2103.04777v2 [cond-mat.supr-con] 24 Nov 2021

arxXiv

Strong Reduction of Quasiparticle Fluctuations in a Superconductor due to
Decoupling of the Quasiparticle Number and Lifetime

Steven A. H. de Rooij,"?[] Jochem J. A. Baselmans,"? Vignesh
Murugesan,! David J. Thoen,?? and Pieter J. de Visser!

YSRON - Netherlands Institute for Space Research,
Niels Bohrweg 4, 2333 CA Leiden, The Netherlands
2Faculty of Electrical Engineering, Mathematics and Computer Science,
Delft University of Technology, Mekelweg 4, 2628 CD Delft, the Netherlands
3Kavli Institute of NanoScience, Faculty of Applied Sciences,
Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands

We measure temperature dependent quasiparticle fluctuations in a small Al volume, embedded in
a NbTiN superconducting microwave resonator. The resonator design allows for read-out close to
equilibrium. By placing the Al film on a membrane, we enhance the fluctuation level and separate
quasiparticle from phonon effects. When lowering the temperature, the recombination time saturates
and the fluctuation level reduces a factor ~100. From this we deduce that the number of free

quasiparticles is still thermal.

Therefore, the theoretical, inverse relation between quasiparticle

number and recombination time is invalid in this experiment. This is consistent with quasiparticle
trapping, where on-trap recombination limits the observed quasiparticle lifetime.

In a superconductor well below its critical tempera-
ture, most electrons are bound together in Cooper pairs,
while the number of unpaired electrons, quasiparticles,
exponentially decreases with decreasing temperature.
The recombination time of quasiparticles is inversely
proportional to the quasiparticle number and therefore
increases exponentially towards lower temperature.
At a constant, finite temperature, the quasiparticle
number fluctuates around its average value due to
random generation and recombination events [I]. In Ref.
[2], a measurement of these fluctuations showed that
the quasiparticle number and recombination time are
indeed inversely proportional, and as a consequence the
quasiparticle fluctuation level is constant as a function
of temperature. Both observations are consistent with
direct recombination of free quasiparticles with emission
of a phonon [3], see Fig. [[[a). Also in the presence of
excess quasiparticles at low temperature, which often
occur in superconducting devices in varying conditions
[4H9], the relation between the number of quasiparticles
and their recombination time is maintained [2].

In this Letter we show experimentally that the
intimate relation between the free quasiparticle number
and recombination time is broken when quasiparticles
are first trapped and then recombine as depicted in
Fig. [I[(b).

Impurities and disorder in superconductors are known
to reduce the recombination time at low temperatures
[10, II] and can fundamentally change the relation
between quasiparticle number and recombination time.
The low-temperature recombination time is typically
limited to tens of microseconds [11I, 12] to milliseconds
[2, 03], depending on the material. However, these
experiments only measure the recombination time from
a non-equilibrium pulse decay, or suffer from excess
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FIG. 1: Schematic representations of simple
recombination (a) and trapping with subsequent
on-trap recombination (b) of two quasiparticles. A is
the superconducting energy gap and €; the trap energy.
Curved arrows represent emitted phonons, with
thickness indicating their relative energy.

quasiparticles. Moreover, in tunnel junction devices,
including qubits, only non-equilibrium, local quasiparti-
cle properties can be measured directly. Understanding
the reduced recombination time at low temperatures
and close to thermal equilibrium, and in particular its
relation to the quasiparticle density, has been hindered
by the lack of a sensitive probe of quasiparticle dynamics.

Here, we measure quasiparticle fluctuations in a small
Al volume (27pm?®), embedded in a NbTiN super-
conducting resonator. This design allows for read-out
at low microwave powers, minimizing the creation of
excess quasiparticles [14]. By placing the Al volume
on a membrane, we enhance the fluctuation level and
separate quasiparticle from phonon effects.

We observe a strong reduction in the quasiparticle
fluctuation level by a factor ~100 when lowering the
bath temperature from 350mK to 200mK, together
with a saturation of the recombination time. Hence, the
inverse proportionality between quasiparticle number
and recombination time must be broken and the recom-



bination time is not limited by excess quasiparticles as
we observed before [2] [T4]. Together, our observations
are in qualitative agreement with quasiparticle trapping
and subsequent on-trap recombination.

