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Quasiparticle (QP) effects play a significant role in the coherence and fidelity of superconducting quan-
tum circuits. The Andreev bound states of high-transparency Josephson junctions can act as low-energy
traps for QPs, providing a mechanism for studying the dynamics and properties of both the QPs and the
junction. Using locally injected and thermal QPs, we study QP loss and QP poisoning in epitaxial Al-InAs
Josephson junctions incorporated in a superconducting quantum interference device (SQUID) galvani-
cally shorting a superconducting resonator to ground. We observe changes in the resonance line shape and
frequency shifts consistent with QP trapping into and clearing out of the ABSs of the junctions when the
junctions are phase biased. By monitoring the QP trapping and clearing mechanisms in time, we find a time
scale of O(1 ws) for these QP dynamics, consistent with the presence of phonon-mediated QP-QP interac-
tions. Our measurements suggest that electron-phonon interactions play a significant role in the relaxation
mechanisms of our system, while electron-photon interactions and electron-phonon interactions govern
the clearing mechanisms. Our results highlight the QP-induced dissipation and complex QP dynamics in

superconducting quantum circuits fabricated on superconductor-semiconductor heterostructures.
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I. INTRODUCTION

The presence of quasiparticles (QPs) in superconduct-
ing materials can prove detrimental to the operation of
superconducting quantum circuits, where QP transport and
tunneling can cause dissipation [1—-6] and be a major
source of decoherence in charge and parity-based qubits
[7,8]. Even at low temperatures, significant densities of
nonequilibrium QPs have been observed in supercon-
ducting films [1,4,5,9—11] due to Cooper-pair breaking
caused by, e.g., leakage of infrared photons [12], cos-
mic rays [2,13—15], and material defects [16]. At low
QP densities, studies have shown that the dominant
mechanism for QP relaxation is the diffusive propaga-
tion of QPs through the superconductor [17], where they
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can eventually get trapped in defects or vortices [18—
20]. At high QP densities, QP recombination involving
phonon emission becomes the dominant mechanism for
QP relaxation, where the emitted phonons can travel
through the substrate before getting absorbed by the super-
conductor and breaking up Cooper pairs into new QPs
[20-22].

Recently, novel superconductor-semiconductor struc-
tures have emerged as a promising platform to real-
ize voltage-tunable wafer-scale superconducting cir-
cuit elements such as gatemon qubits [23—34], ampli-
fiers [35], and couplers [36-39]. These material sys-
tems have also been studied for their potential appli-
cation in topological fault-tolerant quantum comput-
ing [40—43]. In addition to the dissipation and qubit
dephasing associated with QPs, in such fault-tolerant
schemes, one must conduct braiding operations faster
than the QP poisoning time to preserve the parity
of the system [7,8]. Thus, understanding the dynam-
ics and effects of QPs in hybrid superconductor-
semiconductor structures is vital for the operation of
qubits and other superconducting circuit elements on these
structures.

Published by the American Physical Society
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FIG. 1. The Andreev spectrum and the device design. (a) The calculated energy spectrum of the Andreev bound states in a wide Al-

InAs junction. The results obtained are for a JJ with width w = 1 wm, normal region length / = 100 nm, length of the superconductor
I. = 2 wm, superconducting gap A = 210 eV, carrier density n = 4 x 10'' cm~2, and effective electron mass m* = 0.04m,, where
m, is the electron mass. (b) A histogram of the transparencies of the ABS modes in (a) extracted from fitting the modes to Eq. (1). (c)
The circuit diagram of the CPW-SQUID device. A transmission-line resonator with frequency f; is coupled capacitively to a feed line
characterized by an external quality factor Qex; and directly connected to a superconducting loop with two Josephson junctions (1Js),
each with inductance L;. A flux ® threads the loop. Separately, a two-terminal “injector” JJ is placed 1.6 mm away from the SQUID,
serving to inject QPs to the circuit by biasing one terminal with voltage Vi, and grounding the other terminal. (d)—(f) Optical images
of (d) the CPW-SQUID device, (e) the SQUID, and (f) the injector junction, where the etched mesa is shown in dark blue, epitaxial Al

in light blue, and gates in gold.

In semiconductor-based Josephson junctions (JJs),
supercurrent is carried by electrons and holes in conduction
channels mediated by Andreev reflection [44]. Coherent
Andreev reflections result in subgap Andreev bound states
(ABS:s), with each channel forming a pair of ABSs, having
energy given by

E7 () = £A\1 — Tsin’(¢/2), (1)

where ¢, 7, and A are the phase difference across
the junction, the transparency, and the superconducting
gap, respectively. The energy spectrum of the ABSs in
an Al-InAs JJ with width w =1 pum, obtained using
tight-binding simulations with realistic parameters (see
Appendix A), is shown in Fig. 1(a). The simulations
present an Andreev spectrum with a large number of
modes and a few long junction modes, diffusive modes
detached from the continuum at ¢ = 0, present due to the
wide nature of the planar JJ [45,46]. Fitting the modes in
the Andreev spectrum to Eq. (1), we extract the transparen-
cies (7) of these modes and plot them as a histogram in
Fig. 1(b), where we observe the majority of modes having
high transparency and a small fraction of modes having
intermediate transparency. Typically, at low temperatures,
ABSs with energy £, are occupied and those with energy
E; are unoccupied. QPs, which have energy > A, can
relax from the quasicontinuum into one of the Andreev
levels, which effectively has a trap of depth Ay4(¢,7) =
A — E:{ (¢, 7), as denoted in Fig. 1(a). Since ABSs with
E carry current in the opposite direction to those ABSs
with £, a QP falling into the positive-energy ABS poisons
the conduction channel resulting in the channel carry-
ing zero supercurrent, a process known as QP poisoning.

The resulting decrease in supercurrent and the correspond-
ing increase in inductance can be read out using standard
dispersive measurement techniques as demonstrated in Al-
nanobridge JJs [47—49] and also in Al-InAs Josephson
nanowires, where the spin state of a QP trapped in the
Andreev level is used as the basis state of an Andreev spin
qubit [31,32]. Trapped QPs can then be excited or cleared
out of their Andreev traps by applying a high-frequency
felear clearing tone with /ifciear > Ay, where 4 is Planck’s
constant.

In this work, we study the trapping and clearing of QPs
in epitaxial Al-InAs planar JJs embedded in a supercon-
ducting quantum interference device (SQUID) that elec-
trically shorts a coplanar waveguide (CPW) resonator to
ground. We show that by increasing the QP density through
local QP injection or by raising the temperature, QPs can
get trapped in the ABSs of the junctions at nonzero phase
bias and we examine their effect on the resonance line
shape. Further, we study the QP trapping and clearing
dynamics by pulsing a clearing tone and measuring the
time scales associated with the relaxation and excitation
of QPs into and from the traps.

II. DEVICE DESIGN AND MEASUREMENT SETUP

The devices used in this study are fabricated on a
superconductor-semiconductor (Al-InAs) heterostructure
grown via molecular-beam epitaxy [S0—53]. The weak link
of the JJ is an InAs 2DEG grown near the surface and con-
tacted in situ by a thin Al film. The heterostructure is grown
on a 500-um-thick InP substrate. We use an I1I-V wet etch
to define the microwave circuit and an Al wet etch to define
the JJ. A blanket layer of AlO, is then deposited as a gate
dielectric followed by a patterned layer of Al for the gate
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electrodes, which are all kept grounded during the mea-
surements. Further details on the growth and fabrication
are provided in Appendix B.

