Study of quasi-particle dynamics using the
optical pulse response of a superconducting
resonator

Cite as: Appl. Phys. Lett. 119, 022601 (2021); https://doi.org/10.1063/5.0052826
Submitted: 01 April 2021 . Accepted: 28 June 2021 . Published Online: 12 July 2021

J. Hu, Q. He, F. Yu, Y. Chen, M. Dai, H. Guan, P. Ouyang, J. Han, C. Liu, X. Dai, Z. Mai, X. Liu, M. Zhang, L. F. Wei, ®

& 6 @

View Online Export Citation CrossMark

M. R. Vissers, J. Gao, and @' Y. Wang

7))
G
()
ajd
i
()
—d
(7))
.2
7))
)
L
al
O
.9
o
Q
<

Challenge us.

What are your needs for
periodic signal detection? HIEE)

N A Zurich
VAN

Instruments

Publishing

Appl. Phys. Lett. 119, 022601 (2021); https://doi.org/10.1063/5.0052826 19, 022601

© 2021 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/5.0052826
https://doi.org/10.1063/5.0052826
https://aip.scitation.org/author/Hu%2C+J
https://aip.scitation.org/author/He%2C+Q
https://aip.scitation.org/author/Yu%2C+F
https://aip.scitation.org/author/Chen%2C+Y
https://aip.scitation.org/author/Dai%2C+M
https://aip.scitation.org/author/Guan%2C+H
https://aip.scitation.org/author/Ouyang%2C+P
https://aip.scitation.org/author/Han%2C+J
https://aip.scitation.org/author/Liu%2C+C
https://aip.scitation.org/author/Dai%2C+X
https://aip.scitation.org/author/Mai%2C+Z
https://aip.scitation.org/author/Liu%2C+X
https://aip.scitation.org/author/Zhang%2C+M
https://aip.scitation.org/author/Wei%2C+L+F
https://orcid.org/0000-0003-2467-7801
https://aip.scitation.org/author/Vissers%2C+M+R
https://aip.scitation.org/author/Gao%2C+J
https://orcid.org/0000-0003-2337-1181
https://aip.scitation.org/author/Wang%2C+Y
https://doi.org/10.1063/5.0052826
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0052826
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0052826&domain=aip.scitation.org&date_stamp=2021-07-12

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Study of quasi-particle dynamics using the optical
pulse response of a superconducting resonator

Cite as: Appl. Phys. Lett. 119, 022601 (2021); doi: 10.1063/5.0052826 @
Submitted: 1 April 2021 - Accepted: 28 June 2021 -
Published Online: 12 July 2021

()

View Online Export Citatior CrossMark

J.Hu,' Q. He,” F. Yu,” Y. Chen,' M. Dai,” H. Guan,' P. Ouyang,” J. Han,” C. Liu,' X. Dai,’ Z. Mai,' X. Liu,' M. Zhang,'
L. F. Wei,>® M. R. Vissers,” (%) J. Gao,” and Y. Wang'®

AFFILIATIONS
'Quantum Optoelectronics Laboratory, School of Physical Science and Technology, Southwest Jiaotong University, Chengdu,
Sichuan 610031, China

?Information Quantum Technology Laboratory, School of Information Science and Technology, Southwest Jiaotong University,
Chengdu, Sichuan 610031, China

*National Institute of Standards and Technology, Boulder, Colorado 80305, USA

@ Authors to whom correspondence should be addressed: [fiwei@swjtu.edu.cn and qubit@swjtu.edu.cn

ABSTRACT

We study the optical pulse response of a superconducting half-wavelength coplanar waveguide (CPW) resonator. We apply a short optical
pulse to the center strip of the CPW resonator, where the current distribution shows antinodes or nodes for different resonance modes, and
measure the frequency response. We develop a time-dependent variable inductance circuit model with which we can simulate the optical
pulse response of the resonator. By fitting this model to experimental data, we extract the temporal kinetic inductance variations, which
directly reflect the quasi-particle recombination with time and diffusion in space. We also retrieve the spatial size of the quasi-particle distri-
bution and the quasi-particle diffusion constant. Our study is very useful for the design of photon-counting kinetic inductance detectors, and

the method developed in this work provides a useful way to study the quasi-particle dynamics in the superconductor.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052826