Our methodology is well suited to better understand the
quasiparticle dynamics in devices where quasiparticle
trap structures [I5] 6] and vortices [I7] are introduced
deliberately, to reduce the excess quasiparticle density
in critical regions of a device.

In thermal equilibrium and at low temperatures (T <
A/kp), the number of quasiparticles in a superconduct-
ing volume V, is given by [I§],

Ngp(T) = 2V No\/ 21k gTAe=2/*5T (1)

where Ny is the single spin density of states at the Fermi-
level (we use Nog = 1.72 x 10* peV—tpm=3, for Al), kp is
the Boltzmann constant and A = 1.76kpT, is the super-
conducting gap energy, with T, the critical temperature.
The intrinsic quasiparticle lifetime with respect to recom-
bination (hereafter called ’the quasiparticle lifetime’) is
given by [3],
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Tap(T) = (2)
where 73 is a material dependent characteristic time for
the electron-phonon coupling. For Al, we take 79 =
0.44ps [3]. In the last equality, all the material depen-
dent parameters are combined into the recombination
constant, R.

In experiments, the relaxation of an ensemble of quasi-
particles is typically probed. As the recombination of
two quasiparticles into a Cooper-pair is a pair-wise pro-
cess and the emitted phonon can subsequently break a
Cooper-pair [I9], the apparent quasiparticle lifetime is
given by,

T;p = Tap(L + Tese/Tpb) /2- (3)

Here, 7¢s. is the phonon escape time, 7, is the phonon
pair-breaking time and the factor in parentheses is called
the phonon trapping factor. Equation is valid when,
Tesc, Tpb <K Tygp, Which is typically the case [20]. We take
Tpp = 0.28ns for Al [3]. Tes. can experimentally be tuned
[21], 22], for instance with the use of a membrane, which
we use here to distinguish phonon effects from intrinsic
quasiparticle processes.

Fluctuations in the quasiparticle number occur randomly.
Starting from a master equation approach [I], the Power
Spectral Density (PSD) of these fluctuations can be cal-
culated to be,
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This is a Lorentzian spectrum, with a constant level with
temperature (since 7., o< 1/N,;) and a roll-off frequency

of w=1/77,

The device under study is shown in Fig. Four
NbTiN-Al hybrid [23] resonators are capacitively coupled
to a read-out line patterned around them. The capaci-
tive part is a NbTiN double sided interdigitated capac-
itor (IDC) [24][25] and the inductive part is a NbTiN
co-planar waveguide with an Al central line. For details
see the Supplemental Material [26].

The resonator response is only sensitive to quasiparticle -
Cooper-pair fluctuations within the Al (V = 27 pm? and
T. = 1.26K), as we measure at T < T, nprin = 15.6K
and the current density is much higher in the Al section
due to the IDC design. Furthermore, as A 4; < Anprin,
quasiparticles are confined to the Al volume.

The resonators are mounted in a pulse tube pre-cooled
adiabatic demagnetization refrigerator, surrounded by
a cryophy and a superconducting magnetic shield, and
isolated from stray light by a ’box-in-a-box’ configura-
tion [27]. The forward microwave transmission, Soj, is
recorded at an on-chip read power, P.coq = —99dBm. In
the following, we present the results for two resonators,
of which one has its sensitive volume on a membrane and
one on the substrate, see Fig. c,d).

We translate the complex Sz; to an amplitude (A) and
phase () to distinguish changes in dissipation (A) and
kinetic inductance (). These variables are defined rela-
tive to the resonance circle, which is measured for each
temperature before the fluctuation measurement. The
responsivity is given by dX/dNy, = 20,Qrx/V, where
X is either A or 6 and oy, is the fraction of kinetic in-
ductance over the total inductance. kx describes the
change in complex conductivity with respect to a change
in quasiparticle density, which is only weakly dependent
on temperature [28]. @ is the loaded quality factor and
measured to be 4.3 x 10* and 3.5 x 10* at 50 mK, for
the membrane and substrate resonator, respectively. The
resonators are designed to have the same volume and ki-
netic inductance fraction.