Our device consists of a hanger 1/4 CPW resonator
(with geometric inductance Ly = 1.573 nH and capaci-
tance Cy = 414 {F) coupled capacitively to a common feed
line, characterized by an external quality factor Qex ~
1440. The resonator is shorted to ground through a SQUID
with two symmetric JJs that are w ~ 4 um wide and / &
100 nm long. We refer to the combined resonator-SQUID
system as a CPW-SQUID. Coupled to the same feed line
is a bare test resonator used for characterizing the Al film
and two other CPW-SQUID devices, which we do not dis-
cuss in this work. Around the microwave circuit, we etch
2 x 2 wm holes in the ground plane on a 10-pwm grid to act
as flux-pinning holes. Near the microwave circuit, 1.6 mm
away from the SQUID, we have a two-terminal JJ, fabri-
cated on the same chip with the same junction structure,
used for injecting QPs. By dc-voltage-biasing the “injec-
tor” JJ above twice the superconducting gap, eVyias > 2A,
QPs are generated near the injector JJ area. These QPs can
then relax to the gap edge or recombine, emitting phonons
that propagate through the substrate breaking Cooper pairs
successively, increasing the density of QPs in the circuit.
A similar QP injection mechanism has been used in Refs.
[20,54,55]. A circuit diagram of the CPW-SQUID device
and injector junction is shown in Fig. 1(c) with optical
micrographs shown in Figs. 1(d)}-1(f).

The chip is measured in a dilution refrigerator at a tem-
perature 7 = 15 mK, mounted on the mixing chamber in
a QDevil QCage, a microwave-cavity sample holder with
EMC-tight superconducting shielding. An out-of-plane
magnetic field is applied to the chip using a superconduct-
ing coil placed inside the QCage shielding. All dc lines go
through a QDevil QFilter, a low-pass filter with a resis-
tance of 1.7 k€2, such that the reported applied voltage
bias to the injector Vj,; is applied across the filter and the
injector junction in series. We expand on the measure-
ment setup in Appendix C. Unless specified otherwise,
the measurements are all performed at a photon number
of approximately 50. We first measure the complex trans-
mission S,; and fit the resonant response in transmission
to extract the resonant frequency f, and the internal qual-
ity factor Qiy, using a fitting procedure outlined in Ref.
[56]. Time-domain measurements are performed by apply-
ing a probe tone f* = f£,(®/Py) and demodulating, 22-MHz
low-pass filtering, and digitizing the outgoing signal at
500 MSa/s.

I11. SQUID FLUX BIASING

Applying an external flux & to the SQUID, we can phase
bias the JJs such that the phase bias of the junctions is
¢ = 1d/ Dy where Py is the magnetic flux quantum. At
half flux (®/®Py = 0.5), the phase of the two junctions is
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FIG. 2. The flux tuning. (a) The magnitude of the complex
transmission |Sy;| as a function of magnetic flux ®/®,. (b) The
corresponding line cuts.

¢ = m /2, which, following Eq. (1), creates a maximum
Andreev trap of approximately Ay(t = 1)/h =~ 15 GHz
for a superconducting gap A =210 peV. The CPW
SQUID has a resonant frequency of f,.(®/®y = 0.0) =
5.89 GHz and f.(®/Py=0.5) =586 GHz, corre-
sponding to a Josephson inductance of L;(®/ Py = 0.5) =
0.190 nH and a critical current of I.(®/®y = 0.5) =
1.73 nA (see Appendix E), similar to values reported using
dc measurements on Al-InAs heterostructures [57,58]. In
Fig. 2(a), we show a color map of the response in |Sy;| as
a function of ®/®,, where the field is swept from positive
to negative magnetic field, with line cuts of the reso-
nance shown in Fig. 2(b). The SQUID response exhibits
hysteretic modulation, with f, continuing to decrease past
®/dy = 0.5. This behavior is typically attributed to a
finite loop inductance, as is the case in Ref. [59]. It has
been shown in Ref. [60] that the nonsinusoidal CPR of
highly transparent junctions can also give rise to a SQUID
metapotential that, with increasing flux, develops sec-
ondary wells that can trap the fictitious phase particle [40,
61,62]. In our device, with each arm of the SQUID loop
having an inductance of approximately 30 pH, it is likely a
combination of these two effects that leads to the hysteretic
and beyond half-flux tunability observed. We provide fur-
ther details on the SQUID-oscillation periodicity and flux
calibration in Appendix D.

Comparing the line cuts in Fig. 2(b), we see that the res-
onance gets slightly shallower and broader as the applied
flux increases. This effect is commonly seen in flux-tuned
SQUIDs and can be attributed to a finite subgap resistance
in the junctions or to thermal noise [63,64]. We note that
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FIG. 3. The effect of QP injection and clearing. (a) Line cuts
for zero and half flux at zero and finite injector bias, V. The
half-flux case shows a more pronounced broadening and fre-
quency shift upon QP injection. (b) Line cuts for different flux
values at V;,; = 10 mV and photon number = 2, with and without
an applied clearing tone of frequency fcjear = 18 GHz. The finite-
flux cases show the original line shape is somewhat restored
with the application of the clearing tone, while the zero-flux case
shows no change.

QP trapping in the ABSs result in a similar response to an
applied flux. We apply a sufficiently high-frequency clear-
ing tone fiear = 18 GHz on the feed-line input to excite
any trapped QPs out of ABS traps. In the presence of QP
trapping, we expect the clearing tone to cause the reso-
nance shape to become deeper and narrower as trapped
QPs are cleared from the junctions. The frequency fijear =
18 GHz is chosen since it is near the third harmonic of
the A/4 resonator, where the admittance of the CPW is
peaked. Upon the application of the clearing tone, how-
ever, we observe no noticeable change to the resonance
shape, indicating the absence of QP trapping. This lack of
noticeable QP poisoning effects is possibly due to a vari-
ety of reasons, which include an insensitivity to single QP
poisoning events given our resonance line width and/or a
low nonequilibrium QP density near the SQUID; a detailed
discussion about this is provided in Appendix E.

We increase the QP density in the circuit by applying
a finite voltage bias to the injector junction V,. As seen
in Fig. 3(a), at zero and half flux with Vi;; = 10 mV the
resonance line shape becomes shallower and broader and
exhibits a shift toward negative frequency, where the effect
is considerably more pronounced in the half-flux case. Two
main factors can contribute to this effect: an increase in
dissipation due to bulk QP transport in the bulk supercon-
ducting film and/or an increase in QP trapping in the ABSs

of the junctions in the SQUID. In Fig. 3(b), we plot the res-
onance curves at Vi,j = 10 mV with and without an applied
clearing tone at different flux biases. The measurements in
Fig. 3(b) are performed at a photon number of approxi-
mately 2 to avoid any clearing effects from the readout tone
f . We observe that at zero flux, the clearing tone does not
affect the resonance shape, while at finite flux, the applica-
tion of the clearing tone results in the resonance becoming
sharper and deeper, exhibiting a positive frequency shift,
consistent with the clearing of QPs from the ABS traps.
These results indicate the presence of QP trapping in ABSs
with QP injection when the junctions are phase biased.

IV. QP-INDUCED DEPHASING AND DISSIPATION

By varying the QP density near the junctions, we exam-
ine the effects of QPs on the CPW-SQUID device in terms
of the internal quality factor Qi and frequency shift Af,.
We increase the QP density by applying a voltage bias
across the injector junction Vi, or by raising the tem-
perature 7 and we also examine the clearing of QPs by
the microwave photons of the readout tone. We include
measurements of a bare resonator on the same chip as a
reference to differentiate between effects resulting from QP
trapping in the ABSs of the junctions and from dissipa-
tion due to QP transport in the superconducting film. We
note that the bare resonator is located 1.6 mm further from
the injector junction than the CPW-SQUID device; thus,
we expect that at a given Vi, there is a lower density of
injected QPs near the bare resonator compared to near the
CPW-SQUID device [20]. It is worth mentioning that in
the presence of QP trapping in ABSs, changes in Qi are
associated more with dephasing of the resonant frequency
and the associated frequency noise rather than an increase
in dissipative loss [61].

