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We have developed a contact-less technique for the real time measurement of a-thermal (Cooper-pair breaking) phonons
in an absorber held at sub-Kelvin temperatures. In particular, a thin-film aluminum superconducting resonator was re-
alized on a 30 g high-resistivity silicon crystal. The lumped-element resonator is inductively excited/read-out by a
radio-frequency micro-strip feed-line deposited on another wafer; the sensor, a Kinetic Inductance Detector (KID), is
read-out without any physical contact or wiring to the absorber. The resonator demonstrates excellent electrical prop-
erties, particularly in terms of its internal quality factor. The detection of alphas and gammas in the massive absorber is
achieved, with an RMS energy resolution of about 1.4 keV, which is already interesting for particle physics applications.
The resolution of this prototype detector is mainly limited by the low (= 0.3 %) conversion efficiency of deposited en-
ergy to superconducting excitations (quasi-particles). The demonstrated technique can be further optimized, and used to
produce large arrays of a-thermal phonon detectors, for use in rare events searches such as: dark matter direct detection,

neutrino-less double beta decay, or coherent elastic neutrino-nucleus scattering.

Massive cryogenic detectors operated at sub-Kelvin tem-
peratures are widely used in rare events searches, for example:
the direct detection of dark matter™®, neutrinoless double beta
decay*” searches, and quantitative studies of coherent elastic
neutrino-nucleus scattering (CENNS)?Z. The current trend -
in particular for dark matter and CENNS- points towards in-
creased segmentation of the detector, i.e. more elements (crys-
tals) and not necessarily more sensing elements for the same
crystal/absorber, to provide the best trade-off between large
target masses and low detection thresholds.

Kinetic Inductance Detectors (KID) are thin-film supercon-
ducting resonators, sensitive to the content of superconduct-
ing excitations (quasi-particles) in the film. Variations of the
kinetic inductance of the superconducting film causes the res-
onant frequency to shift around the nominal value; the change
in kinetic inductance is caused by particle interactions break-
ing Cooper pairs, meaning the shift is proportional to the de-
posited energy. This detection principle, first proposed by the
Caltech-JPL group®, has been integrated into arrays with thou-
sands of pixels, used for example in millimeter wavelength
astronomy” Y and single photon low-resolution spectrome-
ters at visible to near-infrared wavelengths'Y. KID have also
been used for single particle detection!#4, and are a natu-
ral candidate for highly segmented detectors due to their high
multiplex-ability.

KID are capacitively or inductively coupled to the read-
out/excitation line (feed-line), providing the unique possibility
of realizing contact-less read-out lines. The advantage of this
is twofold: first, the absorber can be prepared (or replaced) in-
dependently without any processing requiring wiring, and sec-
ond, no thermal/electrical contact between the feed-line and
absorber means that a potential loss mechanism for phonons
is removed. The following describes the design, fabrica-
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tion/packaging, and test setup of the contact-less KID detec-
tor, which consists of a superconducting resonator on a mas-
sive 30 g silicon crystal absorber. The electrical performance
of the resonator is characterized and compared to the design
parameters, and the detector’s single particle detection ability
is demonstrated.

A classical lumped element kinetic inductance detector
(LEKID) design is used, see Fig. [T} based on a long (=
230 mm) and narrow (20 ym) inductive section, meandered to
occupy a footprint of around 4 x 4 mm?. Two capacitor fingers
close the resonator circuit, which under the perfect lumped
element approximation gives a resonance frequency of f, =
(L-C)~'/2. In this particular case, with only two capaci-
tor fingers, the lumped element approximation is just close
enough to estimate the order of magnitude of the geometri-
cal inductance and capacitance: Lgeon =~ 110nH, C = 20pF.
In classical coplanar KID designs, the coupling is determined
by the distance between the resonator and feed-line, which
is precisely fixed by the lithography. For this contact-free
detector, the coupling depends on the mechanical alignment
and macroscopic distance between the feed-line wafer and the
massive absorber. To reduce the sensitivity of the resonator’s
quality factor against possible misalignment, a coupling loop
between the inductor and capacitor is added, by inserting an
additional length of aluminum, with no meander, underneath
the feed-line, see Fig.|l| The detector design was simulated
using the Sonnet program (www.sonnetsoftware.com), and a
detailed study of the effect of misalignment was performed.