We measure 40s time streams at 50 kHz of A and 6, at
temperatures ranging from 50 mK to 400 mK. We fil-
ter pulses caused by cosmic rays [] or other external
sources [26] and calculate the cross-PSD, S4(w). By
using the cross-PSD, we extract the dissipation - kinetic
inductance (i.e., quasiparticle - Cooper-pair) fluctuations
and suppress uncorrelated noise sources such as amplifier
and TLS noise [I4]. We determine the spectrum of the
quasiparticle fluctuations via,

SN, (W) = Sa6(1+ (WTres)?) <2§C§9) ) , (5)

where 7,..s = Q/7nfo is the resonator ring time (fy
is the resonance frequency), typically a few ps. This
implies (wTres)? < 1 for frequencies below 100kHz
and we therefore neglect this factor. The last factor in
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FIG. 2: (a): Micrograph of the resonators studied. (b): Zoom-in on the Al inductive parts of the resonators, of

which two are on a 110nm thick SiN membrane (highlighted in orange). (c,d): Schematic cross sections (not to

scale) of the inductive (Al) part of a substrate and membrane resonator, respectively. The CPW dimensions are
such, that only the Al central line is suspended by the membrane.

Eq. (B)) is the multiplication of the amplitude and phase
responsivities, which we determine from a measurement
of So1(w;T), for T > 250 mK [26].

The central result of this paper is presented in Fig.
Figures a7b) show the measured cross-PSDs and Fig-
ures c,d) show the extracted apparent quasiparticle life-
time and fluctuation level from Lorentzians fits to these
spectra (Eq. (). For high temperatures (>300 mK), we
observe a higher level and 77, for the membrane resonator
compared to the substrate resonator. This is expected
from Egs. and @, as the membrane effectively in-
creases Tese.- The dashed lines in Fig. c,d) are fits to
Eqgs. and for temperatures >300 mK, with 7.4
as only free parameter, resulting in 7.5 = 5.6 £ 0.4ns
and 0.09 + 0.02ns for the membrane and substrate res-
onator respectively. These intervals only indicate un-
certainties from the fitting procedure. Equivalently, the
phonon trapping factors (Eq. ) are 21 and 1.3 from
which we would expect a 12dB higher fluctuation level
for the membrane resonator. This is indeed observed in
Fig. [3[d). The dashed lines give the expected level from
Eq. , where the fitted 7.4 is used. A detailed analysis
of the effects of the membrane on phonon statistics and
energy resolution will be published elsewhere [29].

The fluctuation levels expected from Eq. @ (dashed lines
in Fig. d)) are constant with changing temperature.
In sharp contrast, we here observe a strongly decreasing
level when lowering the temperature. At temperatures
<190 mK, no Lorentzian spectrum (Eq. (4))) can be iden-
tified. The individual amplitude and phase PSDs show
this behavior as well [26]. As the responsivity factor in
Eq. is constant in this temperature range [26], this re-
sult should be interpreted as a strong reduction of Sy,

We calculate Ny, from Sy, by dividing the level by
47,,, which is shown in Fig.[4] The number of quasiparti-
cles follows a thermal dependence for both the substrate
and membrane resonator. Therefore, we conclude that

the lifetime saturation is not caused by excess quasiparti-
cles, in contrast to the observations in Ref. [2]. On top of
that, the lifetimes observed for membrane and substrate
resonators, saturate at a similar level despite the 16 times
stronger phonon trapping in the membrane. Therefore
the lifetime saturation must originate from an effect that
directly interacts with the quasiparticle system.

The design of the NbTiN-Al hybrid resonators enables
read-out low microwave powers (Preqq), which mini-
mizes the creation of excess quasiparticles. When we
increase P,...q, we eventually observe excess quasiparti-
cles without a level reduction, equivalent to a higher,
Prcqq-induced, effective temperature. The results of Refs.
[2, 14] are thus recovered in the high P,..q-regime. See
the Supplemental Material for more details [26].

To verify that the lifetime saturation without creation of
excess quasiparticles results in a level reduction, we cal-
culated the lifetimes and fluctuation levels with Eq. (4]),
but with an alteration to Eq. :

1 2 1

e (6)

Tap TQP(l + Tesc/pr) Tsat
with 744 the saturation lifetime. For both membrane
and substrate, Tsq: is set to 1ms, based on 7., from
the membrane resonator. The results are plotted in
Fig. (c,d) as the dotted lines, which follow the measured
7 very well and shows a decrease in fluctuation level,
for both resonators. The deviations of level in Fig. B{(d),
are likely caused by the responsivity measurement
method [26].

