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Tunable coplanar waveguide resonator with nanowires”
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A tunable superconducting half-wavelength coplanar waveguide resonator (CPWR) with Nb parallel nanowires ~
300 nm in width embedded in the center conductor was designed, fabricated, and measured. The frequency shift and the
amplitude attenuation of the resonance peak under irradiation of 404-nm pulse laser were observed with different light
powers at 4.2 K. The RF power supplied to such a CPWR can serve as current bias, which will affect the light response of

the resonator.
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1. Introduction

In the past few years, superconducting coplanar waveg-
uide resonators (CPWRs) have been intensely studied and ap-
plied to the field of superconducting quantum bits,1-?! trans-
forming cavity quantum electrodynamics (QED) into circuit
QED, 331 in which superconducting CPWRs are used as tools
to measure the quantum states of quantum bits. Moreover, a
CPWR can also function as “a quantum bus” to mediate the
coherence between quantum bits.®”] To mediate the quantum
bits, the resonator needs to be tunable. Many researchers use
lossless Josephson junctions as tunable components to tune
the resonance frequency.®”! Actually, changes in some of the
electromagnetic parameters of CPWRs may cause variation of
the resonant frequency and/or the resonant amplitude. So there
may be other ways to achieve a tunable resonator. On the other
hand, for superconductors, the photons with energy Av > 2A
can break the Cooper pairs into quasiparticles, which changes
the surface impedance Zg of the superconductors. Zg has two
components:

Z,=R+ioL,. (1)

In superconductors, Lg is dominated by the kinetic in-
ductance Ly, which varies with the density of Cooper pairs.
Microwave kinetic inductance detectors (MKIDs) can de-
tect photons by monitoring the change in the resonance fre-
quency of CPWRs caused by alteration in the kinetic induc-
tance of superconductor thin film after absorbing photons, so
they are now being applied in astronomy for optical/UV/x-ray
detection.'%12] A different photon detection approach using
CPWRs with structure similar to that that of MKIDs has also
been reported.!'3] Another promising optical detector in the
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superconducting field is the superconducting nanowire single
photon detector (SNSPD),!'415] which is biased near but be-
low the critical current, using the variation of Ry in nanowires
after photon absorption to detect photons. Due to its nanome-
ter scale geometry, such a detector can respond to very weak
light, even one photon. Although the detection mechanisms
of MKID and SNSPD are different, the interaction of photons
and Cooper pairs occurs in both.

According to our previous work on SNSPDs,!1617] it ig
promising that inserting nanowires into the CPWR may result
in a tunable superconducting resonator, much like combining
MKID and SNSPD. Note that here we use light to tune the
CPWR with nanowires instead of using CPWR to detect pho-

tons.

2. Sample design
2.1. CPW design

The resonance frequency of a half-wavelength CPWR on
a single layer substrate is given by!!0]

f=

L\/2(1+¢€)’

where n is the mode number, c is light velocity in a vacuum,

(@)

€ is the relative dielectric constant of the substrate (for silicon,
€ =11.9), and L is the length of the CPWR.

The main geometric parameters of CPWRs are shown in
Fig. 1. The fundamental resonance frequency is designed to
be 7.5 GHz. So the total length of the CPWR is L = 7880 pm.
We chose the width of the center conductor w = 26 pum, for
the consideration of a relatively large optical illumination area
and an easier fabrication process. The substrate is high resis-
tivity silicon with thickness 4 = 350 pm. In order to reduce
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loss, the material chosen for the CPWR is niobium (Nb) film
with thickness ¢ = 300 nm. To ensure a 50-Q impedance, the
LineCalc tool in ADS was used to calculate the distance be-
tween the center conductor and ground, s = 16 pm.

(a) top view
| | (b) cross section
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Fig. 1. (color online) Geometry of a typical half-wavelength CPWR
with gap capacitors: (a) top view, (b) cross section view. The center
conductor and lateral ground (blue) are on top of a high resistivity sili-
con substrate (gray).

The parameter g is relevant to the loaded quality Qr of
CPWRs. Q is determined by!®!

1 1 1

oL Om 0

where Qi represents the internal loss of the resonators, in-

3

cluding Ohmic loss and radiation loss, and Q. is for the cou-
pling loss.