The absorber is a commercially available silicon crystal
with dimensions of 36 x 36 x 10 mm?, a mass of roughly 30 g
and a resistivity exceeding 5 k2 -cm. The KID is realized on
one of the two 36 x 36 mm? faces of the (100) crystal. The
feed-line is realized on a separate, standard 300 pm thick sil-
icon wafer. The metal is deposited by electron beam evapora-
tion, under a residual vacuum of around 5 - 10~8 mbar, at a rate
of 0.25 nm/s. Standard UV lithography (A = 365 nm) is then
performed through a dedicated mask. The metal is patterned
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FIG. 1. Three-dimensional schematic of the detector design. The
50 Q microstrip feed-line (blue) is realized on the (red) Si wafer
(layer 0), and is separated from the 30 g Si absorber (green) by a
0.3 mm thick vacuum gap. The LEKID resonator is patterned onto
the top face of the absorber (layer 1). A coupling loop is added be-
tween the meander and capacitor (right side of image), to minimize
the impact of misalignment between the resonator and feed-line. Par-
ticles (alphas and gammas) from the radioactive source impinge on
the bottom face of the absorber (layer 2). The thickness of the ab-
sorber has been reduced by a factor 10 for illustration purposes. In-
set: top view.

FIG. 2. Picture of the two parts of the detector. On the left is the
Si wafer with the superconducting micro-strip feed-line, wired to the
IN/OUT connectors (ports 1 and 2). On the right is the resonator
on the massive Si absorber, secured in the holder by PEEK clamps,
which provide the thermal link.

by a chemical step through resist apertures in a wet phospho-
ric acid bath. The fraction of the overall crystal surface that is
covered by the metal is around 0.1%. Two devices were pro-
duced, with nominal resonator film thicknesses of 20 nm and
40 nm respectively. See Fig. 2] for a picture of the detector.
After considering, among other things, the natural aluminum
oxidation, we estimate that the error in the residual thickness
of the superconducting films is around 5 nm for both cases. A
copper detector holder was designed and fabricated. The ab-
sorber crystal is held by eight PEEK clamps, while four simi-
lar fixations are used for the feed-line wafer. The eight PEEK
clamps represent the only thermal link G between the massive
silicon crystal and the cryostat. We estimate the thermal time
constant 7, of the system, at a temperature of 200 mK, to be
at least 20 ms.

The holder was mounted in a dilution refrigerator with
a base temperature of 125 mK. The underside of the Si
crystal (opposite the KID) was irradiated with an 2*'Am
source, collimated by a 6 mm diameter hole in the holder.
The KID signal is read-out with a homodyne system,
in which a radio frequency (RF) synthesizer directly ex-
cites the KID at its resonant frequency®. The power
reaching the KID is set to —75 dBm by a series of
fixed (cryogenic) and variable (room-temperature) attenua-
tors. A low noise (Tppise =~ 5 K) SiGe HEMT amplifier
(https://www.caltechmicrowave.org/amplifiers) is mounted on
the 4 K stage of the cryostat to amplify the output signal,
which is then fed to a room temperature 1Q mixer. This al-
lows the inphase (1) and quadrature (Q) components of the
output signal to be measured with respect to the input exci-
tation. A fast digital oscilloscope reads the I and Q values,
which are transmitted to an acquisition PC. These raw data
pairs are then combined in order to extract time-ordered se-
ries of changes in resonance frequency (detuning parameter).
This step allows removing nonlinearities.