A possible cause of a lifetime saturation without excess
quasiparticles is quasiparticle trapping. From theory,
it is known that magnetic [30H33] and non-magnetic
[34H36] impurities can cause subgap electronic states
[37] and disorder, which can result in local variations of
A [38,89]. Also thickness variations [40] and unpaired
surface spins [41] due to native oxide [42] may induce
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FIG. 3: (a,b): Measured quasiparticle fluctuations for a resonator on membrane (a) and on substrate (b). The
quasiparticle fluctuations are determined from the measured cross-PSD, using the measured responsivities and
Eq. . The measurements are preformed at —99 dBm read-out power. The dashed black lines give examples of the
Lorentzian fits (Eq. ({)).(c,d): Lifetimes (c) and noise levels (d) from Lorentzian fits (Eq. (4))) to the spectra in
(a,b). The errorbars indicate statistical uncertainties from the fitting procedure. Only fits with a relative fitting
uncertainty lower than 13.5 % in lifetime are displayed. The dashed lines in the lifetime plot are fits to Egs.
and for temperatures >300 mK, with 7.4, as free parameter. The dashed lines in the level plot are calculated
from Eq. , with Egs. and and the same 7.s.. The dotted lines are calculated in the same way, but with
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FIG. 4: Number of quasiparticles and quasiparticle
density (right axis) within the Al volume, calculated
from the Lorentzian fits in Fig. [3c,d). Error bars
indicate propagated fitting uncertainties. The solid
black line is from Eq. .

1.
, with 744 = 1ms.

A-variations. Quasiparticles can be trapped at these
suppressed A-regions [43, 44] by inelastic scattering,
resulting in a background number of trapped quasiparti-
cles, N;. At low temperatures, Ny, (Eq. ) inevitably
becomes comparable to N;, leading to dominating
quasiparticle trapping behavior even for low impurity
concentrations, weak disorder or other effects that lead
to small variations in A [43, 45 [46].

At that point, the quasiparticle lifetime is no longer
limited by free quasiparticle recombination, but by
on-trap recombination events, where a free quasiparticle
recombines with a trapped one. Trapping itself does not
change the number of Cooper-pairs and therefore is not
observable in our experiments. This is in contrast to
experiments where the free quasiparticle density near a
junction is measured, in which case trapping dominates
the low temperature behavior [47, 48]. The trapping
states we conjecture are dissipative, as the amplitude



and phase PSDs show the same temperature behavior
[26], in contrast to what is observed for disordered TiN
[11], 49].

Analogous to Egs. and , the saturation life-
time due to on-trap recombination can be written,
Tsat = V/2R;N;, with R; the on-trap recombination
constant [45]. The phonon that is emitted during an
on-trap recombination event has an energy Q0 < 2A and
is therefore unable to break a Cooper-pair into two free
quasiparticles. On-trap pair-breaking (a subgap phonon
breaking a Cooper-pair into a trapped and free quasi-
particle) is far less likely because the density of trapping
states is assumed to be small [45]. Therefore, 744+ is
independent of phonon trapping, which is consistent
with the observation that the substrate and membrane
resonator show the same 7,4;.

To investigate where quasiparticle traps could be located
in our system, we conducted the same experiment with
different geometries of the Al strip. Width (0.6 um to
1.5um) and length (0.12mm to 1.4mm) variations did
not affect the saturation lifetime, which implies the traps
are not located at the NbTiN-Al interface or the sides of
the Al central line. 74 increases from 0.7 ms to 3.1 ms
with increasing the film thickness from 25 nm to 150 nm,
respectively, and the reduction in fluctuation level is
not observed for the thickest film. The experimental
data of these geometry variations is presented in the
Supplemental Material [26]. This suggests that the
trap density (N:/V) decreases for thicker films and
the location of the traps is either at the Al-substrate
interface or the top surface. The top surface might
contain unpaired surface spins from native Al oxide
[10, [42]. Further progress in understanding the trapping
mechanism will require identification of the microscopic
origin of the traps.