We vary Vi, as shown in Fig. 4(a) and find that Qjy
of the bare resonator decreases due to dissipation from
the increased density of QPs in the superconducting Al
film. The Qi response of the CPW SQUID at ®/dy = 0.0
and ®/®y = 0.5 shows a pronounced dependence on Vi.
While QP-induced dissipation in the resonator of the CPW
SQUID is expected to be enhanced due to its position rel-
ative to the injector junction, the presence of the junctions
can introduce processes such as QP transport via resis-
tive conduction channels in the junction and QP trapping
(for the ®/®Py = 0.5 case), which can contribute to the
pronounced response in Q. Examining the Vi, depen-
dence on the shift in resonant frequency Af, presented in
Fig. 4(b), we see that the ®/Py = 0.5 case shows a sig-
nificantly more drastic trend than ®/®, = 0.0. When a
high-frequency clearing tone is applied to the /Py = 0.5
case, we find that Af, shows a significant change, as the
shift decreases from 5.7 MHz to 2.1 MHz at V;;; = 10 mV,
along with Qi increasing by a factor of approximately
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FIG. 4. Microwave loss due to QP effects. The (a),(c),(e) internal quality factor Qi and (b),(d),(f) frequency shift Af, as a function

of: (a),(b) the voltage bias of the injector junction Vi, at T =
(e),(f) the photon number n at T =
The solid lines show fits to models for the dependence of Oy, on T

2. This maximum Af,, with the application of the clear-
ing tone, not being closer to the &/ Py = 0.0 case, could
indicate inefficiency in the clearing process, as we discuss
further in Appendix F. We note that applying a clearing
tone to the CPW SQUID at ®/®y = 0.0 does not affect f,
or Qint.

An increase in the equilibrium QP density can also be
achieved by increasing the temperature. As we vary the
temperature, we observe that Qj, is roughly unchanged
until 7~ 200 mK for the CPW SQUID and 7 ~ 300 mK
for the bare resonator, at which point Oy, starts to decrease,
as shown in Fig. 4(c). The dependence is again seen to be
more pronounced in the CPW SQUID than the bare res-
onator. To analyze the trend in Qjy, it is useful to write the
total Qi as an inverse sum of terms that capture the tem-
perature 7 and photon-number 7 dependencies separately,
being

1
Qint(Ta ;l)

e

1 1
on "om @
where Oy describes losses independent of 7" and 7. These
terms can be interpreted as contributions to loss due to
thermal QPs, in the case of Q(7), and QP excitation due
to the readout tone, O(n). We consider a model for the
temperature-dependent surface impedance following the
Mattis-Bardeen theory, where the temperature-dependent

15 mK, (c),(d) the temperature T without QP injection (V;,; = 0 mV) and
15 mK. Af, is calculated by subtracting the leftmost £, value of each data set on the horizontal axis.

and 7 and to the dependence of f; on 7.

internal quality factor is given by

e /ksT
hfy e\’
styr) Ko (3657)

as described in Refs. [65,66], where Oqp, is the inverse
linear absorption by QPs and A = 210 peV is the super-
conducting gap of aluminum. The resonant frequency f; is
set to the value at 7 = 100 mK. The only free parameters in
the fit are Oqp and the inverse sum 1/0y + 1/0(n). The
fit to Eq. (3) for each data set is shown in Fig. 4(c). Here,
we plot the results in terms of the change in internal qual-
ity factor AQjy to accentuate the temperature dependence.
For the bare resonator, we find that the inverse linear
absorption for the bare resonator is QOqpo = 3.74. This
benchmarks QP dissipation due to the superconducting Al
film in the resonator. We find that in the CPW-SQUID
device, at ®/®Py = 0.0, Ogpo decreases to 1.28, lower
than that of the bare resonator by 66%. This implies that
other temperature-dependent factors play a role with the
addition of the SQUID loop to the resonator, such as the
critical current carried by the junctions, the number of
resistive channels, and the induced superconducting gap
of the junctions. Further, we find that as the SQUID is
flux biased to ®/ Py = 0.5, Oqgp, further decreases to 1.02.

O(T) = Qqpr,o (3)

sinh (

This decrease is expected and corresponds to the effect of
QP trapping. An interesting observation is the recovery of
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Oqpro upon the application of a clearing tone, where Oqp
=1.27, which is almost the value of Qqp o for ® /Py = 0.0.
Shifting our focus to the Af, dependence, presented in Fig.
4(d), the /Py = 0.5 case shows a gradual increase in
Af, up until 7 ~ 250 mK, rather than staying constant like
the bare resonator and the CPW SQUID at ®/d, = 0.0.
This increase in frequency with temperature is consistent
with the suppression of QP trapping due to the growing
population of thermal phonons, as observed in Ref. [67],
with hotter QPs being less likely to relax and get trapped
in lower-energy trap states or an increase in QP clearing
mediated by phonon absorption [47,49]. While the equi-
librium phonons do not provide enough energy (approxi-
mately 5.2 GHz at T = 250 mK) for the QPs to be cleared
from the deepest Andreev traps directly to the continuum,
the presence of intermediate transparency modes as seen
in Fig. 1 and mode-to-mode coupling [46] can also support
excitations of QPs from deep high-transparency modes to
shallower modes with less transparency and eventually to
the continuum through multiple transitions. At tempera-
tures above 250 mK, the effect of the rising QP density
dominates and Af, begins to decrease in a similar fashion
to the bare resonator and SQUID with ®/®, = 0.0. In Fig.
4(d), we also show fits to the Mattis-Bardeen theory for the
change in frequency as a function of temperature for the
bare resonator and CPW SQUID at zero flux, where the
data are seen to fit well (for further details, see Appendix
G). On the other hand, the half-flux case does not fit well
to the Mattis-Bardeen model, mainly due to the thermal
excitation and trapping of QPs.

We next consider the dependence of Qi and Af, on
the photon number 7 of the readout tone, presented in
Figs. 4(e) and 4(f). The bare resonator shows a Qjy that
is approximately independent of 7, suggesting that the loss
is not limited by two-level systems (TLSs) [66,68,69]. At
Vi,y = 0 mV, a similar n-independent loss is observed in
the CPW SQUID at ®/®; = 0.0 but not at &/dy = 0.5.
The 7 dependence observed is more pronounced at Vip =
10 mV for ®/®, = 0.5. This n dependent pattern is also
seen in Af, for the ®/Py = 0.5 case at Vi;; = 10 mV,
where Af, decreases by 2.5 MHz from high to low 7.
These results are consistent with the clearing of trapped
QPs mediated by the photons of the readout tone. Similar
to clearing mediated by thermal phonons, the absorption
of microwave photons, and even photons that carry less
energy than the Andreev depth (f = 5.86 — 5.89 GHz
compared to A (t = 1)/h ~ 15 GHz), can contribute to
the clearing of QPs through multiphoton transitions and
excitations to subsequently higher-energy Andreev levels
at high enough #n, as is evident from Fig. 4(f). On the
other hand, at low 7, the readout tone does not provide
enough power to support QP clearing from the ABSs, lead-
ing to a saturation in the low-power frequency shift and
internal quality factor. This suggests that, at low temper-
atures, electron-photon interactions can be a contributing

mechanism to QP clearing, consistent with results reported
for Al-nanobridge junctions [49].

