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We design and fabricate A /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 x 10*
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 x 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.

Keywords: superconducting resonator, NbN, kinetic inductance, tunable resonator
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Superconducting qubit!!* is one of the most attractive
research subjects in the past decades due to its promising
potential applications in the quantum information process-
ing. The most recent progress in superconducting qubit is
the demonstration of quantum supremacy ! with more than 50
qubits on a quantum chip. The more qubits a quantum com-
puter has, the more powerful it is. However, considerable parts
of the area in the superconducting quantum circuits are usually
occupied by superconducting resonators. These superconduct-
ing resonators have been extensively applied to the supercon-
ducting quantum circuits and are indispensable tools for read-
ing out and/or coupling the quantum states of qubits.[®~°! If the
size of the superconducting resonators can be reduced, the in-
tegration 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,!'%! 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!!!"'?] and super-inductors.[!3]
Here we present a superconducting circuit consisting of NbN
resonator with thickness of several nanometers. Compared
with the superconducting resonators with normal thickness,
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our NbN superconducting resonator has a high kinetic induc-
tance 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 su-
perconducting resonator with a dc-SQUID embedded. The
tunable range of frequency is over 30 MHz and the loaded
quality factor is around 3 x 103 at zero flux bias. The NbN
film in our devices is approximately 6 nm thick, which is de-
posited on a high-resistance silicon wafer by magnetron sput-
tering technique. With electron beam lithography and reactive
ion etching, three reflective half-wavelength coplanar waveg-
uide (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 transmis-
sion line known as Klopfenstein taper is designed with the
impedance of 50 Q in the input and output ports. Each res-
onator is coupled to the middle of the taper line by a capaci-
tance Cy (Fig. 1(b)) and the other end of the resonator is open
(Fig. 1(c)).

In a CPW resonator, the characteristic impedance is de-
fined as Zy = \/m , where C; and L; are the capacitance and
inductance per unit length of the resonator, respectively. The
first resonance mode of our resonator is / = A /2, where [ is
the length of the resonator. The corresponding resonance fre-

*Project partially supported by the National Key R&D Program of China (Grant No. 2016YFA0301801), the National Natural Science Foundation of China
(Grant Nos. 11474154 and 61521001), PAPD, Dengfeng Project B of Nanjing University, and the Fundamental Research Funds for the Central Universities,

China (Grant No. 14380134).
fCorresponding author. E-mail: gzsun@nju.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

128401-1


http://dx.doi.org/10.1088/1674-1056/abc2b8
gzsun@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 12 (2020) 128401

quency is @ = 1t/+/L,C;, where Ly = L; x [ and C; = C; x [ are
the total inductance and capacitance of the resonator, respec-
tively. Generally speaking, for superconductors, the induc-
tance L; = Ly + Ly, in which Lg is the temperature-independent
geometric inductance and Ly is the temperature-dependent ki-
netic inductance.l'*! L, is related to the inertia of moving
Cooper pairs and can contribute significantly to L; due to the
suppressed resistivity and thus the large charge carrier relax-

ation time. We havel!’!

Lo :FZR/[TEA(O)], (1

where R is the normal state sheet resistance and can be ob-
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[
| 50 um

;
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|

tained by fitting the R—T data (as shown in Fig. 2(a)), 7 is
the reduced Planck constant, and A(0) is the superconduct-
ing gap at zero temperature. NbN is experimentally found
to be a strongly coupled superconductor with A(0) = 2.08
kgT:,1'% where kg is the Boltzmann constant and 7, is the
superconducting critical temperature. From the experimen-
tal data, we obtain Lyy ~ 132 (pH/sq).
nanowire, the corresponding kinetic inductance per unit length
is L = 1.32 x 107* (H/m), L is about 1 x 107 (H/m). Be-
cause Ly is two orders of magnitude smaller than Ly, we can

For a 1 um wide

legitimate the assumption L; ~ Ly.

Fig. 1. (a) Micrograph of three coplanar waveguide (CPW) resonators coupled to a taper line. (b) Scan electron micrograph (SEM) of the
coupling capacitance Cx. (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 Q; of the resonator is a paral-
lel combination of the internal Q; and external quality factors
0., 117181
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The Q. results from the coupling of the resonator to the taper
line through capacitance Cx. Ry = 570 Q is the characteristic
impedance of the resonator. Zy = 50 € is the input impedance.
Q; is determined by the intrinsic losses of the resonator./! In
our devices, Cx = 0.7 fF. This coupling capacitance is so small
that the resonators are all in the under-coupled regime, which
means Q. > Q; and Q) =~ Q;. Our sample is located in an Ox-
ford 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 in-
put signal into the sample at single photon level power. The
output signal from the sample is passed through several cryo-
genic 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 copper-
powder filters are used in the flux bias line,*°! 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 mea-
sured to obtain its dependance of resistance on the tempera-
ture (R-T') (as shown in Fig. 2(a)). By fitting the data with the

following equation proposed by Aslamasov and Larkin: 1!

ezTC

o(T) = ot g7 —70)°

(T>T), 0)
we get the normal-state sheet resistance R = 959.87 Q and su-
perconducting critical temperature 7, = 8.5 K, from which we
obtain Liy ~ 132 (pH/sq) according to Eq. (1). In Eq. (4),
e is the electron charge, d is the thickness of the film, and
o, = 1.736 x 10° (S/m) is the normal state conductivity.
Figure 2(b) shows the microwave transmission character-
istic Sp; of a resonator with / = 641 pum, from which we obtain
the resonant frequency f; ~ 6.835 GHz and the internal qual-
ity factor Q; ~ 7.5 x 10*. The average photon number in the
resonator is given by (n) = ZianzPin /hw*Zo f2Q..'!] Here the
average photon number (n) in the resonator is set to about 1
by reducing the input microwave power and the temperature is
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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). T, = 8.5 K.
(b) Transmission characteristic curve Sy of one superconducting NbN
resonator.