We here analysed the lifetime saturation phenomeno-
logically using Eq. @ A more detailed model of the
fluctuations comprises multivariable rate equations for
quasiparticles and phonons, including quasiparticle
trapping and on-trap recombination terms [I, [45]. Only
non-equilibrium experiments [I7), 48|, 50] were conducted
previously (0Ng, > Ng,), which allows to neglect the
generation terms and feedback from the phonon system,
in contrast to our near-equilibrium (0N, < Ng,)
experiment. We have studied several such models [51],
but without satisfactory results due to the number of
(unknown) input parameters. However, we can constrain
such a model to follow our experimental data.

Quasiparticle trapping could decrease the low-
temperature responsivity of superconducting tunnel
junction detectors [47], cause long-lived excitations
in granular Al resonators [50] and lead to anomalous
electrodynamic response of disordered TiN resonators
11, [49]. However, for single-photon detection using

MKIDs[52, 53] , the quasiparticle trapping effects can
be beneficial. The fluctuation level reduction results
in a higher signal-to-noise ratio when generation-
recombination noise is the dominant noise source
and the responsivity stays the same, as we observe
[26][29]. This means, somewhat counter-intuitively, that
single-photon detector performance can be improved at
low temperatures, by introducing quasiparticle traps,
compared to a quasiparticle number saturation [14].

In conclusion, at high temperatures (>300mK),
quasiparticle lifetimes in Al superconducting resonators
are well described by simple recombination in thermal
equilibrium [3]. At low temperatures, the lifetime is
limited to <1ms, independent of phonon trapping,
while the quasiparticle number exponentially decreases
with temperature. This results in a strong reduction of
quasiparticle fluctuations. Quasiparticle trapping with
subsequent on-trap recombination is consistent with
our observations. Variations in the Al strip geometry
(width, length and thickness) showed that the traps are
likely located at top or bottom surfaces.

All presented data and used analysis scripts are avail-
able at: https://doi.org/10.5281/zenodo.4580356 .
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SUPPLEMENTAL MATERIAL

Device Design and Fabrication

The capacitive part is a (8-40-8)-um co-planar waveguide (CPW) with interdigitated capacitors (IDC) on both
sides [25] [24], patterned in a 200 nm thick NbTiN film [54] (normal state resistivity, py = 245.6 nQ2cm, T, = 15.6 K,
residual resistance ratio, RRR = 0.93). The large width of the IDC suppresses TLS noise, as the electric field is
distributed over a larger area [55]. The capacitive fingers increase the device capacitance, allowing a resonator with
a much lower total inductance for the same resonant frequency (fo o 1/v/LC).

The sensitive part is a (23-1.73-23)-um CPW, with an Al (py = 1.61Qcm, T, = 1.26 K, RRR = 4.0) central line,
which is 312 pm long, 50 nm thick and shorted to the NbTiN ground plane to make a quarter-wave resonator.

The NbTiN and Al films are sputtered on a 350 pm thick Si wafer with a 150 nm SiN film on top, deposited with low
pressure chemical vapour deposition. A backside KOH etch is used to release the SiN membrane, which supports two
of the four Al sections as seen in Fig. 2| of the main text. The final membrane thickness is 110 nm due to over-etching.
The SiN beneath the capacitive part is etched away to suppress two level system (TLS) noise.

Quality Factors

TABLE SI: The internal (Q;), coupling (Q.), loaded (@) quality-factors and resonance frequency (fy) at 50 mK,
measured from Ss; curves. An on-chip microwave power of —99 dBm was used to probe the resonators.