We consider the changes in Oy as a function of pho-
ton number to be associated with the changing densities
of trapped and mobile QPs via excitation to the continuum
via the readout tone. It has been shown in Ref. [70] that
one can write a phenomenological model to describe the
changing densities of localized QPs (x;) and mobile QPs
(x). By using a set of coupled equations, one can deter-
mine the power dependence of the loss, 1/Qiy, in terms
of the density of localized QPs. While the model consid-
ers the rates of QP recombination, excitation, localization,
and generation, it is assumed that only QP excitation is
power dependent, proportional to the number of photons
through I'ex = I'on, where I'ex is the rate of QP excita-
tion and 'y characterizes the photon-QP coupling strength.
Assuming that the density of states of trapped QPs is much
greater than that of mobile QPs, one can write the power-
dependent loss 1/Q(n) as a function proportional to only
the density of localized QPs x;. By solving for the steady-
state solutions of these equations along with further simpli-
fying assumptions (see Appendix H), the power-dependent
loss due to localized QPs can be written as

_ 1 yn
=—|1 N
o ﬁ[+1+%( 1+4yﬁ—1)i| @

Here, the prefactor 8 is proportional to the density of
localized QPs, proportional to the ratio of QP localization
and recombination of mobile and localized QPs I'joc/ ['y.
The factor y is defined as y = 2I"oc["o/gm['m1, Where g,
is the generation rate of mobile QPs. Fitting the data
for Qi to Eq. (4), we find that the bare resonator has
B = 1.80 x 107>, while in the CPW-SQUID device, =
1.08 x 107 at ®/dy = 0.0. We find that B increases to
9.01 x 1073 at &/ ®y = 0.5. If we assume that the rate for
QP recombination is independent of the applied flux, this
corresponds to the increase in the rate of QP localization at
® /Py = 0.5 of a factor of 15, which we expect to be due
to the deepening of the ABS traps with applied flux. With
QP injection at Vj,; = 10 mV, we find that 8 increases to
B=186x10"*at ®/dy=0.0and to B =7.47 x 10~*
at ®/dy = 0.5 compared to without QP injection. These
results imply that the QP-localization rate increases with
an applied finite V;,;, increasing the background QP den-
sity. We also anticipate that by increasing the number of
mobile and trapped QPs, the rate of recombination should
increase as well, possibly explaining why the increase in 8
for the SQUID with ®/®, = 0.5 is not as drastic as that
for the &/ Py = 0.0 case. In terms of fitting for y, we find
that several different values for y yield similar fit results.
The value of y used to obtain the fits for the bare resonator
is 0.013, that for the SQUID with ®/®, = 0.0 is 0.002,
and that for the SQUID with ®/®, = 0.5 is 0.001.
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V. TRAPPING AND CLEARING DYNAMICS

In order to further probe the dynamics of QP trapping
and clearing, we monitor the response of the resonance in
time while pulsing a clearing tone. The protocol used is
shown in Fig. 5(a): a constant Vi, is applied, constantly
injecting QPs into the system and resulting in a finite
population of QPs occupying the trap states. An applied
high-frequency clearing tone fjear = 18 GHz is mixed with
a 100-ps-wide square pulse output by an arbitrary wave
form generator with a sampling rate of 1 GSa/s. The two
quadratures of the output signal, I and Q, are measured as
the clearing tone is pulsed and is averaged over 10000
runs. Figure 5(b) shows an example of the response of
I measured in time, where a decay is observed when the
pulse begins (z = 200 ws), corresponding to a shift in the
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resonant frequency upon the application of the clearing
tone and the clearing of QPs. The resonance reaches a
steady state with the clearing tone applied and when the
clearing-tone pulse ends (¢ = 300 ws), I decays to its initial
values as QPs start to reoccupy the traps. We fit the quadra-
ture responses at the start and end of the pulse in time to
an exponential decay and extract two time constants: the
clearing time and the trapping time. The clearing time #cjeo
is the time constant associated with the excitation of QPs
from the Andreev traps mediated by the applied clearing
tone, while the trapping time #,, is the time constant asso-
ciated with the relaxation of QPs from the continuum into
the Andreev traps once the pulse ends. If the clearing and
trapping events are uncorrelated, the clearing and trapping
times correspond to the rate for individual QPs to clear or
get trapped.
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QP trapping and clearing. (a) The protocol for QP clearing. (i) While the in-phase (I) and quadrature (Q) components are

measured, a constant Vi, = 10 mV being applied such that a finite QP density populates the trap states. (ii) A 100-ps-long clearing-
tone pulse with fieor = 18 GHz is applied, which clears out the QPs. (iii) The clearing-tone pulse ends and QPs fall back into the trap
states. (b) An example measurement of the I response over time ¢. The region where the clearing-tone pulse is on is shaded in green.
The clearing time f jcor and the trapping f,, are extracted from an exponential fit of the I or Q response to the start (bottom left plot)
and end of the pulse (bottom right plot), respectively. (c)-(e) The trapping and clearing times as a function of ®/®, Vi, and the
temperature 7, respectively: (¢) Vipj = 10 mV, T = 15 mK; (d) ®/®¢ = 0.49, T = 15 mK; (e) /Py = 0.49, Vj;; = 0 mV.
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We first tune the trap depth A4 via flux ®/®, and mon-
itor the effect on #p and fciear at Vipy = 10 mV, as seen
in Fig. 5(c). Between ®/®y = 0.35 and 0.675, we find
trapping times of order 1 s, which decrease as a func-
tion of ®/®,. The trend implies that deeper Andreev traps
are more likely to trap QPs, consistent with the electron-
phonon relaxation mechanism for QP trapping [20,47,49].
We note that the time scale set by coupling to the resonator
is approximately 27 ns.

On the other hand, the clearing time is expected to be
less dependent on flux and should depend on the clearing-
tone power [47]. This is because the clearing tone should
provide sufficient energy to excite QPs out of the deep-
est Andreev traps—if not directly to the continuum, then
to lower-transparency modes carrying significantly less
supercurrent and correspondingly contribute less to the
response. This is consistent with the data in Fig. 5(c),
where 7, remains around approximately 500 ns at all
fluxes. We note that below ®/dy = 0.35, the signal-to-
noise ratio is too low to obtain an accurate fit. The fact that
the clearing and trapping times are of similar magnitudes
might also contribute to the inefficiency of the clearing
tone, as discussed for the Af, results shown in Fig. 4(b),
where Andreev states can remain partially occupied in the
presence of the clearing tone as the system reaches a steady
state where trapping and clearing events balance, provid-
ing a finite QP occupation probability even in the presence
of the clearing tone.

Assuming that QP trapping and clearing are indepen-
dent processes and that the clearing tone can be treated as a
large bath of photons, such systems are typically described
by a Markovian model [49]. In this case, the trapping and
clearing rates of individual QPs are expected to be inde-
pendent of the QP density. In Fig. 5(d), we present the
dependence of #ap and fejeqr 0N Vigj at &/ Py = 0.49. With-
out QP injection and up to Vj,; = 2 mV, we do not observe
a noticeable trapping or clearing response in I or Q (see
Appendix I). Above Vi, =2 mV, we find that as the QP
density increases, #,p decreases by a factor of 4 at Vi, =
10 mV. This corresponds to the system recovering to a
steady state faster, suggesting faster trapping rates when
the QP density is higher. The QP-density-dependent trap-
ping rates can be attributed to a rise in phonon populations
at higher QP densities. An increase in QP recombination at
higher QP densities results in the emission of high-energy
(> 2A¢) phonons, which can then enhance the number
of stimulated-emission events for QPs and consequently
help increase the QP relaxation and trapping rates, decreas-
ing the trapping times. Further, QP relaxation mediated by
phonon emission, typically low-energy phonons, can also
contribute to the increasing phonon population and, conse-
quently to the increase in trapping rates. Interestingly, #cicar
also exhibits a dependence on Vj,j decreasing by a factor of
3 in the measured V;y; range. This #.1cor dependence implies
that QPs are more likely to be cleared out of the Andreev

traps at higher QP densities. This is possibly also due to the
rise in phonon populations, generated through QP recom-
bination and phonon-mediated QP relaxation, that can then
participate in the excitation of QPs out of the deepest
Andreev traps either directly to the continuum or through
multiple transitions, increasing the clearing rate, which
corresponds to a decrease in the clearing times. These
results suggest that electron-phonon interactions can play
a considerable role in QP dynamics even at low tempera-
tures. Further, we find that both #,p and fcie,r fit inversely
proportionally to Vi, as shown with the fits in Fig. 5(d).
The origin of this dependence can be understood by con-
sidering a phenomenological model for the QP density as
discussed in Appendix J.

