and the MB term 0y p = 01(T)/o2(T) [26]:

Qi(T) = {r15(T, B, ne, Vydo) + oars[T, AO)]} . (7)

The agreement of measured @); with the prediction of Eq.
(7) over the whole measured temperature range proves
that the losses in the developed resonators are limited by
the sum of TLS and MB terms.
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FIG. 2. The dependences @Q;(7) at T' ~ 25 mK for the res-
onators with different widths. Solid curves represent the the-
oretical fits of the quality factor governed by TLS losses [Eq.
(5), see the text for details].

C. The two-tone and time-domain measurements

We obtained an additional information on the TLS-
related dissipation by performing the pump-probe exper-
iments in which @; was measured at a low-power (n = 1)
probe signal while the power P, of the pump signal at
the frequency f, was varied over a wide range. Figure
3(a) shows the dependences @Q;(P,) measured at differ-
ent detuning values Af = f, — f, =0, £1 MHz, and +10
MHz. We have not observed any changes in (); when the
pump signal was applied at the second and third har-
monics of the resonator. Also, @; was Pp-independent
when we monitored the second harmonic and applied the
pump signal at the first harmonic.

Since the resonator coupling to the pump signal varies
by several orders of magnitude within the detuning range
010 MHz, it is more informative to analyze ); as a func-
tion of the average number of the “pump” photons in the
resonator, i, = Pp,(1—|S21(fp)|*—1511(fp)|?)/hf7, where
So1 and S11 = 1 — S9; are the transmission and reflection
amplitudes at the pump frequency, respectively. The de-
pendence @; on the detuning A f for a fixed n, ~ 1000 is
depicted in Fig. 3(b). The resonance behavior of Q;(Af)
is expected since only a narrow TLS band [Eq. (4)] con-
tributes to dissipation: the “hole” extension in the DoS
is limited by ~ /75 around the pump frequency. Indeed,
using the approach developed in [37], one can obtain the
following expression:

(k/2772)?
Af2 4 k(1/277m2)2 |’

Qi(A) = Qo|1+ (8)

where @y is the off-resonance quality factor, and in-

TABLE II. Summary of the fitting parameters

# A(0)/kpT. B Vido - 1077 n.(0)-107°
2 1.96 0.60 1.4 50

3 1.98 0.55 4.8 1.6

4 1.88 0.38 6.7 0.23

troduced by Eq. (5) factor x might be calculated as
Kk = Qmaz/Qo. The dephasing time is the only fitting
parameter and it is found to be 7 ~ 60 ns. This re-
sult agrees with the measurements of the dephasing time
for individual TLS in amorphous AlsO3 tunnel barrier in
Josephson junctions [38].

By application of the MW pulses at the pump fre-
quency, we observed that the characteristic time at which
Q; varies with P, does not exceed 36 ms (see Supplemen-
tary Materials [17] for details). For several resonators we
have observed the telegraph noise in the resonance fre-
quency on the time scale of 1 — 10 s. This noise can be
attributed to interactions of the resonators with a small
number of strongly coupled TLS.

IV. SUMMARY

In conclusion, we have fabricated CPW half-
wavelength resonators made of strongly disordered Al
films. Because of the very high kinetic inductance of
these films, we were able to significantly reduce the length
of these resonators, down to ~ 1% of that of conventional
CPW resonators with a 50  impedance. Due to ultra-
small dimensions and relatively low losses at mK tem-
peratures, these resonators are promising for the use in
quantum superconducting circuits operating at ultra-low
temperatures, especially for the applications that require
numerous resonators, such as multi-pixel MKIDs [4, 32].
The high impedance Z = /Lg/C of the narrow res-
onators can be used for effective coupling of spin qubits
[39, 40].

We have shown that the main source of losses in these
resonators at 7' < T, is the coupling to the resonant
TLS. A comparison of our results with those of the other
groups shows that the obtained @; values, increasing
from (1 +2) x 10* in the single-photon regime to 3x10°
at high microwave power, are typical for the CPW su-
perconducting resonators with similar TLS participation
ratios. This implies that the disorder in Al films does
not introduce any additional, anomalous losses. Most
likely, the relevant TLS are located near the edges of the
central resonator strip either in the native oxide on the
Si substrate surface or in the amorphous oxide covering
the films. Further increase of ); can be achieved by
the methods aimed at the reduction of surface participa-
tion, such as substrate trenching (see [41] and references
within) and increasing the gap between the center con-
ductor and the ground plane [34]. The evidence for that
was provided by the results of Ref. [20] obtained for the
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FIG. 3. (a) The dependences of Q; for resonator #1 on the pump tone power P, for several values of detuning Af between
resonance and pump frequencies. (b) The values of @Q; measured versus detuning Af at a fixed number of the pump tone
photons in the resonator 7, ~ 1000. The error bars are derived from the covariance matrix obtained from nonlinear fitting of

the measurement of Sa1(f).

modified three-dimensional microstrip structures based
on disordered Al films. It is also worth mentioning that
the losses can be reduced using TLS saturation by the
microwave signal outside of the resonator bandwidth but
within the TLS spectral diffusion range.
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