Membrane Substrate
Q: 5.8x10° 1.0 x 10°
Q. 4.6 x10* 3.6 x 10*
Q 4.2x10* 3.5x10*
fo 4.3GHz 4.5GHz
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FIG. S1: Cross-, amplitude and phase Power Spectral Densities (PSDs) for the membrane and substrate resonators
(see titles) and different temperatures (see colour scale). The top two panels are equivalent to Fig. a,b) of the
main text. The noise levels are divided by the appropriate responsivities (c.f. Eq. of the main text), as indicated
in the y-axis labels.
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FIG. S2: Lifetime (a) and noise level (b) from Lorentzian fits (Eq. of the main text) to the spectra of Fig.
Red (blue) curves are for the membrane (substrate) resonator. The markers show which spectrum is fitted: () is
the cross-PSD (S4,9(w)), (O) is the amplitude PSD (Sa(w)) and (A) is the phase PSD (Sg(w)). Error bars indicate
the uncertainty from the fitting procedure and only fits with a relative uncertainty of less than 16 % in lifetime are
displayed. Before fitting to Sp(w) and S4(w), the level at 18 kHz is subtracted from the spectrum, to eliminate
amplifier noise.
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FIG. S3: Example of pulse rejection of amplitude (§A4) and phase (6), at 141 mK and —99 dBm read-out power. The
data is corrected for an offset. If a data segment contains a point outside of the 6o interval, it is rejected, which is
depicted by the semi-transparency of the data segment.

The time traces typically contain pulses, caused by external energy sources, such as cosmic rays [7]. As the

amplitude of such pulses is large compared to the noise, they have a dominating effect on the noise measurement and
thus contaminate the Power Spectral Densities (PSDs). We filter the pulses in the following way.
First, the time trace is corrected for an offset by fitting a quadratic polynomial and subtracting it from the data.
This is to correct for small temperature drifts during the measurement. Then, the time stream is cut into 32 equal
segments. A segment is rejected if it contains a point outside a threshold. This threshold is set to 60,,:,, where
Omin is the minimal standard deviation of all the segments. This threshold ensures we filter pulses of 6 x 102 and
2 x 103 excess quasiparticles, for phase and amplitude, respectively. For the cross-PSD, the segment is rejected if the
amplitude or the phase segment is rejected. An example of this procedure is shown in Fig.
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For each non-rejected segment, the PSD is estimated via a periodogram with a Hamming window, after which they
are averaged. Finally, the spectrum is down-sampled to 30 points per decade for visibility.

Al Geometry Variations

In the following sections, measurements of different devices will be discussed, which have not been presented in the

main text. The measurement procedure and data analysis is the same. Table [SII] shows an overview of the different
parameters of the devices.

TABLE SII: An overview of the devices discussed with their distinguishing properties. The results presented in the
main text are from device A1 and A2. The stars indicate that the values are measured on the same Al film, but on a
strip of 100 pm wide, instead of the Al strip width of the resonator.

Device Capacitor Substrate Al thickness (nm) Al width (um) Al length (mm) T (K) py (p2cm) RRR

Al IDC SiN membrane 50 1.73 0.31 1.26 1.6 4.0

A2 IDC  SiN/Si substrate 50 1.73 0.31 1.26 1.6 4.0

A3 IDC SiN membrane 25 1.73 0.31 1.35 2.4 2.7

B1 IDC c-Sapphire 40 0.6 0.12-1.4 1.2* 0.7* 5.2%

B2 IDC c-Sapphire 40 1.5 0.12-14 1.2% 0.7* 5.2%

C CPW c-Sapphire 150 0.92 0.53 1.12 0.4 9.3

Al Length
(a) (b) (c)
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FIG. S4: Lifetime (a) and noise levels (b,c) for device B1, from A-6 cross-PSDs and responsivities (see Eq. of
the main text) fitted with Eq. , for different Al strip lengths given by the legend. Only fits with a relative error of
>13% in lifetime are shown and the error bars include statistical fitting uncertainties only. The dashed line is a fit
to Eq. for the 1.4 mm data, with a fitted value 7.s. = 0.14 ns. Panel (c¢) shows the same noise levels as (b), but
divided by the Al volume. Read-out powers vary from —110dBm to —113 dBm.

We measured the quasiparticle fluctuation in device B1, which Al strip length variations from 0.12 pm to 1.4 pm.
Figure [S4] shows the result of the same procedure explained in the main text.
We do not see a clear dependence of the saturation lifetime on Al length. The increase in noise level with longer strip

length, can partly be explained by noting that Sy, ,(w) o< V. Figure (c) shows the noise levels when divided by Al
volume.

