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We design and fabricate λ /2 coplanar waveguide NbN resonators, the thickness and length of which are only several
nanometers and hundred microns, respectively. The quality factor of such compact resonators can reach up to 7.5 × 104
at single photon power level at 30 mK with the resonance frequency around 6.835 GHz. In order to tune the resonant
frequency, the resonator is terminated to the ground with a dc-SQUID. By tuning the magnetic flux in the dc-SQUID, the
effective inductance of the dc-SQUID is varied, which leads to the change in the resonant frequency of the resonator. The
tunability range is more than 30 MHz and the quality factor is about 3 × 103 . These compact and tunable NbN resonators
have potential applications in the quantum information processing, such as in the precision measurement, coupling and/or
reading out the quantum states of qubits.
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Superconducting qubit [1–4] is one of the most attractive
research subjects in the past decades due to its promising
potential applications in the quantum information processing. The most recent progress in superconducting qubit is
the demonstration of quantum supremacy [5] with more than 50
qubits on a quantum chip. The more qubits a quantum computer has, the more powerful it is. However, considerable parts
of the area in the superconducting quantum circuits are usually
occupied by superconducting resonators. These superconducting resonators have been extensively applied to the superconducting quantum circuits and are indispensable tools for reading out and/or coupling the quantum states of qubits. [6–9] If the
size of the superconducting resonators can be reduced, the integration of the superconducting qubit circuits can be greatly
improved. Various methods have been developed to improve
the integration of the quantum circuits. One of them is to take
advantage of the kinetic inductance, [10] which is an intrinsic
property of superconductors.
As one of the type-II superconductors, niobium nitride
(NbN) film with several nanometer thickness has high kinetic
inductance. Such NbN film has a lot of successful applications
such as being photon detectors [11,12] and super-inductors. [13]
Here we present a superconducting circuit consisting of NbN
resonator with thickness of several nanometers. Compared
with the superconducting resonators with normal thickness,

our NbN superconducting resonator has a high kinetic inductance and can shorten the length of the resonator by more
than 10 times in the microwave band (4–10 GHz), which can
greatly save the space of the readout and/or coupling circuits
of qubits. Furthermore, we also present a tunable NbN superconducting resonator with a dc-SQUID embedded. The
tunable range of frequency is over 30 MHz and the loaded
quality factor is around 3 × 103 at zero flux bias. The NbN
film in our devices is approximately 6 nm thick, which is deposited on a high-resistance silicon wafer by magnetron sputtering technique. With electron beam lithography and reactive
ion etching, three reflective half-wavelength coplanar waveguide (CPW) resonators are fabricated as shown in Fig. 1(a). In
order to match the characteristic impedance of the resonator
to minimize the transmission losses, a narrowing transmission line known as Klopfenstein taper is designed with the
impedance of 50 Ω in the input and output ports. Each resonator is coupled to the middle of the taper line by a capacitance Ck (Fig. 1(b)) and the other end of the resonator is open
(Fig. 1(c)).
In a CPW resonator, the characteristic impedance is dep
fined as Z0 = Ll /Cl , where Cl and Ll are the capacitance and
inductance per unit length of the resonator, respectively. The
first resonance mode of our resonator is l = λ /2, where l is
the length of the resonator. The corresponding resonance fre-
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quency is ωr = π/ LrCr , where Lr = Ll × l and Cr = Cl × l are
the total inductance and capacitance of the resonator, respectively. Generally speaking, for superconductors, the inductance Ll = Lg +Lk , in which Lg is the temperature-independent
geometric inductance and Lk is the temperature-dependent kinetic inductance. [14] Lk is related to the inertia of moving
Cooper pairs and can contribute significantly to Ll due to the
suppressed resistivity and thus the large charge carrier relaxation time. We have [15]
Lk0 = h̄R/[π∆ (0)],

(1)

where R is the normal state sheet resistance and can be ob-

tained by fitting the R–T data (as shown in Fig. 2(a)), h̄ is
the reduced Planck constant, and ∆ (0) is the superconducting gap at zero temperature. NbN is experimentally found
to be a strongly coupled superconductor with ∆(0) = 2.08
kB Tc , [16] where kB is the Boltzmann constant and Tc is the
superconducting critical temperature. From the experimental data, we obtain Lk0 ≈ 132 (pH/sq). For a 1 µm wide
nanowire, the corresponding kinetic inductance per unit length
is Lk = 1.32 × 10−4 (H/m), Lg is about 1 × 10−6 (H/m). Because Lg is two orders of magnitude smaller than Lk , we can
legitimate the assumption Ll ≈ Lk .