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

F(T) = £(0) _ Fés [Re% 1 hf(0) )
/:(0) T 2 2mikgT
hf:(0)
I anBT} ’ ©)
1 L hf:(0)
o) - 0:0) F &1 g tanh ( T ), (6)

where W is the complex digamma function, F is the filling fac-

tor, and F 6}LS is the intrinsic loss tangent. This mechanism

dominates when T is low.[2!]
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Fig. 3. (a) Resonant frequency f; (circles) and Q; (squares) versus
temperature from 30 mK to 1.5 K. Red line is the fitted result using
weighted Eqgs. (5) and (7). Green line is the fitted result using weighted
Eqgs. (6) and (8). (b) Resonant frequency f; (circles) and Q; (squares)
versus average photon number in the resonator. Blue line is the fitted
result using Eq. (9).

The other mechanism is the temperature-dependent varia-
tion of conductivity of the NbN film when 7" < T;.. This mech-
anism dominates when T is high.[??) According to the Mattis—
Bardeen theory, the conductivity of the NbN film will change
with temperature as follows:

% _ _gAXs(T) _ EAGZ(T)

i 2 X 2 o, @
I AR(T) _  Aci(T)
Aa—a X, o o’ 8)

where Ry (X;) is the surface resistance (inductance) of the NbN
film and o7 (02) is the real (imaginary) part of conductivity of
the NbN film. The kinetic inductance fraction ¢ is defined as
the ratio of the kinetic inductance to the total inductance and
o, is the normal state conductivity.>!

The dependance of f; and Q; on the average number of
photons (n) in the resonator is demonstrated in Fig. 3(b). f;
decreases as (n) increases when (n) > 1. This is mainly at-
tributed to the change of the kinetic inductance, which has a
Duffing-like non-linear behavior.!?*! Q; of the resonator grad-
ually increases from 5 x 10* when (n) is between 10~ and
102. This is a representation of depolarization of TLSs, which
can be fitted with the TLS loss model described by!>3!

tanh(hf/2kgT) 1

1 0
— oY /) | 9
0.~ PO )P T 0o ®

where n. = 65.76 is the number of photons equivalent to the
saturation field of TLSs, Qg = 6.75 x 10° is the quality fac-
tor of the other loss mechanism, and 8 = 0.618 describes the
strength of TLS saturation with power. F8 ¢ =1.37x 107
is the TLS loss tangent, which is temperature- and power-
independent. When (r) > 102, Q; significantly increases as (1)
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 supercon-
ducting loop intersected by two nominally identical Joseph-
son junctions (see Figs. 1(d)-1(f)). The dc-SQUID acts as a
non-linear inductance element in quantum circuits?®! and the
corresponding inductance Ls depends on the superconducing
critical current /, and the magnetic flux @ through the super-
conducting loop

Py

2l |cos(nd/Py)|’

Ly(P) (10)

where @y = h/2e is the flux quantum. Thus the total in-
ductance of the resonator with a dc-SQUID in serial is L =
L.+ Ly(D).

Then the resonant frequency of the tunable half-
wavelength resonator is

o(P) = 7//(Ls(P) + L )Cr. 1)

In order to demonstrate the tunability of the resonator, a
dc current is applied to a superconducting coil on the sample
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box to vary the flux bias threading the dc-SQUID while mea-
suring the resonate frequency f; simultaneously.

We show the dependence of f; on the normalized flux bias
when (n) ~ 1. f; changes periodically with the flux bias and
can be fitted well by the equation

fi(@) = ! L2

AP
2nl.|cos(nd/Dy)| '

The tunable frequency range is over 30 MHz. The range
can be adjusted by controlling /., which is mainly determined
by the barrier in the Josephson junctions.?’]

The flux-dependent Q; in one period is shown in Fig. 4(b).
The internal quality factor is about 3 x 10° at & = 0. Com-
pared with the resonator without a dc-SQUID, Q; decreases
dramatically. Due to the effect of subgap resistance in the
junctions of the dc-SQUID,?®! ; decreases as the resonator
is detuned from @/ P, = 0. The sudden decrease of Q; around
@ /Py = +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.[2°-31]
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Fig. 4. (a) The f; versus the normalized flux bias @/, through the
dc-SQUID. The red line represents the fitted result with I, = 4.96 pA,
L, = 84.6 nH, C; = 85.0 fF. The hollow circles represent the experiment
data. The inset shows the periodical dependance of f; on @/®y. (b) O;
of the resonator versus ¢ /Py in one period.

In summary, we have successfully fabricated compact
superconducting NbN resonators with thickness of several

nanometers. The internal quality factor Q; reaches 7.5 x 10*
at single photon power level at 30 mK, which is higher than
that reported in the previous work.!"3! In order to further im-
prove the quality factor, one may use the substrate with lower
loss and/or improve the quality of the NbN film. By termi-
nating the resonator by a dc-SQUID, we have experimentally
demonstrated a tunable superconducting NbN resonator with
tunable range of frequency over 30 MHz and Q; around 3 x 10°
at @ /Py = 0. To the best of our knowledge, this is the first re-
port 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 imple-
mented in the precision measurement such as photon detec-
tion.
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