Qi is quite large, with a magnitude of at least 10,
because the superconductor is lossless. To ensure a larger
O, for small loss and narrow bandwidth, we should make
Oc > QOint, otherwise O ~ Q.. While Q. is mainly deter-
mined by the coupling capacitance, so it increases as the gap
g is enlarged. However, if the gap gets too large, there is
much insert loss in the Sp; parameter, thus decreasing the
SNR. For a half-wavelength CPWR, Q. can be calculated us-
ing Q. = m/4ZyRyC> 2,31 where Z; is the characteristic
impedance of the CPWR, Ry = 50 Q is the impedance of the
measurement cable that was connected to the CPWR, C. is
the coupling capacitor at each end and @, represents the reso-
nance angular frequency. Based on our previous experimental
results with CPWRs that are similar but without nanowires in
the center, we chose g = 20 um for the present work, and the
coupling capacitor C. is calculated to be 0.77 fF (correspond-
ing to Q. ~2.24 x 105), using the method in Ref. [18].

We also ran an HFSS simulation to validate the above pa-
rameters.

2.2. Nanowire structure

The kinetic inductance is due to the inertial mass of mov-
ing charge carriers in AC fields, and it will increase as the car-
rier density decreases. For superconductors, the carriers are
Cooper pairs. The interaction between photons and Cooper
pairs will affect the kinetic inductance of the superconductor
and thus the surface impedance, finally bringing shift or loss
to the resonance peak of the resonator.

We can calculate the kinetic inductance by equating the
kinetic energy of Cooper pairs with the equivalent inductive

energy: %]

1 1
Ens(lwd) 2mv? = ELk v 4)

where [ is the supercurrent in the superconductor, ng is the
density of Cooper pairs, /wd is lengthxwidthxthickness of
the superconductor, 2m represents the mass of a Cooper pair,
and v is the average velocity of Cooper pairs. Substituting
I =2ngev- (wd) into Eq. (4), we will obtain

L = (m/2n4e?) - (1/wd). 6))

With a specific superconducting material, the kinetic induc-
tance is determined by its geometry size. We expect that a
single nanowire can have large kinetic inductance. Moreover
with the definite geometry of the CPW structure, the ratio o
of the kinetic inductance Ly to the total inductance Ly, will
increase as the film thickness decreases, when the thickness
is less than half of the magnetic penetration depth.>") Mean-
while the internal quality Qj,; of the CPWR will decrease dra-
matically when the film thickness decreases. According to
Ref. [11] the responsivity of the resonator is directly propor-
tional to aQy./V, where V is the volume of the resonator. To
ensure an observable change in the resonance peak, according
to the London penetration depth of Nb, A1 (0) ~ 44 nm,[?!]
20-nm Nb film is chosen for the nanowires to make the Qy at
least several hundred at 4.2 K and « to be at least around 0.1
for both acceptable loss and observable response.

The nanowire remains in the center of the center con-
ductor because the maximum current density is located in the
center of the half-wavelength CPWR when in the fundamen-
tal mode. The kinetic inductance introduced by the nanowire
structure will make the resonance peak shift from the original
designed resonance frequency 7.5 GHz. The simulated results
using the advanced design system (ADS), as shown in Fig. 2,
show that the larger Ly is, the more right-to-left frequency shift
there will be.
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Fig. 2. (color online) Simulation results of the fundamental resonance
frequency with different kinetic inductances in the center conductor of
a CPWR, using ADS. The kinetic inductance Ly increases from right to
left by 0.1 nH per step and the minimum is 0.1 nH.
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To ensure that the fundamental resonance frequency of
this CPWR is not far below 7 GHz, we chose a parallel struc-
ture to reduce the initial kinetic inductance. We designed six
nanowires arranged in parallel, each ~ 300 nm in width and
10 pm in length, as shown in Fig. 4(b).

With a rough estimate, ! we expect the total kinetic in-
ductance to be around 0.1 nH.

3. Fabrication and measurement
3.1. Fabrication

The CPWR with nanowires is fabricated by a process
similar to that for SNSPDs.[*?l The high resistivity silicon
substrate is first cleaned following the standard cleaning pro-

(a) DC magnetron sputtering

~20 nm Nb

2

(b) electron beam lithography

)

v

reactive ion etching

AZ1500

cedure. Then Nb film with a thickness of ~ 20 nm is de-
posited on the substrate using DC magnetron sputtering. Elec-
tron beam lithography (EBL) follows, to pattern the nanowire
structure with a PMMA 950 A2 photoresist.
tive ion etching (RIE) with SFg, the photolithography with
LOR10B/AZ1500 is applied to pattern the CPWR structure on
the thin film, and then Nb film with a thickness of ~ 300 nm
is deposited after Ar ion milling. A lifting off process is sub-
sequently used to shape the CPWR structure. In the final step,