Finally, we examine the effect of raising the temperature
T without QP injection (Vi,; = 0 mV), corresponding to
increasing the thermal equilibrium QP density x.q, which
varies as

xeq(T) = 27TkBTeXp <_A> > (5)

A ksT

where kp is Boltzmann’s constant and A is the super-
conducting gap. Below 7 =225 mK, we are unable to
accurately read out an exponential decay in I and Q due
to the low QP density (see Appendix I). Starting 7 =
225 mK, we observe the #y,, and feor decay as a func-
tion of 7 as seen in Fig. 5(e), reaching values of a few
hundreds of nanoseconds. The trends observed in Fig. 5(e)
as a function of 7 are similar to that of Fig. 5(d). Here,
the suppression of #,, and #ear can also be attributed to
the increasing recombination rate with increasing thermal
QP density as well as to the increased phonon popula-
tion at higher temperatures and phonon emission generated
by QP recombination and QP inelastic scattering. As with
the Vi, case, the recombination and excitation of trapped
QPs through phonon absorption are responsible for the
decrease of #.e,r With 7. Another contributing factor is
the suppression of the induced gap at higher temperatures,
resulting in the Andreev traps getting shallower. By fit-
ting the temperature dependence of #,p and #cjear, we find
that both fit well to 1/x.q(7) if the superconducting gap
is reduced by a factor of 1.5, as seen in the fits shown
in Fig. 5(e). The inverse dependence of #,, and 7 jear ON
T can be understood by considering a phenomenologi-
cal model for the QP density as described in Appendix
J; however, further investigation is required to understand
the origin of such superconducting-gap suppression. The
observed trends in trapping and clearing times as a func-
tion of Vi, and T suggest that our system is not well
described by a simple Markovian model; rather, the QP
dynamics observed in such planar junctions fabricated on
hybrid superconductor-semiconductor structures involve
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interdependent mechanisms and warrants further theoreti-
cal understanding. Future work can explore to what degree
these systems act as Markovian or non-Markovian.

VI. CONCLUSIONS

In conclusion, we have studied QP-induced losses as
well as QP trapping and clearing dynamics in high-
transparency Al-InAs planar JJs. By examining the res-
onance line shape as a function of local QP injection,
temperature, and photon number, we have observed line-
shape broadening and frequency shifts consistent with QP
trapping. Using a model for the excitation of trapped QPs,
we have found a factor-of-15 increase in the QP trap-
ping rate as we flux bias the SQUID from 0.0 to 0.5 flux,
corresponding to trapping in the deepened ABSs. By per-
forming time-domain measurements, we have observed
that the trapping and clearing rates occur on a time
scale that varies from a few microseconds to hundreds of
nanoseconds, depending on the trap depth and QP density.
The results indicate that the relaxation of QPs relies on
electron-phonon interactions. On the other hand, the exci-
tation mechanisms of QP from the traps are observed to
have contributions from microwave photons and phonon
absorption. The trapping and clearing times depending on
the QP density suggest the presence of phonon-mediated
QP-QP interactions in the system. The results highlight
the trapping and clearing dynamics of QPs in a hybrid
superconductor-semiconductor platform and the resulting
effects on microwave loss. The time scales for QP trap-
ping reported here are relevant in developing topological
and superconducting qubits on hybrid superconductor-
semiconductor systems.
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APPENDIX A: TIGHT-BINDING CALCULATIONS

We conduct tight-binding simulations using the KWANT
PYTHON package [71] along the lines of the work presented
in Ref. [72]. The simulation considers a two-dimensional
(2D) system where a semiconductor region separates two
superconducting leads. The system is described by the
Hamiltonian

H A®) o,
=—— V>

where m* is the effective electron mass, and u is the chem-
ical potential. The superconducting pairing potential A (x)
varies spatially as

(AT)

Ay, ifx < —1/2,
Ax) =10, —1/2 <x <1/2,
Aoe, ifx >1/2,

(A2)

where A is the superconducting gap, / is the junction
length, and ¢ is the phase difference across the two
superconducting leads. We discretize the above Hamilto-
nian on a square lattice with lattice constant ¢ =5 nm
and simulate a system with w =1 pwm, normal region
length /=100 nm, geometrical length of the supercon-
ductor /i, =2 pm (which is larger than the coherence
length of the proximitized 2DEG & = 1373 nm calculated
using & = hy/2u/m*/A using the following parameters),
superconducting gap Ay = 210 peV, carrier density n =
4 x 10" ¢cm™2, effective electron mass m* = 0.04m,, and
electron mass m,. To calculate the Andreev spectrum,
we diagonalize the Hamiltonian and plot the energy as a
function of ¢.

APPENDIX B: MATERIAL GROWTH AND
DEVICE FABRICATION

The CPW-SQUID devices are fabricated on an InAs
near-surface quantum well grown by molecular-beam epi-
taxy on a 500-pm-thick InP substrate. After thermal oxide
desorption, an In,Al;_,As graded buffer layer is grown to
reduce strain on the InAs active region, where the compo-
sition x is graded from 0.52 to 0.81. The InAs 2DEG is
confined to Ing g; Gag 19As top and bottom barriers. Finally,
a 30-nm film of Al is deposited in situ. The procedure for
the growth of the I1I-V heterostructure is outlined in Refs.
[50,51,53].

The design is constructed using QISKIT METAL [73] and
rendered in the ANSYS high-frequency simulation software
(HFSS) [74] to simulate the expected resonant frequency,
external quality factors, and electromagnetic field distri-
bution. The chip design consists of four hanger CPW
resonators coupled to a transmission line, as seen in Fig. 6.
The external quality factor is designed to be Qexe ~ 1500.
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FIG. 6. A schematic of the chip design. The chip has three A /4
CPWs shunted to ground through a SQUID loop (RS2, RS3, and
RS4) and one bare resonator (R1). The design also includes two
injector junctions (IJ1 and 1J2). In this work, we focus on RS3,
R1, and IJ1.

Three A /4 CPWs are shunted to ground through a SQUID
loop with two geometrically symmetric JJs. These devices
are called CPW SQUIDs (RS2, RS3, and RS4). One bare
CPW (R1), which does not have a SQUID loop and is
shorted to ground directly, is used as a reference. We also
add two two-terminal JJs as “injector” junctions (IJ1 and
1J2) to inject QPs into the circuit. The injector junction is
equipped with a gate, as shown in Fig. 1(f), that is kept
grounded during the measurements. In this work, we focus
on RS3, R1, and IJ1.