Al Width

In Fig. we show a comparison in lifetime and noise levels, when the Al width is varied. Although the lifetimes
for the 1.5 pm strip are a bit higher (possibly due to a higher phonon escape time), no difference in saturation lifetime
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FIG. S5: Lifetime (a) and noise levels (b,c) from A-0 cross-PSDs and responsivities (see Eq. ) fitted with Eq. ,
for different Al strip widths given by the legend (devices B1 and B2). Only fits with a relative error of 11 % in

lifetime are shown and the error bars include statistical fitting errors only. The 0.6 pm data and dashed line are the

same as in Fig. Panel (c¢) shows the noise levels divided by Al volume.
can be observed. The offset in noise levels can be explained by the larger Al volume, as Fig. c) shows.
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FIG. S6: Lifetime (a,c) and noise level (b,d) from a fit of Eq. in the main text, to the cross-PSD divided by
responsivity squared (Eq. in the main text). (a,b): Green curves are from Fig. [3|c,d) in the main text (device
A1) and the blue curves are for device A3 at —97 dBm read power. (c,d): Lifetime and noise levels measured for

device C, for a large variety of read powers, see colour scale. The dashed lines are fits of Eq. of the main text, to
the lowest read power data, only for temperatures >240 mK.

The same device as discussed in the main text is also fabricated with an Al thickness of 25nm (device A3). A
comparison of lifetime and noise level for the membrane resonators is given in Fig. a,b). Only a slight difference
in saturation lifetime can be observed. We would expect shorter lifetimes for device A3 than for Al, as the phonon
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escape time should be shorter. However, the 25nm film has a higher T, (as theoretically predicted in Ref. [40]),
which also increases the lifetime (Eq. (2)). This diminishes the difference in lifetime we would expect from phonon
trapping. To be precise, the phonon trapping factor is calculated to be 21 and 11 and the T, is measured to be
1.255 K and 1.35K for the 50 nm and 25 nm resonators, respectively.

The 8 dBHz ! difference in noise level can only partly be explained by the larger Al volume (3dB Hz~!). Differences
in critical temperature (c.f. 1.255K and 1.35K) and resistivity (c.f. 1.6 pQcm and 2.41uQcm, for the 50 nm and
25 nm, respectively) influences 7y [3], while 7q is taken constant here. This could be the cause for the large difference
in noise level.

We also include the lifetimes and noise levels from a different resonator, which has a Al thicknesses of 150 nm. In
Fig. (c,d), we observe a high saturation lifetime for the lowest read power (>3 ms) and, interestingly, the reduction
of noise level is not observed in this thicker resonator. This suggests that the cause of the noise level reduction is
located either on the Al-substrate interface or the top surface, for example, by unpaired surface spins from native
Al oxide, which is supported by the results of Ref. [10]. In contrast, the results of Ref. [13] show higher 74, for
decreasing Al thickness.

The lifetime saturation that is still present, is most likely due to read power induced creation of excess quasiparticles
as observed in Refs. [2][14], and supported by the fact that 75,; decreases with increasing read power. Note that here,
the read power is increased ~25dB with respect to the other data presented up to this point.

Microwave Readout Power Dependence
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FIG. S7: Lifetime (a,d), noise level (b,e) and calculated quasiparticle number (c,f) from a fit of Eq. to the
cross-PSD divided by responsivity squared (Eq. ) at various read powers (see legend), for device Al (a-c) and
device B2 (d-f). The red curves in (a-c) are the same as in Fig. [3| and Fig. 4| of the main text. The dashed lines are
fits of Eq. of the main text, to the lowest read power data with 7.,. as fitting parameter.

In the measurements discussed in the main text, we selected low read powers to limit read-out power effects, such
as creation of excess quasiparticles [14] [56], redistribution of quasiparticles [9] and non-linear kinetic inductance
[57, B8], which was recently reviewed in Ref. [59]. Here, we analyse the effect of increasing the read-out power.
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Peak in Lifetime

Figure [S7|shows how the results change when the read power is increased. In Fig. (a,b) we observe a peak in life-
time around 230 mK appearing at higher read power. This is also observed in Ref. [10], where also trapping states are
deemed to be the cause. We notice that 74, is now temperature dependent, implying that IV; increases with decreas-
ing temperature. From Fig. c), we see that this increase in read power does not result in excess (free) quasiparticles.