Superconducting micro-resonators' have important applications in
sensitive photon detection. For example, microwave kinetic inductance
detectors (MKIDs)” * are made from high-quality factor (high-Q) super-
conducting thin film resonators. Because MKIDs can be easily incorpo-
rated into a large array, they have been widely used in detecting weak
photon flux at sub-millimeter and millimeter wavelengths for astrophys-
ical and imaging applications.” ” MKIDs have also demonstrated a good
capability to count single photons and resolve photon energy at infrared,
visible, and x-ray wavelengths."’'” For these photon-counting applica-
tions, it is necessary to have an in-depth understanding of the optical
pulse response of superconducting micro-resonators in the time domain.
This is important not only for the detector design but also for under-
standing the quasi-particle (QP) dynamics'®** and other underlying
physics in superconducting thin film devices.

It is known that a non-equilibrium distribution of quasi-particles
(QPs) will be quickly created (typically within a few nanoseconds) in
the superconductor after the absorption of an energetic photon.”* *°
Then, the QPs diffuse in the superconductor and recombine. This QP
recombination process normally lasts for a few microseconds to a few
milliseconds,” ’ mainly depending on the superconducting material,

film thickness, and substrate of choice. The temporal and spatial evo-
lution of QP density and distribution simultaneously changes the
kinetic inductance (also resistance) of the superconducting film, result-
ing in a pulsed change in the resonance frequency, which can be read-
out in a time-domain homodyne measurement.

In this paper, we study the optical pulse response of a supercon-
ducting aluminum (Al) half-wavelength coplanar waveguide (CPW)
resonator. We apply a short optical pulse to the center of the CPW,
where the current distribution shows antinodes or nodes for different
resonance modes, and we measure the corresponding frequency
responses. We develop a time-dependent variable inductance circuit
model to simulate the optical pulse response of the resonator. By fit-
ting the measured data to our model, we have retrieved the temporal
kinetic inductance variation profile, which directly reflects the QP
recombination process in the time domain because the kinetic induc-
tance change is linear with the QP density in thin superconducting
films.” We also use a method to estimate the spatial distribution of
QPs with time and the QP diffusion constant, by considering the
position-dependent current distribution and comparing the response
of odd resonance modes to even resonance modes.
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As shown in Fig. 1(a), we study a half-wavelength CPW resona-
tor with length ! and coupling capacitors C, on both the input and out-
put ends. The characteristic impedance of the CPW is given by

=4/L/C ~ 50 Q, where L and C are the distributed inductance

and capacitance per unit length, respectively. At resonance frequencies
fa = nfi, the microwave signal can pass through the circuit, and reso-
nance peaks can be observed in transmission (S,;) measurements.

Here, n = 1,2, ... is the resonance mode index and f; = 1/ (2vIC)
is the fundamental resonance frequency. On the nth resonance, the
current amplitude distribution shows a standing-wave pattern
along the CPW and follows the position-dependent relation
I(x) = I, sin (n7x /1), where x is the position and I,,, is the maximum
current amplitude.

It can be derived (see the supplementary material) that around
the resonance frequency, the half-wavelength CPW behaves like an
equivalent RLC parallel resonance circuit, which is shown in Fig. 1(b).
In the following, we define the effective lumped-element capacitance
and inductance as L = 2IL/n* and C = IC/2. Then, the equivalent
circuit parameters [in Fig. 1(b)] for the nth resonance mode are given
by

1

Ci= C7 L, = ;La R, = Qana (1)

where Q, = w,R,C, is the total quality factor for the nth resonance
mode and Z, = /L/C = 2Zy/= is the resonator impedance. These
parameters set the resonance frequencies at f, = 1/(2ny/L,C,)
=nf;, where f; =1/ (2nvLC) is the fundamental resonance
frequency.

