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Abstract
A quarter wavelength superconducting aluminum film coplanar waveguide resonator with a high-quality factor was 
designed and fabricated. Furthermore, its resonant frequency and quality as a function of temperatures and exciting 
powers were investigated. The experimental results showed that the resonance frequency decreases about 1% with 
the increase of temperature from 50 mk to 1 K, and the load quality factor of the resonator also decreases. The resonant 
frequency decreases with power from − 120 to − 70 dBm. The quality factor increases with increased excitation power 
due to the loss decreases and nonlinearity. The results are consistent with the theoretical analysis of the surface imped-
ance model.
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1  Introduction

In recent years, superconducting coplanar waveguide 
(CPW) resonators have been widely used in weak signal 
detection because of their fast operation, long coherence 
time, simple structure, and easy integration [1–5]. The 
high-quality on-chip CPW resonators have been found 
prominent applications in superconducting electronic 
circuit devices, such as filters, resonators and sensors et al. 
With the development of superconducting quantum infor-
mation technology, a simple layer and balanced structure 
of the CPW made these CPW resonators widely used to 
filter or enhance qubit circuits coupling and measure the 
cosmic background radiation [6, 7]. It is necessary to clarify 
that physical properties include the frequency and Q fac-
tor of the CPW resonator, which are affected by tempera-
ture and power.

There are several typical design schemes of the CPW 
resonator capacitive coupled to the transmission lines, 
such as half-wavelength resonator, which is coupled by 
capacitors at each end to input and output ports [8–11], or 
1/4-wavelength resonator, which could be coupled to the 
transmission line by capacitors or inductors using one port 
and the other end is shorted to ground planes. The cavity 
quantum electrodynamic experiments include microwave 
photons and superconducting qubits, have been success-
fully demonstrated in a superconducting microwave reso-
nator. Great efforts have been made to improve the CPW 
performance for building multi-qubits processors with 
large-scale integrated resonator array.

In this paper, a capacitively coupled quarter wave-
length superconducting coplanar waveguide resona-
tor hung on the transmission line is designed. The sam-
ple was easily prepared using e-beam evaporation and 
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photolithography. The resonant frequency and quality of 
the device as a function of temperatures and exciting pow-
ers were investigated using a vector network analyzer in 
a dilution refrigerator. We will show that the resonator’s 
resonant frequency and quality factor can be shifted down 
by increasing the temperature.

2 � Sample design and preparation

The geometry of the capacitively coupled CPW resonator 
is shown in Fig. 1.The length of the resonator determines 
the frequency of the resonator. The relationship between 
resonant frequencyf0 and wavelength 4 L was obtained 
through [12, 13]:

 where L is the design length of the central conductor, c is 
light speed, εr is relative dielectric constant.

The coupling between the resonator and the external 
transmission line adopts the capacitance coupling of an 
interdigital structure [14, 15]. And the coupling capaci-
tance between the CPW cavity and the external transmis-
sion line affects the loaded quality factor of the resonator 
and the resonant frequency of the whole resonator. The 
width of the central conductor is 20 μm, the gap width 
between the central conductor and the reference ground 
plane is 10 μm, and the design length of the central con-
ductor is 3.68 mm. The finger length of the insertion 
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capacitance is 70 μm, the gap is 5 μm, and the coupling 
capacitance is about 1.55 fF.

The resonator sample was prepared on a pure high-
resistivity(>8000Ωcm) 2-inch silicon wafer with a sub-
strate thickness of 500 μm. The fabrication processes are 
as follows. First, an Al film (Tc ≈ 1.2 K) of about 70 nm was 
evaporated on the cleaned silicon substrate by electron 
beam evaporation. Then, The CPW resonator was pat-
terned with optical lithography. After developing 30 s in 
ZJX-238 developer and post-baking, the Al was etched 
away using wet etching in a mixture solution of deioniza-
tion water and ZJX-238 developer solution (6:1) for about 
7 min at room temperature. Figure 1a shows a coplanar 
waveguide resonator after stripping resistance. Then the 
chips are diced into 4 mm×4mm squares.Figure 1b is the 
short-terminal of the resonator. And Fig. 1c is the coupling 
capacitance of the resonator, which is equivalent to estab-
lishing a channel between the circuit and the resonator, so 
that the S21 coefficient of the resonator can be measured.