The detector was cooled to the cryostat base temperature
(125 mK). A heater, with PID control, is used to increase and
stabilize the temperature, so studies of the resonator can be
performed at different temperatures. The complex transmis-
sion (S71) between ports 1 and 2 is determined from the I
and Q measurements. At each temperature point, a calibra-
tion sweep is performed by sweeping the frequency of the
RF synthesizer around f.. The RF synthesizer is then set to
the resonant frequency (determined by the calibration sweep),
and streams of a few minutes are acquired, at a sampling rate
of 1 MHz. For ground-based astronomical applications, i.e.
in the presence of strongly variable background, we routinely
adopt a frequency-modulated readout technique to compen-
sate in real time, among other things, the instantaneous qual-
ity factor variations'>. This is not implemented yet in the
fast readout used in the present study. We estimate that the
calibration error introduced by this simplification is less than
10%, not affecting significantly the conclusions that will be
presented. In the future it will be possible to further improve
the energy calibration, for example by using multiple excita-
tion tones.

At base temperature the resonance was measured, as ex-
pected, at a frequency of f,. = 600 MHz and 564 MHz for the
40 nm and 20 nm devices respectively, see Fig.[3] To extract
the resonator’s electrical parameters, the measured S,; is anal-
ysed with a standard procedure!®, and is fit to the following
equation:

) ) i
So1 — qe'Pe2mifT [1 _ w =1+iQ. (1)

1+2i0, %

The parameters a and ¢ define an arbitrary affine transfor-
mation of the resonant circle. The impedance mismatch is
in first approximation characterized by ¢, and 7 is the ca-
ble delay. The internal (Q;) and coupling (Q.) quality fac-
tors of the resonator, even at 7 = 275 mK, are both on the
order of 2-10°, resulting in a total (loaded) quality factor
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FIG. 3. Example of the best fit of the complex transmission for the
20nm resonator after removing the influence of @ and ¢ (see equation
(). In this case, the base temperature was T= 200 mK. The fitted
quality factors are Qy = 1.49- 105, Q. =2.22-105, Q; =4.50-10°
and the resonant frequency is f, = 564 MHz. The phase ¢ is com-
puted using the center of the complex plane as the reference and the
phase variation A6 is computed from the center of the calibration cir-
cle (black cross). Typical IQ trajectories of particle pulses are also
shown. The systematic differences between the data and the fitted
form are due to the approximate nature of equation (T)).

QL=1/ (Qf1 + Q;l)) around 10°. At the lowest base tem-
perature the resonator’s Q; approaches 4 - 10°. Similar quality
factors were measured for both devices.

The detector responsivity, i.e the frequency shift as a func-
tion of the incident energy, is evaluated assuming that the re-
sponse to thermal quasi-particles is equivalent to the response
to quasi-particles generated by a-thermal phonons from the
substrate 2. The change in resonance frequency as a func-
tion of temperature for the two devices is used to extract the
kinetic inductance fraction (&) and the superconducting gap
of aluminum (A) by performing a fit to an approximation of
the Mattis-Bardeen theorylg, which holds for Af < A and
T <Tc/3 (see Fig.:

5f A N\
%_—a [tanh(ZkBT> —1].

In this equation fj is the resonant frequency at T < T¢, and
O0f = fo(T) — fo is the change in resonant frequency, as a
function of temperature. The fitted value of the superconduct-
ing gap is then used to convert the temperature into energy
with E = N,,A and the following equation 17

Nyp = 2NoV /2mkgT Ae=2/%8T

where V is the volume of the resonator and Nj is the single
spin density of electron states at the Fermi energy. As shown
in Fig. [4] the frequency shift as a function of the energy fol-
lows a linear relation 6 f/ fo = BE. From the fit of this linear
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FIG. 4. Dimensionless frequency shift data against temperature,
along with a fit to equation P} A and ¢, the superconducting gap
and the kinetic inductance fraction respectively, are free parameters
determined by the fit. Inset (same y axis units): as predicted! 22V
the dimensionless frequency shift evolves linearly with respect to the
number of quasi-particles ngp.

relation we estimated the detectors’ responsivities 3 (see in-
sert of Fig. ). In the limits T < Tc and k- f < A this linear
relation is expected. The responsivity can also be estimated
by the following formula:

B=

o

TRVE @
Numerical estimations, assuming'? Ny = 1.72- 100um=3 -
eV~!, are B(20nm) = —1.01-10 eV~ and B(40nm) =
—2.28-10""keV~!. The other parameters determined by the
fit are consistent with their expected values, in particular we
confirm that the superconducting gap increases when reducing
the thickness, as expected for thin aluminum films™.