The device is fabricated with electron-beam lithogra-
phy steps using spin-coated PMMA resist. First, we define
the microwave circuit and chemically etch the Al using
Transene Al etchant type D and the III-V layers using an
III-V etchant consisting of phosphoric acid (H3POy4, 85%),
hydrogen peroxide (H,O,, 30%), and deionized water, in
a volumetric ratio of 1:1:40. The junctions in the CPW
SQUID are defined to be approximately 4 wm and the
injector junction to be approximately 8um. The planar
junction is then defined by etching a thin 100-nm strip
of Al. Considering an electron mean free path of approx-
imately 200 nm as measured by low-temperature Hall
measurements, the junction should be in the short ballis-
tic regime. Around the microwave circuit, we also etch
2 x 2 wm holes in the Al ground plane that are 10 pm
apart to act as flux-pinning holes. We then blanket deposit
a 40-nm layer of AlO, as a gate dielectric by atomic layer
deposition, followed by a sputtered gate electrode made
of a 50-nm Al layer using lift-off. In all measurements,
the gates are kept grounded. A schematic of the junction
heterostructure after fabrication is shown in Fig. 7.

FIG. 7. A schematic of the material heterostructure with a
junction, made of Al superconducting contacts and an InAs
surface quantum well. A layer of AlO, is deposited as a gate
dielectric, followed by a patterned Al gate.

APPENDIX C: MEASUREMENT SETUP

A schematic of the measurement setup is shown in
Fig. 8. The measurements are conducted in an Oxford
Triton dilution refrigerator. The sample is embedded in
a QCage, a microwave sample holder, and connected to
the printed circuit board by aluminum wire bonds. Probe
signals are sent from a vector network analyzer or a
microwave signal generator and attenuated by —56 dB,
with attenuation at each plate as noted. The signal then
passes through a (1-18)-GHz band-pass filter made of
a copper box filled with cured Eccosorb castable epoxy
resin. The signal is sent through the sample, returned
through another Eccosorb filter, and passed through an iso-
lator with 20 dB isolation and 0.2 dB insertion loss. The
signal is then amplified by a traveling-wave parametric
amplifier, passed through another isolator, and then ampli-
fied with a low-noise amplifier mounted to the 4 K plate
and two room-temperature amplifiers (MITEQ) outside the
refrigerator.

We utilize the injector junction to increase the QP den-
sity of the system by voltage biasing it above twice the
superconducting gap. The two-terminal JJ is biased by
grounding one terminal and applying a voltage bias to the
other terminal. As mentioned in the main text, all the dc
lines in the refrigerator go through a QDevil QFilter, a
low-pass filter that is mounted on the mixing chamber.
The filters add a resistance of 1.7 k2 to each dc line. Our
reported applied voltage bias values to the injector junc-
tion Vjy; is applied across the filter and the injector junction
in series. Given that the normal resistance of the injec-
tor junction is unknown, it is difficult to determine the
actual value of the voltage applied to or the power dissi-
pated by the injector junction. However, we can make a
simple approximation by noting that the data in Fig. 4 and
the fact that no noticeable jumps in I and Q are observed
when applying the clearing tone below Vi, = 2 mV, imply
that considerable QP injection starts around Vi, = 2 mV.
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FIG. 8.

This would correspond to the actual voltage bias reach-
ing the injector junction being around 2A, ~ 440 peV
at Vi,j = 2 mV. In that case, the normal resistance of the
injector junction would be approximately 3752, which is
similar to what has been reported in other works on Al-
InAs junctions with similar geometries [42,45]. We note
that while we estimate 2A corresponding to Viy; = 2 mV,
we do not see an obvious jump in the data that would sig-
nal the start of QP injection at this voltage bias, suggesting
that there may be finite dissipation at all voltage biases.

APPENDIX D: FLUX CALIBRATION

For the CPW-SQUID device, the SQUID is expected
to show a periodic dependence as a function of &, with

____________________________
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| High-Pass Filter
> Amplifier
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O
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A schematic of the cryogenic and room-temperature measurement setup.

periodicity @, which should be reflected in the resonant
frequency of the resonator. To extract the periodicity of
the SQUID oscillations and calibrate the x axis from the
out-of-plane magnetic field B, to ®/d, as shown in Fig.
2(a), we first extract the resonant frequency of the data
presented. The extracted resonant frequencies of the oscil-
lations in Fig. 2(a) are shown in Fig. 9(a) as a function of
B, . We then find the B, point corresponding to the max-
imum frequency for each of the two oscillations and the
difference in B between these two points AB; = 3.25 uT
is considered to be the periodicity of the SQUID oscilla-
tions. To calibrate the x axis from B to &/  as shown in
Fig. 2(a), we subtract the value of B, for the maximum
frequency of the left oscillation and divide the axis by
AB.
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FIG. 9. (a) The extracted resonant frequencies f, from Fig. 2(a)

as a function of the out-of-plane magnetic field B, . The peri-
odicity of the oscillations is found by finding the B, values
at the maximum of each oscillation. (b) The extracted resonant
frequencies and fit for the SQUID oscillation using Eq. (D1).

We fit the SQUID oscillations shown in Fig. 9(a)
to extract details of the SQUID device. Similar to the
approaches taken in Refs. [48,60], the resonant frequency
can be described by

Ly(¢) —Ly(0)]7*
w(¢)=w(0)[1+%%:| . O

with
el T sin(¢)

25 JT—tsin@/2)

where g9 = L;(0)/(Lo + L;(0)) is the participation ratio
and Ay = 210 peV is the superconducting gap. Fitting the
left SQUID oscillation to Eq. (D1), as presented in Fig.
9(b), results in periodicity AB; = 3.4 nT with a partic-
ipation ratio of g9 = 2.19% and transparency t = 0.954,
as seen in Fig. 9(b). This AB, value is close to what is
determined from Fig. 9(a) by comparing the maximum-
frequency points of two oscillations.

Inps(¢) = (D2)

APPENDIX E: NONEQUILIBRIUM QP DENSITY

As discussed in the main text, without QP injection, i.e.,
Vi,y = 0 mV, and at low temperature, we do not observe a
QP clearing effect with the application of the clearing tone.
We also confirm that with time-domain measurements, we

are unable to see jumps between QP occupation states cor-
responding to QP poisoning events in real time, as has been
observed in Refs. [31,48]. Several factors may contribute
to this, which include a low sensitivity to QP poisoning
and a low QP density near the SQUID.

1. Sensitivity to QP poisoning

For the CPW SQUID, the junctions add a total induc-
tance L, /2 in series to the CPW, where L; is the inductance
of each junction. The measured resonant frequency of the
CPW-SQUID device is therefore determined by Lo, L,
and the kinetic inductance of the thin Al film, L. We use
a bare resonator on the same chip to estimate Lg of the
thin-film Al superconductor. For the bare resonator, we cal-
culate the kinetic inductance fraction ax = 1 — (,/f0)* =
7.27%, where f. and fy are the measured and geomet-
ric resonant frequencies, respectively. This sizable kinetic
inductance is expected for the thin epitaxial Al film. The
Lk of the CPW SQUID is then given by Loag, where Lg
is determined using an analytical expression for the induc-
tance of a A /4 CPW using conformal-mapping techniques
[75]. By knowing the values of Ly, Lx and f, one can
uniquely determine the value of L; in the CPW-SQUID
device, as described further in Ref. [39].