After reac-

a second photolithography process with AZ1500 and RIE pro-
cess with SF¢ are performed to remove the unneeded thin film
between the center conductor and the ground of the CPWR.
The specific fabrication process is shown in Fig. 3.

photollthography

photolithography

4

M si -2N0me B PMMA ELORI10B M300nm BN AZI1500

Nb

Fig. 3. (color online) Main steps of the fabrication process, from (a) to (g): (a) DC magnetron sputtering to deposit the first layer of
~ 20-nm Nb film; (b) electron beam lithography to pattern the parallel nanowires; (c) reactive ion etching to transfer the nanowires to
the thin Nb film; (d) photolithography to make the mask for CPWR; (e) DC magnetron sputtering and lifting off to deposit the second
layer of ~ 300-nm Nb film for CPWR,; (f) photolithography to make the mask for the unneeded thin film between the center conductor
and ground; (g) reactive ion etching to remove the unneeded thin film between the center conductor and ground.

Fig. 4. (color online) (a) Optical image of the half-wavelength CPWR with six parallel nanowires in the center conductor; (b) SEM
image of six parallel nanowires in the center conductor.
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We perform the EBL in an early step rather than in a later
step to avoid PMMA (thickness of ~ 70 nm) unevenness in
the center area (10 pmx 10 um) during the spin coating pro-
cess if ~ 300 nm Nb film has been deposited, and to improve
the quality of the nanowire simultaneously.

After the fabrication process, the samples are cut into
4.4 mmx2.7 mm chips. A single chip is shown in Fig. 4(a).

3.2. Sample package and measurement setup

The sample is glued on the holder using Oxford GE Var-
nish and is wire bonded to a microwave PCB for the electrical
connection. Our sample holders with four SMA connectors
and a fiber holder component to align the single mode optical
fiber are made of oxygen-free copper to ensure good thermal
conductivity. The single mode fiber has a core diameter of
9 pm and is also fixed in the fiber holder using Oxford GE
Varnish. All the components are assembled with brass screws.
The finished sample package after fiber alignment is shown in
Fig. 5(b).

The finished sample holder is then attached to a mea-
surement rod with coaxial cables and one FC/PC connector.
We calibrate the two coaxial cables using a standard agilent
vector network analyzer (VNA) calibration procedure at room
temperature. The picosecond pulse laser (PPL) with 404-nm
wavelength is connected to the single-mode fiber through an
FC/PC connector. The equipped measurement rod is then in-
serted into a helium dewar. When the temperature is stable,
two VNA microwave cables are connected to the SMA con-
nectors on the rod to measure the Sy parameter of the sample.
The specific measurement setup is shown in Fig. 5(a).

agilent VNA

portl port2
4
single Tyodle |coaxial
fiber cable
a 4 single mode
@) letiu (b) .
dewar fiber
holder ¢
4.2 K .,

Fig. 5. (color online) (a) Schematic diagram of the measurement setup;
(b) sample package with optical fiber aligned.

4. Experimental results and analysis

We measured the S parameters of our sample in the he-
lium dewar at 4.2 K with different levels of RF power and
different powers of incident light. The repetition rate of the
404-nm PPL is set to the maximum, 100 MHz.

The HFSS simulation of the surface current distribution
on the nanowires at the source power of 10 dBm gives the

maximum surface current density Jgr ~ 2 X 102 A/m. This
means the supplied RF power from VNA can serve as AC cur-
rent bias in analogy to the DC bias in SNSPD and such induced
AC current can affect the nanowires’ sensitivity to light. The
difference between such induced AC current bias in nanowires
of our sample and the DC bias in SNSPD is that the magnitude
of the induced current will vary with time.

Under the irradiation of 404-nm PPL with constant opti-
cal power at 40.7 nW, we swept the S>; parameters at different
RF power levels.

As shown in Fig. 6, with different levels of RF power,
the S>; parameters have different shapes: 1) for low RF power
(from —15 dBm to —9 dBm), only resonance frequency shifts
occur and the sizes of the shifts correspond to the power level.
2) For RF power of —8.5 dBm, a critical power level, be-
sides the resonance frequency shift, a small resonance sup-
pression also exists. 3) While for a still larger RF power level
at —8 dBm, resonance suppression becomes dominant, and
when RF power is at —9 dBm, the resonance peak, with the
loaded quality Qr. = 440, is completely suppressed.