Fig. 1. (a) Micrograph of three coplanar waveguide (CPW) resonators coupled to a taper line. (b) Scan electron micrograph (SEM) of the
coupling capacitance Ck . (c) SEM of the end of a resonator. (d) Micrograph of three CPW resonators with dc-SQUIDs. (e) SEM of a
dc-SQUID. (f) SEM of a Josephson junction in the dc-SQUID.

The loaded quality factor Ql of the resonator is a parallel combination of the internal Qi and external quality factors
Qe , [17,18]
1
1
1
=
+ ,
Ql
Qe Qi
π(1 + R20Ck2 ωr2 )
Qe =
.
2Z0 R0Ck2 ωr2

(2)
(3)

The Qe results from the coupling of the resonator to the taper
line through capacitance Ck . R0 = 570 Ω is the characteristic
impedance of the resonator. Z0 = 50 Ω is the input impedance.
Qi is determined by the intrinsic losses of the resonator. [19] In
our devices, Ck = 0.7 fF. This coupling capacitance is so small
that the resonators are all in the under-coupled regime, which
means Qe  Qi and Ql ≈ Qi . Our sample is located in an Oxford Triton dilution refrigerator with magnetic shielding. The
transmission characteristics of the sample are measured with
a vector network analyzer (VNA). The input signal from the
VNA is heavily attenuated at different temperature stages in
order to minimize the environmental noise and ensure the input signal into the sample at single photon level power. The
output signal from the sample is passed through several cryogenic circulators and amplified by a high-electron-mobility
transistor (HEMT) amplifier located in the dilution refrigerator

and other amplifiers at room temperature. Low-pass filters are
put in both the input and output lines. RC filters and copperpowder filters are used in the flux bias line, [20] with which an
external magnetic field is applied to a dc-SQUID (Fig. 1(e))
described in detail in the following.
A strip of NbN film with the thickness of 6 nm is measured to obtain its dependance of resistance on the temperature (R–T ) (as shown in Fig. 2(a)). By fitting the data with the
following equation proposed by Aslamasov and Larkin: [15]
σ (T ) = σn +

e2 Tc
, (T > Tc ),
16h̄d(T − Tc )

(4)

we get the normal-state sheet resistance R = 959.87 Ω and superconducting critical temperature Tc = 8.5 K, from which we
obtain Lk0 ≈ 132 (pH/sq) according to Eq. (1). In Eq. (4),
e is the electron charge, d is the thickness of the film, and
σn = 1.736 × 105 (S/m) is the normal state conductivity.
Figure 2(b) shows the microwave transmission characteristic S21 of a resonator with l = 641 µm, from which we obtain
the resonant frequency fr ≈ 6.835 GHz and the internal quality factor Qi ≈ 7.5 × 104 . The average photon number in the
resonator is given by hni = Zin Q2l Pin /hπ 2 Z0 fr2 Qe . [11] Here the
average photon number hni in the resonator is set to about 1
by reducing the input microwave power and the temperature is
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The other mechanism is the temperature-dependent variation of conductivity of the NbN film when T < Tc . This mechanism dominates when T is high. [22] According to the Mattis–
Bardeen theory, the conductivity of the NbN film will change
with temperature as follows:

(b)
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Fig. 2. (a) The R–T of a NbN film. Dots are the experimental data
and the green line is the calculated result with Eq. (4). Tc = 8.5 K.
(b) Transmission characteristic curve S21 of one superconducting NbN
resonator.

Then we vary the temperature and obtain the dependence
of fr and Qi on the temperature (see Fig. 3(a)). The variation
of fr is mainly attributed to two mechanisms. One is the twolevel systems (TLSs) in the amorphous materials. These TLSs
result in the temperature-dependent variation of the dielectric
constant and cause the increase of fr and Qi as shown by the
following equations:



i
FδTLS
fr (T ) − fr (0)
1
h fr (0)
=
ReΨ
−
fr (0)
π
2 2π ikB T

h fr (0)
− ln
,
(5)
2πkB T


1
h fr (0)
1
i
−
= FδTLS
tanh
,
(6)
Qi (T ) Qi (0)
2kB T
where Ψ is the complex digamma function, F is the filling faci
tor, and FδTLS
is the intrinsic loss tangent. This mechanism
dominates when T is low. [21]
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Fig. 3. (a) Resonant frequency fr (circles) and Qi (squares) versus
temperature from 30 mK to 1.5 K. Red line is the fitted result using
weighted Eqs. (5) and (7). Green line is the fitted result using weighted
Eqs. (6) and (8). (b) Resonant frequency fr (circles) and Qi (squares)
versus average photon number in the resonator. Blue line is the fitted
result using Eq. (9).