As shown in Fig. 2(a), we fabricate a [=159.26 mm-long half-
wavelength CPW resonator, which is made from a superconducting
Al film (=120 nm thick and sheet resistance ~0.8 Q/[]) deposited
and patterned on a high-resistivity Si wafer (76.2 mm in diameter) by
magnetron sputtering, standard photolithography, and wet etch. The
designed width of the center strip is 15 yum, and the gap between the
center strip and ground is 15pum. The designed fundamental

1 poR

x[)—»xlc

(a)

/s Ln Cn T Rn ivou{

(b)

FIG. 1. (a) A half-wavelength CPW resonator with coupling capacitors to input/out-
put port. The three dotted curves (red, green, and blue) show the current amplitude
distribution for the first three resonance modes (n =1, 2, and 3), respectively. The
red point represents the center position of the CPW that is illuminated by the LED.
(b) On the nth resonance, the CPW is equivalent to a lumped-element R,L,C, res-
onance circuit with a current source /.
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FIG. 2. (a) A photo of the Al CPW half-wavelength resonator mounted in a circular
sample holder (made from oxygen-free copper) with input/output SMA connectors.
(b) A small hole (about 1 mm in diameter) is drilled on an aluminum lid (about 2 mm
thick) as a collimator. The collimator hole is aligned with the center position of the
resonator. The vertical distance between the aluminum lid and the superconducting
film is about 2mm. A 1550 nm LED (about 0.8 mm in diameter) is placed on top of
the collimator hole, so that the LED illuminates a small area around the resonator
center. The backside of the lid is painted black to minimize the light reflected and
scattered inside the sample box. (c) Micrograph of the CPW transmission line
through the collimator hole. The transmission line is placed in the middle of the field
of view. (d) The measured transmission (S1) of the fundamental resonance. (e)
The measured resonance frequencies of the first six resonance peaks. (f) The total
quality factor for the first six resonance modes at temperatures 50 and 350 mK.

frequency is about 1 GHz. For such a thin-film CPW transmission
line, one can estimate its kinetic inductance fraction™ to be about
1.2%. The CPW resonator is coupled at each end through a small
capacitance to the input/output ports, and the designed coupling qual-
ity factor (Q.) for n= 1 resonance is about 50 x 10°.

The resonator device is mounted in a circular copper sample hol-
der with input and output ports. As shown in Fig. 2(b), a 1550 nm
LED illuminates a small area around the center of the CPW through a
collimator hole on the lid. The assembly, with the resonator wafer in
the holder with lid and LED, is mounted on the mixing chamber
(MC) stage in a dilution refrigerator (DR) and cooled down to a base
temperature of 50 mK. We first measured the transmission S,; of the
resonator in the dark by using a vector network analyzer (VNA). The
transmission peak of the first resonance is plotted in Fig. 2(d), showing
that the fundamental frequency is f; =0.96987GHz and
Q; = 50.1 x 10°, which agree well with our design. The frequencies
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of the first 6 resonance peaks are shown in Fig. 2(e), and the linear
spacing between the resonance frequencies agrees well with the theory
fa = nfi. Figure 2(f) shows the total quality factor Q, for the first six
resonance modes at temperatures 50 and 350 mK.

For the optical response measurement, we use a function genera-
tor at room temperature to drive the LED to emit optical pulses with a
short width of 200 ns at a repetition rate of 120 Hz. The optical pulse
width is short enough to generate excess quasi-particles (due to exter-
nal pair breaking) while avoiding the production of thermally excited
quasi-particles.”” As shown in Fig. 3(a), a standard homodyne
scheme is used to readout the resonator responses. We probe the reso-
nators at the first six resonance frequencies. The microwave power is
chosen to be far below bifurcation power to avoid strong non-linear
effects in the resonator, and the resonator responses show little micro-
wave power dependence in the weak power regime. For each optical
pulse, the corresponding response of the detector is digitized at a sam-
pling rate of 2.5 MS/s. Figure 4(a) shows a typical resonator response
in the complex plane. The raw data are then converted to the
frequency and dissipation responses. We only further analyze the
frequency response data to retrieve the kinetic inductance effects.