' fo2=16.785 GHz '
i resonance l fo1=6.793 GHz i
—30 suppression
_35+
2 4o}
~
= — ~15dBm
B 45 —— —14 dBm
- —— —13 dBm
50 —— —12 dBm
— Af= — foo =8 MHz — —11 dBm T
f=for—foz T e
—— —9 dBm
—b55§ —— —8.5 dBm
—— —8 dBm
6.76 6.78 6.80 6.82

Frequency/GHz

Fig. 6. (color online) S>; parameters of the sample measured with the
same optical power at 40.7 nW but different RF power levels ranging
from —15 dBm to —8 dBm. Here fo; is the resonance peak measured
with RF power at —15 dBm, and fj, is the resonance peak measured
with RF power at —9 dBm.

This is because with higher induced current, absorbed
photons not only change the kinetic inductance but also trans-
form part of the nanowire from the superconducting state into
the normal state. Therefore, with the higher RF power, the
nanowire will become more sensitive to incident light, result-
ing in magnitude suppression rather than a frequency shift in
the resonance peak.

We then set the RF power of the VNA to a well-chosen
level at —8.6 dBm, which is near the critical power level, to
measure the S>; parameters with 404-nm PPL at different in-
cident optical powers. As shown in Fig. 7, when the optical
power is low, the effect of resonance suppression is small. As
the optical power increases, the suppression of the magnitude
in the resonance peak becomes more obvious. As we men-
tioned above, the RF power from the VNA functions as the
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DC bias in SNSPD, and the value of —8.6 dBm is expected
to be quite close to the critical current of the nanowire. Thus
for low optical power, the amount of broken Cooper pairs is
small, leading to small Ohmic loss and little change in kinetic
inductance. Higher optical power causes a larger amount of

S0 /dB

|S21|/dB

—50
——120.65 W
- ——132.45 uW 2
=
—55 1 : : , _ &
6.775 6.800
Frequency/GHz

broken Cooper pairs and thus greater Ohmic loss and a greater
change in kinetic inductance. In fact, increasing optical power
may even make the nanowire non-superconducting. In such
a situation, the magnitude suppression is dominant instead of
the frequency shift.

resonance
suppression

6.780 6.783 6.786 6.789

Frequency/GHz
—33.80
frequency
~350 kHz shift
—33.90
—34.00

6.7791 6.7793 6.7794 6.7796
Frequency/GHz

Fig. 7. (color online) Sy parameters measured at different optical powers, ranging from 0 nW to 132.45 uW. The RF power is
—8.6 dBm and the insets show the magnified details of the S; parameters, measured with different optical powers.

T T T T T
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for=6.787 GHz
—31r b
high light
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| —129.6 nW o/ increasin, i
m —32[ —326.9 nW M casine
E —18.74 yW low light
= —59.09 uW
% 120.65 uW
— —33F—132.45 uW E
—137.90 yW |
—34r
L / 1 1
6.780 6.785 6.790 6.795
Frequency/GHz
Fig. 8. (color online) S»; parameters measured at different optical

power levels. The RF power is —10 dBm. The fy; and fo, are the
resonance peaks with optical power of 40.7 nW and 137.90 uW, re-
spectively.

To explore the variation of resonance frequency shift with
optical power, we set the RF power at —10 dBm to avoid res-
onance suppression. As shown in Fig. 8, when the light power
increases, corresponding to greater change in kinetic induc-
tance, the resonance frequency shift also increases. The res-
onance frequency shift between the optical power levels of

40.7 nW and 137.90 uW is about 2 MHz. The variation ten-
dency is consistent with the simulation in Fig. 2.

Note that in the present measurement system, the tunabil-
ity of the resonator is mainly due to Cooper pairs being broken
in the nanowires by the heating effect of the optical power, be-
cause at 4.2 K the quasiparticle recombination time of Nb is
less than 1 ns according to Ref. [23] which is much shorter
than the repetition time of the optical source. In order to fur-
ther investigate photon-induced Cooper-pair breaking, one has
to decrease the temperature to get a longer quasiparticle re-
combination time and/or develop a new measurement system

11,24

using heterodyne detection!!!>4] to obtain a quick response of

the nanowires to photon injection.

5. Conclusion

We investigated the response of CPWR to light at the
wavelength of 404 nm with different light power levels and ob-
served resonance suppression and resonance frequency shift.
The experimental results show that different levels of supplied
RF power, serving as different AC current bias levels, also
affect the response of the resonator to the incident photons.
With low RF power, the response will be dominated by a res-
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onance frequency shift. While with high RF power, resonance
suppression will be more evident. These preliminary results
should be helpful for further investigating an optically tunable
CPWR with nanowires.
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