At &/Py = 0.5, the CPW-SQUID device has a reso-
nant frequency of f, = 5.860 GHz and a line width of
8.455 MHz. This corresponds to a Josephson inductance
of L;(®/dy =0.5) =0.190 nH and a critical current of
1.(®/ Py = 0.5) = 1.73 pA. Semiclassically, we can esti-
mate the number of modes to be N, ~ w/Ar ~ 280, where
Ar is the Fermi wavelength. Thus, the average current
carried by a single mode is I./N, = 6.19 nA and a cor-
responding single QP poisoning event would result in a
frequency shift of approximately 0.28 MHz on average. In
practice, we expect deeper traps to have a higher chance
of occupying QPs (assuming electron-phonon interactions,
the rate of QP trapping can be taken to be oc A3 [49,76,77]
near Ay by solving the kinetic equation for a QP dis-
tribution) and the supercurrent to be carried mainly by
high-transparency modes as implied by Fig. 1(b). For a
mode in the ballistic limit carrying the maximal current
(t =1) of eA/h ~ 51 nA, a QP poisoning event results
in a shift of approximately 2.46 MHz. Thus, due to the
wide distribution of transparencies, we expect QP poison-
ing events to result in a frequency shift between these two
values per trapped QP. Given our signal-to-noise ratio,
it could be the case that shifts due to QP trapping are
considerably less than the line width of the resonance.
Consequently, without QP injection and at low tempera-
tures, the number of trapped QPs would not result in a
significant effect on the resonance shape when the clearing
tone is applied or allow us to observe single QP trapping in
real time given the sensitivity to QP trapping. On the other
hand, with QP injection and at higher temperatures, the QP
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FIG. 10. (a) A three-dimensional diagram of the QCage sam-
ple holder. (b) A cross-section view of the sample holder showing
the Au-plated (Be-Cu) frames that create the inner cavity and the
superconducting shielding.

density is high enough that a sufficient amount of QPs are
trapped such that the application of the clearing tone has a
noticeable effect on the resonance shape.

2. Possible low QP density near the junctions

In addition to the low sensitivity to QP trapping due to
the resonance line width and expected shift per QP trapped,
it is possible that a low density of nonequilibrium QPs
near the junction would lead to an inability to measure
single QP trapping without QP injection and at low temper-
atures. There are a number of reasons that could contribute
to this, such as the microwave packaging, flux-pinning
holes in the ground plane, and the superconducting-gap
profile. For the measurements presented in this work, we
use a QCage, a microwave sample holder from QDevil.
The QCage provides EMC-tight shielding by means of two
layers of shielding: a Au-plated (Be-Cu) frame that forms
a cavity and a sealed superconducting enclosure as seen in
Fig. 10. The (Be-Cu)-Au inner-cavity parts are designed to
have no line of sight into the cavity. The machined vent
channels are all routed to prevent direct lines of sight.
The only direct line of sight into the cavity around the
chip is through the dielectric layers of the PCB stack and
the coaxial cables. The chip, PCB, and cavity parts are
sealed with an aluminum enclosure that superconducts at
low T. The only line of sight through the aluminum cas-
ing is via the (Be-Cu)-Au side mounting rods and the
coaxial connectors. It is possible that the EMC-tight shield-
ing decreases the nonequilibrium QP density near the JJs,
resulting in an inability to measure single QP trapping in
real time.

We note that the flux-pinning holes surrounding the
microwave circuit could also shield the SQUID from QPs
in the ground plane. Since the flux-pinning holes are holes
made in the superconducting ground plane, the exposed
area of the holes is the conducting top InGaAs layer. This
normal-metal layer can act as a QP trap. This can help
reduce the QP density around the junctions.

We also consider the superconducting-gap profile of the
structure, where the Al layer is sitting on a proximitized
layer of an InAs 2DEG. The proximitized InAs has an

induced superconducting gap lower than the superconduct-
ing parent gap of Al It is possible that QPs relax into
the proximitized InAs occupying the states close to the
induced gap [77,78].

We emphasize that further investigation is required to
determine with certainty the origin of the lack of QP trap-
ping and clearing without deliberate QP injection and we
hope that this will be the topic of future study.

APPENDIX F: EFFICIENCY OF CLEARING TONE

In this work, we utilize a high-frequency clearing tone
to excite QP out of their traps. As we mention in the
main text, the frequency chosen for the clearing tone is
feiear = 18 GHz, since it is near the third harmonic of
the A/4 resonator, where the admittance of the CPW is
peaked. Ideally, the clearing tone should have an energy
greater than the deepest Andreev trap, Afciear > Ay(t = 1),
to clear QPs from all Andreev traps directly to the contin-
uum. At half flux, Eq. (1) results in a maximum A4(t =
1)/h = 14.87 GHz. However, Eq. (1) is a simple approx-
imation for a one-dimensional conduction channel. If we
consider the ABS modes plotted in Fig. 1(a) calculated
using a 2D tight-binding model and we histogram the trap
depth A4 at half flux, presented in Fig. 11, we see that a
few of the modes have a trap depth Ay/h 2 18 GHz. A
few outliers are also present that correspond to long junc-
tion modes, with a trap depth that is significantly larger
than 18 GHz. The clearing of QPs trapped in these modes
with the applied 18 GHz will not be completely efficient
and might involve mode-to-mode transitions rather than
directmode-to-continuum clearing of QPs.

Moreover, the results shown in Fig. 5 show that the
clearing and trapping times are of similar magnitude. As
discussed in the text, a steady state can be achieved where
the clearing and trapping events balance each other, with
the Andreev states constantly being partially occupied
even in the presence of the clearing tone. This finite QP
occupation could be partly responsible for the inefficiency
in the clearing tone.

APPENDIX G: FITTING TO THE
MATTIS-BARDEEN THEORY

Following the work outlined in Refs. [65,79], the tem-
perature dependence of the resonant frequency follows
from the temperature dependence of the complex conduc-
tivity o = o} + io,, where

a(@.f) _ 4ﬂe—Ao/kBT_?_e—Ao/kBTe—hf/zm.erlo /a
o hf 2kpT)’
(G1)
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FIG. 11. A histogram of the Andreev-trap depth A 4 at half flux

extracted from the ABS modes calculated in Fig. 1(a).

O’2(T,f) _ 7TAO 1— 27TkBTe—A0/kBT
o, hf Ag

hf
— e Do/kBT o=hf [2kpT (G2
X e e 0 YT (G2)

Here, o, is the normal-state conductivity, A is the super-
conducting gap, kp is Boltzmann’s constant, f is the
resonator frequency at low temperature, 4 is Planck’s con-
stant, and 7, is the modified Bessel function of the first
kind. We take the superconducting gap of Al to be Ay =
210 peV. It can be shown that in the thin-film local limit,
the frequency response Af, to temperature is given by

o1 (Taf)z + UZ(Tnf )2
01(0,1)? + 02(0,/)?

Ay
- =

—% 1— sin(qb(T,f))\/

Fits to the data for the bare resonator and the SQUID at
zero flux can be seen in Fig. 4(d). It is indeed seen that the
data for the bare resonator and the SQUID at zero flux fit
very well, while the SQUID at half flux deviates from this
response due to the presence of QP trapping and clearing.

APPENDIX H: FITTING POWER-DEPENDENCE
DATA

Here, we outline the derivation of the photon-number-
dependent loss due to QP localization and excitation.
Mobile QPs in the superconducting film can be localized
to defects arising from disorder in the superconducting
order parameter or from subgap bound states, acting as
traps [47,48]. Following Refs. [11,70,80], one can write

down a set of coupled equations that describes the chang-
ing densities of localized QPs (x;) and mobile QPs (x,,).
The coupled equations are a sum of terms that account for
QP recombination, localization, excitation, and generation,
being

xm = _mexyzn - lexmxl - 1—‘locxm + 1—‘exxl + 8m (Hl)

X1 = =T} — DXt + DioeXm — Texty + g1 (H2)
The first two terms on the right-hand side of both equa-
tions describe QP recombination of two mobile QPs I',,,,,,,
two localized QPs I',,,, and a mobile QP and localized
QP I',,;. The rates I',. and I'ey describe localization and
excitation to and from the subgap tail of the density of
states. The generation of trapped and mobile QPs g; and
g are also included. Now considering the densities as hav-
ing small deviations around constant steady-state densities,
x;(f) = x; + 6x;(¢) and x,,() = X, + 8x,,(f), we can exam-
ine the steady-state solution. Plugging these into Eqs. (H1)
and (H2), one obtains

0= _me)_ci - le-’_cm;cl - Iﬁloc)_cm + 1_‘ex)_cl + Zm> (H3)

0 = —Tx} — Tpin%s + Tiockm — Texki +g1. (H4)
Assuming that g; = 0, which is valid for high-energy
QP-generating photons, that I',,,x,, < e, and that the
excitation rate is proportional to the number of photons
I'ex = I'on, we obtain

0= _le)_cmi'l - 1—‘loc)z'm + l—‘ex)_Cl + &m» (HS)

0 = —Tux; — Toin¥s + DiocXm — Dexy. (H6)

Solving the latter equation for x; and assuming 'y, <K
I'2 X,,, we find that

[ocX
§ = —letm (H7)
lexm + Fex

Plugging this into Eq. (H5) and solving for x,,, we find that

ol Tioeler
g —(1+ 1+8‘°”>. (HS)

X, =
" 2Floc2 Eml mi

Introducing the dimensionless ratio y = 200/ i
this is simplified to

;‘cm:g—’”[wl(mq)].