Creation of Excess Quasiparticles

Figure d—f) shows the noise behaviour at even larger read powers, measured in device B2. Upon increasing read

power, the onset of the noise level reduction occurs to lower temperatures, after which it disappears. The saturation
lifetime still decreases as read power increases, consistent with the creation of excess quasiparticles [14, [56], also
observed in Fig. f ). Indeed, we see that more excess quasiparticles are created when increasing the readout power
from —98dBm to —78dBm. Interestingly, we see that increasing the read power from —78dBm to —74 dBm, does
not increase the amount of non-equilibrium quasiparticles, but does lower the saturation lifetime and noise level. This
may be caused by a microwave redistribution effect on the responsivity [9], which we do not account for.
We conclude from these observations that a lifetime saturation can be caused by two phenomena. At high readout
powers, excess quasiparticles are created, which saturates the free quasiparticle number (NNy, in Eq. of the main
text), and therefore also 74, (Eq. of the main text). The quasiparticle lifetime is then limited by recombination
events. This is consistent with Refs. [2] [14]. At low readout powers, the creation of excess quasiparticles is suppressed
and the trapped quasiparticle number (IV;) becomes significant compared to Ny,. This limits the quasiparticle lifetime
to on-trap recombination events, while the free quasiparticle number (NN,,) stays thermal. These two phenomena can
be distinguished by calculating N, from the noise levels, as done in Fig. [S7(c,f) and Fig. 4] from the main text.
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Responsivity Measurement
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FIG. S8: (a): Amplitude and phase responsivities determined by two methods: from S;-fits as explained in the
text and from a single photon (1545 nm) response pulse height. (b): Average amplitude and phase pulse response
for a 1545 nm photon.

We determine the amplitude and phase responsivities in a separate measurement of S2; as a function of temper-
ature. We fit Lorentzian curves to the |So1|? dips to determine the resonance frequency (fo) and the internal and
coupling quality factor for each temperature and read power. We then linearly fit 1/Q;(T) and §fo(T)/fo(0) to
Ngp(T) at high temperatures (> 250mK), where quasiparticle loss dominates. Here, dfy = fo(T) — fo(0), where
f0(0) is the resonance frequency at 50 mK and N,,(T) is calculated from Eq. (1)) from the main text. The amplitude
and phase responsivities are calculated as dA/dNy, = —2Q(T)%ii) and df/dN,, = 4Q(T)%{:Z(O)), respectively
[60]. This method does not take read power effects into account, but it is executed at the same read power as the
noise measurement.

Figure [S8((a) shows the calculated responsivities along with a different method to calculate the responsivity. This
second method is based on the single photon response of the resonator, which is used as an MKID [52]. When a
photon is absorbed in the Al, it will break thousands of Cooper-pairs, resulting in an excess quasiparticle number,
0Ngp, and therefore a measurable signal in A and 6. The responsivity is calculated as,

dX
dNgp

-1
= Xmaz (5qu)71 = Xonaaz <77pbh(2’y> y
where X is either 6 or A and X4z is the maximum measured value. 7, is the pair-breaking efficiency, which we here
set to 0.40 and 0.31 for the membrane and substrate resonator respectively [29]. These values are chosen such that
the two calculation methods coincide for the phase variable at 120 mK and should be compared to the theoretical
maximum value of 0.59 [61]. Aw. is the 1545nm-photon energy, i.e. 0.8eV. For A, we use the BSC-relation
2A = 3.52kpT..



16

Experimentally, a 1545 nm light source illuminates the middle part of the chip. The laser is attenuated to the point
where single photon absorptions can be detected, without much overlap. A time stream of 40s is measured at 1 MHz,
with a read frequency equal to the resonance frequency of the resonator and power P,c,q = —85dBm and —83 dBm
for on and off membrane, respectively. The I and @ signals from the IQ-mixer are translated to A and 6 with the
use of the resonance circle, which is measured earlier.

The average of multiple (typically a thousand) single photon pulses is presented in Fig. b). A detailed description
of the experiment and results of phonon trapping effects to the pulse amplitudes will be published separately [29].

In Fig. a) both methods show that the responsivity does not decrease over the temperature range where the
noise level reduction is observed (c.f. Fig. C,d)). We conclude that the noise level reduction is caused by quasiparti-
cle dynamics, and not by a reduction in responsivity (i.e. by Sy,, and not by the last factor in Eq. of the main text).
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