The fractional frequency shift Jf, /f, at 50 mK for the first six res-
onance modes is plotted as blue curves in Fig. 4(b). Note that the fre-
quency responses for resonance modes n =1, 3, and 5 are much larger
than the responses for modes n =2, 4, and 6. This is expected because
the illuminated region is an antinode with maximum current ampli-
tude for odd resonance modes and a node with minimum current
amplitude for even resonance modes. Although the same optical pulse
is applied to the current antinodes, the n=1, 3, and 5 resonance
responses measured at the mixer output exhibit a few different features
in several aspects, including response times, decay rates, and pulse
heights, due to different Q,, and resonator bandwidth. It is known that
for small perturbations in impedance, the resonator circuit acts as a
low-pass filter with a bandwidth equal to the resonator’s bandwidth
£,/2Q.”" In the adiabatic limit (slow change), the frequency response
will be proportional to the impedance change. In order to study the
resonator response in general situations (without approximation on
amplitude and rate of impedance change), we develop a variable
inductance circuit model, which can simulate the resonator response
for any impedance variations. Therefore, our model can serve as a

~.) Synthesizer  Filter Iﬂ Filter
| Q
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FIG. 3. (a) Pulse response measurement circuits. (b) Variable inductance circuit
method to simulate the optical pulse response of the resonator.
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FIG. 4. (a) Optical pulse response (red curve) and resonance circle (blue curve) in
the 1/Q complex plane. (b) Experimental frequency responses (blue curves) and
simulated frequency responses (red curves) for the first six resonances at 50 mK.
(c) Experimental frequency responses (blue curves) and simulated frequency
responses (red curves) for the first six resonances at 350 mK. (d) The extracted
oL, /L, (n=1, 3, and 5) at 50 and 350 mK, showing good agreements.

more general and quantitative approach to analyze the optical pulse
response of microwave resonator.

Our variable inductance circuit model is shown in Fig. 3(b),
which is based on the equivalent resonance circuit in Fig. 1(b). In sim-
ulation, the voltage across the variable inductor satisfies the Faraday’s
law, ie, V(t)=L(r)d(I(r))/dt +I(t)d(L(t))/dt. Refer to the
supplementary material for more details on this model.

Due to the photon-induced changes in the QP density, the per-
turbed distributed inductance 5L (x, t) of the superconducting CPW
will vary as a function of position and time. From a modal analysis,”*
one can derive that the equivalent inductance variations are weighted
by the square of the current distribution along the CPW, and the
time-dependent fractional inductance change for the nth resonance
mode is given by

1
OLa(t) ij oL (x, £ sin? % dx, @)
L, IL Jo )

However, dL(x, t) is usually hard to know because of the com-
bined effects of QP recombination and diffusion.'”' In order to dis-
entangle these two effects, we make a simple but reasonable
assumption that 0L (x,t) can be approximately determined by pure
recombination weighted by a Gaussian distribution factor, ie.,

= N _Gex)?
OL(x,t) = OL(t) % ¢ 20 (see the supplementary material for more

details). Here, 6L (t) describes the pure QP recombination effect with-
out QP diffusion. Note that L (¢) is usually not an exponential decay.
We also assume a Gaussian distribution of QPs, and the distribution
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width o(t) increases with time due to QP diffusion along the CPW.
09 = a(t = 0) is the initial size of the light spot. Because of the size of
the collimator hole, g, should be about 1 mm, which is much shorter
than the microwave wavelength (a few centimeters) but longer than
the QP diffusion length in Al (a few hundred micrometers supposing
the QP lifetime are a few tens of microseconds). Then, Eq. (2) can be
rewritten as
i 1 -
OLn(t) :MEI &efﬁsinzwdx, (3)
L, L 1)ya(t) l

which can be further expressed in a compact form,

5L£n(t) - MT(t)An(t). @)