3 � Measurement results and analysis

We placed the sample in a dilution refrigerator and cooled 
it to 50mK to keep the sample in a superconducting state. 
S21 transmission measurements of the resonator were 
performed in a dilution refrigerator system at a base tem-
perature varying from 1 K to 50 mk. The microwave setup 
is shown in Fig. 2. The input line includes room tempera-
ture and cold attenuators used to reduce thermal noise 
on a signal line. Furthermore, the output line includes an 

Fig. 1   Optical photos of resonator structure. a Resonator sample. 
b Ground terminal of the resonator. c Micrograph of a coupling 
capacitance

Fig. 2   Schematic diagram of measurement setup
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amplifier (55 dB) connected to balance the measurement 
circuit and amplify the signal at room temperature.

First, we measured the S21 of the transmitted sig-
nal using a network analyzer(Agilent N5222A)with 
IFBW=10 kHz to extract the resonator frequency and qual-
ity factors dependence of temperature. As shown in Fig. 3, 
the resonant frequency(inset) was depicted as a function 
of the base temperature. The experimental results showed 
that the resonance frequency decreases about 1% with 
the temperature increase from 50 mk to 1 K. The tempera-
ture change leads to the change of surface impedance 
which causes the resonant frequency shift. The resonant 
frequency f0 is given by [16].

 where f0 is the resonant frequency, kinetic inductance 
factor α is the ratio of the kinetic inductance to the total 
inductance of the resonator. Xs is the surface reactance of 
the resonator, σ2 is the imaginary part of film electrocon-
ductibility, σn indicates the normal state of conductivity. In 
Eq. (2), the increase of temperature makes σ2 smaller. The 
surface impedance increases, which shifts the resonant 
frequency decreased.

The measured resonator frequencies are fitted to the 
theoretical calculation values shown in Fig.  3. Kinetic 
inductance factor α is 0.036 in Eq. (3). The resonant fre-
quency agrees with the surface impedance model. We 
also compared the relative offsets of resonant frequency 
under different power excitation. The result indicates that 
the frequency shift of the resonator is mainly determined 
by the change of the surface impedance with temperature.
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In addition, we measured the dependence of the tem-
perature on the load quality factor of the resonator. As 
shown in Fig. 4, the inset figure shows the load quality 
factor Q measured in the dilution refrigerator base temper-
ature from 50 mK to 1 K at excitation power of − 120 dBm. 
As the temperature increases, the load Q value decreases, 
which can be explained by the change of surface imped-
ance with temperature; the load quality factor Qr is given 
by [16]

 where Qr is the load quality factor, Rs is the surface resist-
ance of the resonator,σ1 is the real part of film electrocon-
ductibility, and σn indicates the normal state of conductiv-
ity. Using the alpha obtained from Eq. (2), we calculated 
the relative shift of load Qr value with temperature change. 
The results show that the load quality factor of the resona-
tor decreases with the increase of temperature.

We can also measure the effect of loss and nonlinearity 
contributing to the system by comparing the quality fac-
tors between low and high power at any specified tem-
perature. The resonant frequency and load quality factor 
dependence of excitation power at different temperatures 
are depicted in Fig. 5. The measured Q of the device var-
ied enormously with the increase of excitation power from 
− 120 to − 70 dBm stepped by 5 dBm at the base tempera-
ture of 60 mK. Moreover, the resonator frequency does 
not increase correspondently but decreases and tends to 
be stable. The measured result indicated high power to 
minimize dielectric loss but low enough to avoid nonlin-
earities, which shifted the frequency down, and as input 
power increased, the loss decreased, and the impact of 
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Fig. 3   The relative shift of resonant frequency versus 
temperature,and the measured resonant frequency as a function of 
the temperature(inset)

Fig. 4   The relative shift of measured and fitted quality factor with 
different temperature, and the measured quality factor as a func-
tion of the temperature(inset)
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loss on the system was reduced. The Q factor will increase 
accordingly.

4 � Conclusions

We have designed and fabricated a quarter wavelength 
superconducting coplanar waveguide resonator and 
measured its low temperature superconducting transmis-
sion characteristics using a vector network analyzer.

The experimental results showed that the resonator fre-
quency would shift to the low-frequency direction with 
increasing temperature under surface impedance and 
kinetic inductance. The excitation power also significantly 
influences the quality factor and resonant frequency. How-
ever, the relative variation of load quality factor and reso-
nant frequency agree with the surface impedance model. 
The experimental results are helpful for the design and 
implementation of CPWs.
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Fig. 5   Resonant frequency and load quality factor with different 
excitation power under the temperature of 60 mK
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