(7)
(8)

where Rs (Xs ) is the surface resistance (inductance) of the NbN
film and σ1 (σ2 ) is the real (imaginary) part of conductivity of
the NbN film. The kinetic inductance fraction α is defined as
the ratio of the kinetic inductance to the total inductance and
σn is the normal state conductivity. [23]
The dependance of fr and Qi on the average number of
photons hni in the resonator is demonstrated in Fig. 3(b). fr
decreases as hni increases when hni > 1. This is mainly attributed to the change of the kinetic inductance, which has a
Duffing-like non-linear behavior. [24] Qi of the resonator gradually increases from 5 × 104 when hni is between 10−3 and
102 . This is a representation of depolarization of TLSs, which
can be fitted with the TLS loss model described by [25]
1
1
0 tanh(h f /2kB T )
= FδTLS
+
,
β
Qi
Q0
(1 + hni /nc )

(9)

where nc = 65.76 is the number of photons equivalent to the
saturation field of TLSs, Q0 = 6.75 × 105 is the quality factor of the other loss mechanism, and β = 0.618 describes the
0
= 1.37 × 10−5
strength of TLS saturation with power. FδTLS
is the TLS loss tangent, which is temperature- and powerindependent. When hni > 102 , Qi significantly increases as hni
increases, which is consistent with the Duffing non-linearity.
To tune the resonant frequency of the resonator, it is
terminated by a dc-SQUID. Such dc-SQUID is a superconducting loop intersected by two nominally identical Josephson junctions (see Figs. 1(d)–1(f)). The dc-SQUID acts as a
non-linear inductance element in quantum circuits [26] and the
corresponding inductance Ls depends on the superconducing
critical current Ic and the magnetic flux Φ through the superconducting loop

6.8349
Qi/105

Frequency/GHz

8

Qi/104

Frequency/GHz

(a)

6.8344

∆ fr
α ∆Xs (T ) α ∆σ2 (T )
=−
=
,
fr
2 Xs
2 σn
∆Rs (T )
∆σ1 (T )
1
= −α
,
∆ =α
Qi
Xs
σn

Ls (Φ) =

Φ0
,
2πIc | cos(πΦ/Φ0 )|

(10)

where Φ0 = h/2e is the flux quantum. Thus the total inductance of the resonator with a dc-SQUID in serial is L =
Lr + Ls (Φ).
Then the resonant frequency of the tunable halfwavelength resonator is
p
ω(Φ) = π/ (Ls (Φ) + Lr )Cr .
(11)
In order to demonstrate the tunability of the resonator, a
dc current is applied to a superconducting coil on the sample
128401-3

Chin. Phys. B Vol. 29, No. 12 (2020) 128401
box to vary the flux bias threading the dc-SQUID while measuring the resonate frequency fr simultaneously.
We show the dependence of fr on the normalized flux bias
when hni ≈ 1. fr changes periodically with the flux bias and
can be fitted well by the equation
fr (Φ) = s
2

1

 .
Φ0
+ Lr Cr
2πIc | cos(πΦ/Φ0 )|

(12)

The tunable frequency range is over 30 MHz. The range
can be adjusted by controlling Ic , which is mainly determined
by the barrier in the Josephson junctions. [27]
The flux-dependent Qi in one period is shown in Fig. 4(b).
The internal quality factor is about 3 × 103 at Φ = 0. Compared with the resonator without a dc-SQUID, Qi decreases
dramatically. Due to the effect of subgap resistance in the
junctions of the dc-SQUID, [28] Qi decreases as the resonator
is detuned from Φ/Φ0 = 0. The sudden decrease of Qi around
Φ/Φ0 = ±0.25 may be due to the energy dissipation caused
by the microwave photon transitions between the resonator
and defects in the Josephson junctions of the dc-SQUID. [29–31]

nanometers. The internal quality factor Qi reaches 7.5 × 104
at single photon power level at 30 mK, which is higher than
that reported in the previous work. [13] In order to further improve the quality factor, one may use the substrate with lower
loss and/or improve the quality of the NbN film. By terminating the resonator by a dc-SQUID, we have experimentally
demonstrated a tunable superconducting NbN resonator with
tunable range of frequency over 30 MHz and Qi around 3×103
at Φ/Φ0 = 0. To the best of our knowledge, this is the first report about a tunable NbN resonator with thickness of several
nanometers. Larger tunable range of the resonant frequency
may be obtained by optimizing the parameters of the SQUID.
The length of these resonators is only hundreds of microns due
to the high kinetic inductance of the NbN film with thickness
of several nanometers. This provides a promising material to
improve the integration of quantum circuits by reducing the
size of the readout and coupling resonators usually used in
the superconducting qubits. Also such devices may be implemented in the precision measurement such as photon detection.
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