From Eq. (4), one can see that the variation in the equivalent
inductance for the nth resonance mode is equal to the relative change
in the distributed inductance 6L (t)/L multiplied by a time-dependent
factor A,(t). As mentioned above, 6L(t)/L describes the temporal
variations in the distributed inductance, which can be considered as a
direct reflection of the QP creation and recombination process. In the-
ory, SL(t)/L should be the same for all the resonance modes because
the same optical pulse is applied to the same position, and the photon-
device coupling is fixed. A, (t) is a resonance mode-dependent coeffi-
cient, which takes into account the spatial distribution of QPs and
current distribution. For a resonant microwave input signal and a
given variable inductance 0L, (t)/L,, one can calculate the dynamical
output voltage, which is then mixed with the input signal (reference
signal) and filtered by a low-pass filter. In this way, the optical pulse
response of the resonator can be simulated.

On the other hand, we can also use an iteration method (refer to
the supplementary material for more details) to reconstruct the induc-
tance pulse 0L, (t)/L, from experimental frequency response data.
Specifically, we use the falling stage of experimental frequency
response Of, /f, (n=15) as the initial solution for 6L, (t)/L, because
the n=>5 resonance has higher resonance frequency and lower Q.
Therefore, the n=>5 resonance has a larger bandwidth and a shorter
response time, and its frequency response df,(t)/f, is more similar to
0L, (t)/L, in shape. For the rising stage of 4L, /L, we assume a linear
slope to a maximum for the first 200 ns. With this trial solution, we
can simulate the corresponding pulse response for all the resonance
modes in the time domain. The deviation between the simulated
results and experimental data is used to correct the input 0L, (¢)/L,,.
After a few iterations, one can find a best match between the simulated
response and experimental response. Correspondingly, the best solu-
tion 0L, (t)/L, for all resonances can be obtained.

Figure 4(b) plots the experimental responses and simulated
responses for all the resonances at 50 mK, showing that the resonator
responses can be well simulated with experimental resonance parame-
ters. The corresponding 0L, /L, (magnitude is normalized to 0L, /L;)
for n=1, 3, and 5 is plotted as dashed curves in Fig. 4(d). One can see
that the shapes of extracted JL,/L, are similar. For odd resonance
modes n=1, 3, and 5, the illuminated position is an antinode with
maximum current amplitude and a flat current distribution, so that
A, (1) is not sensitive to QP diffusion and should be approximately the
same for n=1, 3, and 5 resonances according to Eq. (4). Therefore,
the profile of dL,/L, mainly depends on the pure recombination

ARTICLE scitation.org/journal/apl

SL(t)/L, which is not resonance mode dependent. In other words,
with our method, one can extract the real quasi-particle dynamics by
removing the resonance circuit effects. For comparison, we also plot
the experimental responses and simulated responses for all the reso-
nances at 350 mK in Fig. 4(c). At higher temperatures, the Q of all the
resonances is lowered [see Fig. 2(f)]. Therefore, the pulse responses at
350 mK show some different features (e.g., shorter response time,
faster relaxation, and different pulse height), compared to the results
at 50 mK. Figure 4(c) shows that the experimental results can be also
well simulated at 350 mK. The extracted and normalized 6L, /L, for
n=1, 3, and 5 at 350 mK is plotted as solid curves in Fig. 4(d), which
are also close to each other.

For even resonance modes (n=2, 4, and 6), the optical pulse
responses can also be well simulated, but requiring a much slower fall-
ing stage of 0L, /L, than odd resonance modes. This can be mainly
attributed to QP diffusion around the current nodes, where current
amplitude increases rapidly away from the nodes. By taking advantage
of this effect, one can estimate the QP diffusion constant from experi-
ments. Based on Egs. (3) and (4), the ratios of JL,/L, at time ¢
between odd resonance modes and even resonance modes depend
sensitively on the QP width ¢(t). Note that the ratios of 6L,/L,
between even resonance modes or between odd resonance modes are
not sensitive to o(t) because of the similar position-dependent current
distribution. By calculating the ratios of 6L, /L, (n=1, 3, and 5) to
0L,/L, (n=2, 4, and 6) and averaging the results, we can get o(t) as
a function of time. For t=0, the initial width ¢, of QP distribution
(without diffusion) is determined to be 1.27 mm for 50 mK and
1.33 mm for 350 mK, which are both consistent with the size of the
collimator hole. For a one-dimensional diffusion with Gaussian shape
and satisfying the Fick’s law, we have o (t) = o% + 2Dt, where D is
the QP diffusion constant. Figures 5(a) and 5(b) plot ¢%(t) with time
for 50 and 350 mK, respectively, showing a good linearity. From the
slopes, we can estimate D =103 cm?/s at 50 mK and D = 187 cm?/s at
350 mK in our superconducting aluminum films. These values are rel-
atively larger than the QP diffusion constants reported in the litera-
>/~ ranging from 22.5 to 100 cm?/s.