The 20 nm device was irradiated by an 2*! Am source with
an «a activity of 3 kBq. The source produces 5.45 MeV «
and predominantly 60 keV 7 particles, with respective rates of
100 Hz and 30 Hz in the crystal, according to Geant4 simula-
tions=! of the setup.

The pulse amplitudes, see Fig. [5] are calculated by apply-
ing the optimal filtering technique%. Note that the conversion
from phase to detuning is achieved using the calibration curve
obtained after a circular fit of the Sy data in the IQ plane,
as shown in the right panel of Fig.[3] The calibration to de-
tuning removes the non-linearities, in particular for large en-
ergy depositions, e.g. alpha particles. As the optimal filtering
algorithm requires a pulse template, we chose an empirical
model f(¢), based on our observations suggesting that only
two time constants are relevant above 200 mK. The analytical
pulse template can then be written as

f(l) — @(l _ tO) % (67<17t0)/7decay _ e*([*f())/frise) , (5)
with ®(¢) the Heaviside function, #o the start time of the
pulse, Tise and Tgecay respectively the rise and decay time
constants of the pulse. These time constants were extracted
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FIG. 5. Examples of normalized pulses in the 20 nm thick device for
different temperatures. Inset: evolution with the temperature of the
characteristics times of the exponential model (rise time: red circles,
decay time: blue squares) compared to the calculated ring time of the
resonator (black diamonds).

by fitting multiple pulses simultaneously in the frequency do-
main. As shown in Fig. E} we found that the rise time, along
with the ring time of the resonator, decreases with the tem-
perature for 7 >200 mK. The ring time is computed, based
on the previously extracted total Q-factor values, as Ting =
QL(T)/nf(T). The behaviours of the ring and rise times
versus the temperature are well correlated in the range cov-
ered by the present study. Contrary to the rise time, the decay
time was found to be almost constant for temperatures up to
350 mK, suggesting that the dominant relaxation process is
related, at least above 200 mK, to the lifetime of phonons in
the absorber. It should be noted that for temperatures below
200 mK, we found some significant discrepancies between our
simple two exponential pulse model, see Eq. (E]), and the data.
Indeed, we have evidence that a third time constant is required
to fully describe the pulse shapes. This additional time con-
stant is most probably associated to the recombination rate of
quasi-particles in the resonator film, which becomes compara-
ble to the phonon lifetime at the lowest temperatures. A more
precise study at 7 < 200 mK is therefore required and will be
undertaken in future publications. We remind that the ther-
mal time constant of the detector has been estimated and lie in
the order of the tens of milliseconds at 200 mK. This is much
longer than any time constant observed in our pulses, associ-
ated with Copper-pair breaking phonons. However, the exact
influence of the PEEK clamps on the a-thermal phonons re-
quires deeper investigations. According to a previous work?,
carried out on thin Silicon wafers and using classical KID,
the losses through similar fixation points are non-negligible.
In our case, having eliminated the feed-line and the bonding
wires and working on a 3-D crystal, the relative weight of the
fixation points losses versus the signal in the resonator might
be even higher.