: (HO)
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Plugging this into Eq. (H7),

- 1—"loc 2

XN=——
oy /4yn+1+1

The microwave loss can generically be written as an
inverse sum of components due to temperature-dependent
thermal QPs, the clearing of localized and mobile QPs, and
temperature and power-independent residual loss mecha-
nisms:

(H10)

1 1 1

—_— =t — + —. HI11
On(Ti) Qv ' O ' 0) (D
The power-dependent loss is due to the changing number
of QPs via excitation and is proportional to the density of
QPs, the coupling strength of the excitation tone, and the
final density of states. Assuming that the final density of
states and the density of localized QPs is greater than that
of mobile QPs, for a similar coupling strength, the loss
from localized QPs should dominate. Therefore,

_ 1 yn
O) 5 [1+ R e 1)] (H12)
Here, the prefactor 8 accounts for the proportionality of
the loss to x; and is proportional to the ratio of I'j,c and
[, Fitting the data for 8 and y thus allows us to make a
conclusion about the trapping rates in the different devices
reported here.

APPENDIX I: LIMITATIONS IN fap AND Zicar
EXTRACTION

In Fig. 5, we present time-domain measurements related
to the trapping and clearing of QPs. As described in the
main text, fiap and fcieer are extracted by fitting the clearing-
tone-induced jumps and drops in I or Q to an exponential
function [47]. At Vi, <2 mV and T < 225 mK, given
our sensitivity to QP poisoning events, the QP density in
the system is low enough that there is not a significant
amount of QPs occupying the Andreev traps. Therefore,
the response in I and Q to the clearing tone is either not
visible or is very minimal, given our signal-to-noise ratio,
which does not allow for a reliable fit to extract clearing or
trapping times. This is seen in Fig. 12, where the response
of I to the clearing-tone pulse is plotted for Vi, = 0 mV,
where the jumps are not well defined, along with V;y; =
2 mV, where the jumps are more defined, allowing for a
reliable extraction of clearing and trapping times. Hence,
we only present trapping and clearing time for Vi, > 2mV
and T > 225 mK, where the jumps and drops in [ and Q are
prominent enough that we can obtain a reliable fit to extract
the trapping and clearing times.

(@ 20

’>\_2.4 _— Vinj=2mV
E —_— Vinj =0mV
= 26 Pulse
=25 s AN
150 200 250 300 350
t (us)
(b) -2.0 (c) -2.0
—2.2 -2.2
E —24 E 24
—26 - -2.6
-2.8 28
200 210 300 310
t (us) t (us)
FIG. 12. (a) An example measurement of the I response over

time ¢ for two different values of Viy; at ®¢y/Po = 0.5 and at a
temperature of 7= 15 mKe. The region where the pulse is max-
imum is shaded in green. (b),(c) Regions that we fit to extract the
clearing and trapping times are shown in (b) and (c) respectively.
For the injector voltage biases of Vj;; = 2 mV and Vi, = 0 mV.

APPENDIX J: PHENOMENOLOGICAL MODEL
FOR QP DENSITY

We present a simplified version of the analysis men-
tioned in Appendix H in order to fit the clearing and
trapping times as a function of the temperature and the
injector voltage bias. We use the reduced QP density x(#)
in the superconducting region of the device in the vicinity
of the JJs, x = nqp/ncp, where nqgp is the density of QPs
normalized to the density of Cooper pairs ncp. Again, the
equation for the reduced QP density has the form [11,80]

x=—-m?—sx—px+g, Jdn

where we now consider only trapped QPs. Here, » and s are
the recombination and trapping rates for QPs in the super-
conducting region, p is the trapping rate for the JJ, and g
is the QP generation rate due to Cooper-pair breaking by
phonons [20].

In our analysis, we assume that the reduced QP density
X is stationary and according to Eq. (J1), depends on the
QP generation rate g:

Vs+p)+4gr—s—p

2r

(12)

X =
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We note that by making the substitution
s+p — Uik + Tex, & = TiocXm, ¥ — Ty, (J3)

one recovers the model presented in Appendix H and Ref.
[70]. However, when the injector is biased to inject QPs,
we use X = @" for a strong generation rate gr > s? and
¥ = g/s for weak generation gr < s*>. Here, we assume
that s > p, i.e., that QP poisoning in the junctions is not
the main mechanism for QP trapping. The generation rate
has been estimated in Ref. [20] as g oc \/(eViyj/A)? — 1.
Assuming that the QP generation rate is not high such that
gr S s, for Vigy > A /e, we have

=5 o My (J4)
S

When no QPs are injected by the injector junction, the QP
density is defined by the thermal distribution, X = x¢q(7),
given by Eq. (5).

We write the equation for the number of trapped QPs in
the ABSs of the junction ny as [70]

iy = —FapaXhg — T4l — Yexcha +pSx + g4, (J5)

where 7qp 4 is the recombination rate of one QP in the
superconducting region and one trapped QP in the junc-
tion, r,4 is the recombination of trapped QPs, S is the area
of the junction, Y.y is the excitation rate of trapped QPs by
the clearing tone, and g4 is the generation rate of trapped
QPs from other sources. We again treat the rates in Eq. (J5)
as phenomenological parameters.

We first evaluate the steady-state value of the trapped
QPs. We take s = 0 in Eq. (J5) and we obtain

_ SX +
= PXTed (J6)
Vap,AX + Vexc

Here, we assume that the recombination term 7y nj of
trapped QPs provides a negligible contribution. The num-
ber of photons in the resonator defines the excitation rate
Yexe and, consequently, the number of trapped QPs 74. As
the clearing pulse is turned on and off, the number of QPs
will switch between two values given by Eq. (J6) with and
without exc.

Next, we linearize Eq. (J5) in small changes of the
trapped QP number:

Sy =—Tdny, T =repax+2rmy+ Vexc. ()]
We can disregard 2r4n4, which represents recombination
of trapped QPs. We find that the trapping, f4p, and clear-
ing, fcear, times are determined by the reduced QS density

as

(J3)

1
trap = ——=> lelear = ——————.
P =, lclear =
Vgp,AX Fap,AX + Vexc

Because of the additional term yey. representing excita-
tion of trapped QPs by the clearing tone, the clearing
time is shorter than the trapping time, #cjear < firap. In the
absence of the injection voltage, Vi, = 0, the QP density
X = Xx¢q(7) is given by Eq. (5). The data shown in Fig. 5(e)
are consistent with the scaling in Eq. (J8), as both the trap-
ping and clearing times are seen to scale with x.q(7) given
by Eq. (5) if A is suppressed by a factor of 1.5. The reason
for such a gap is unclear and requires further investigation.
With QP injection, we use X o Vjy; to fit the curves for the
trapping and clearing times [see Eq. (J4)] and find good
agreement with the data, as shown in Fig. 5(d).
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