Here, we discuss the uncertainty in estimating the diffusion con-
stant. Actually, we can calculate the ratio of 6L, (f)/L,(t) between
only one pair of odd and even resonance modes to estimate the QP
distribution width ¢ (¢) at time . There are three odd resonance modes
(n=1, 3, and 5) and three even resonance modes (n =2, 4, and 6);
therefore, there are nine combinations of odd and even resonances

(a) (b)
6.5 50 mK ; 350 mK
o Experiment 7|| o Experiment
—Fitting —Fitting
~55 =
€ g 5
'§'4.5 =
K o]
3.5 , 3
NE
40 80 120 160 200 20 60 100 140

time [us] time [us]

FIG. 5. (a) The extracted ¢2(t) and a linear fitting with time at 50 mK. (b) The
extracted o2(f) and a linear fitting with time at 350 mK. The data at longer time
show larger fluctuations due to decreasing signal to noise ratio.
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from which we can independently estimate the diffusion constant D
and the initial QP distribution width ¢,. The detailed results are sum-
marized in Table S1 in the supplementary material. At 50 mK, D is
estimated to be from 48 to 164 cm?/s, and 0 is estimated to be from
0.85 to 1.69 mm. Similarly, at 350 mK, D is estimated to be from 85 to
250 cm?, and 0, is estimated to be from 0.97 to 1.76 mm. We think
there are at least two reasons which may lead to a large uncertainty in
estimating D and a higher D value than the typical QP diffusion con-
stants in aluminum film reported in the literature. First, we did not
consider the effects that recombination time depends on QP density in
Eq. (4), which simply assumes the same 6L (t) for all resonance modes.
The ratio between odd and even resonance modes [e.g., ML'—l(t) 5%0]
generally decreases with time, and this decrease is all attributed to the
diffusion effects (weighted by current distribution). In other words,
the contribution of the fast recombination at the illumination center
for resonance 1 is underestimated. Therefore, we see a wider QP distri-
bution width o (¢) (faster diffusion) than its true value at time #, and D
is overestimated. The estimated D will be slightly smaller if we use
data at longer time, which is an evidence that the recombination time
is QP density dependent. Second, due to the high reflectivity of Al film
and larger collimator hole diameter (=1 mm), the incident photons
will be reflected and scattered inside the sample box. This may cause
the QPs to have a non-Gaussian distribution, which will complicate
the resonator response. These will be studied further in our future
experiments.

In conclusion, we have studied the optical pulse response of a
superconducting half-wavelength CPW resonator. We demonstrate a
variable inductance circuit method, which can well simulate the fre-
quency response of the resonator in the time domain. With this
method, we can remove the resonance circuit effects on the resonator
response and determine the temporal kinetic inductance variations
(i.e., the real quasi-particle recombination process). We also report a
method to estimate the time-dependent spatial distribution of quasi-
particles. This method uses the sensitivity of the resonator response to
the position-dependent current distribution, and one can compare the
resonator response between odd and even resonance modes to extract
diffusion parameters in the superconductor. Our work provides a gen-
eral approach to study the quasi-particle dynamics in the supercon-
ducting resonator devices and design the photon-counting MKIDs.

See the supplementary material for the derivation of equivalent
resonance circuit, detailed description on the variable inductance
model, and Gaussian diffusion model.
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