The measured detuning (pulse amplitude) histogram is pre-
sented in Fig. [] where the 5.45 MeV « peak is clearly vis-
ible at 11.2 kHz, along with a lower energy population with
a bump around 100 Hz and an end-point at about 250 Hz.
The baseline resolution in detuning units, estimated from the
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FIG. 6. Distribution of fitted amplitudes for noise (dashed gray) and
trigged events (solid black). Inset: comparison with Geant4 simu-
lation. An energy resolution of 1.4 keV is considered, and the two
populations of particles emitted by the Am source are taken into ac-
count, namely the o and 7.

reconstructed amplitudes of noise samples, was found to be
oo =2.93 Hz (RMS). Using the energy calibration from the
a peak, this then converts into a baseline energy resolution
of 0 =1.42 keV (RMS). It is worth noticing that with a keV-
scale baseline energy resolution, one should expect to resolve
the 60 keV line from the gammas, also emitted by the 241 Am
source, as suggested by the smeared Geant4 simulations (see
inset panel of Fig.[6). The fact that such a line, expected to
peak around 123 Hz, is not resolved and that unlike the alpha
particles these gammas interact almost uniformly between the
two top and bottom surfaces of the crystal, strongly suggests
that the measured pulse amplitudes depend on the location of
the particle interaction inside the detector volume. The events
lying near the 250 Hz end-point would represent, according
to this interpretation, gammas interacting closer to the KID.
Considering the 5.45 MeV alphas from the >*! Am source im-
pinging the Si crystal at the same location, opposite the KID,
we can estimate the conversion efficiency of phonons to quasi-
particles for this interaction to be n ~ 0.3%.

Finally, from our measured noise power spectral densities
(see Fig.[7), we found, compared to many co-planar devices
that we have tested in the past, an additional 1/f-like com-
ponent. We attribute a part of this excess noise to the relative
variation of the distance between the feed-line and the res-
onator. Indeed, due to the resonator’s sensitivity to changes in
its electromagnetic environment, the KID is highly affected by
changes in potential resulting from variations of the distance
to the feed-line. Through electromagnetic simulations, we es-
timate that a variation of this distance of 1 A translates into
a shift of the resonance frequency on the order of 1 =2 Hz.
Therefore, in addition to increasing the KID sensitivity to en-
ergy deposition in the absorber, future efforts will be devoted
to eliminating or reducing this specific environmental noise
induced by vibrations. This could be achieved by running the
experiment with a dedicated cryogenic suspension system to
efficiently mitigate the vibration levels**,

The main result of this work is the design and operation of a
KID resonator with a contact-less feed-line that was deposited
on a second wafer. We found that the resonator exhibits excel-
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FIG. 7. Noise and pulse Power Spectrum Densities measured at a
temperature of 200 mK for both I and Q components. The steeper
o< f -5/3 component is attributed to vibration-induced sub-nanometer
variations of the distance between the feed-line and the absorber
crystal.

lent electrical performance, suggesting that this sensor tech-
nology is well suited to be used in the context of particle detec-
tion. As well, this configuration is ideal to exclusively probe
the contribution of the a-thermal phonons in detectors based
on massive crystals. A first detector prototype, consisting of
a single resonator implemented on a 30 g high-resistivity Si
crystal absorber has been tested, and an energy resolution og
of about 1.42 keV (RMS) has been achieved, despite the low
conversion efficiency of quasi-particles. These results are very
encouraging in pursuing this development along the following
lines: a) better understanding and modelling of the behaviour
of a-thermal phonons in such massive crystals; b) optimizing
the geometrical resonator design and fixations to increase the
absorption efficiency by at least one order of magnitude; c)
establishing a quieter test setup with lower vibrations to re-
duce the noise; d) using lower T¢ superconductors to increase
the sensitivity to phonons (smaller gap) and the average quasi-
particles recombination time.

Since® of o< A% - ,L.q—po.s -n~!, the overall gain of the pro-

posed improvements is estimated between one (prudent) to
two (goal) orders of magnitude. It should be noted that a
great advantage of this technology is that a large number of
such devices can be connected in series thanks to a common
read-out line, using external coaxial cables, naturally pro-
viding the required multiplexing for the future generation of
highly-segmented detectors. Therefore, we believe that this
technology could be used to build kg-scale detector payloads
of 0(10) g detector crystals.
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