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Germanium target sensed by phonon-mediated kinetic inductance
detectors
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Cryogenic phonon detectors are adopted in experiments searching for dark matter interactions or coherent
elastic neutrino-nucleus scattering, thanks to the low energy threshold they can achieve. The phonon-mediated
sensing of particle interactions in passive silicon absorbers has been demonstrated with Kinetic Inductance
Detectors (KIDs). Targets with neutron number larger than silicon, however, feature higher cross section to
neutrinos while multi-target absorbers in dark matter experiments would provide a stronger evidence of a
possible signal. In this work we present the design, fabrication and operation of KIDs coupled to a germanium
absorber, achieving phonon-sensing performance comparable to silicon absorbers. The device introduced in
this work is a proof of concept for a scalable neutrino detector and for a multi-target dark matter experiment.

Cryogenic phonon detectors achieve the low energy
threshold needed to search for dark matter interac-
tions!~ and neutrino coherent and elastic scattering off
atomic nuclei (CEvNS)*. Such detectors consists of a
target crystal, acting as particle absorber, coupled to a
phonon sensor.

While detector units with energy thresholds as low
as 20 eV>7 have already been employed, this is only
part of the challenge. In order to observe rare signals,
such as those induced by dark matter and neutrino in-
teractions, it is also crucial to develop instruments with
high target mass. Although targets of up to several tens
of grams have been realized>":®, reaching the kg scale
would allow experiments searching for weakly interact-
ing massive particles (WIMPs?) to probe smaller cross-
sections'?, and would enable higher precision in CEvNS
experiments in order to search for new physics'!~1°.

The BULLKID project developed a cryogenic detector
designed to address the mass scaling challenge!®. The
detector consists of a monolithic array of 60 cubic silicon
absorbers of 0.34 g each carved out of a single 3" diameter
5 mm thick wafer. The phonon sensors are Kinetic In-
ductance Detectors (KIDs), superconducting resonators
featuring intrinsic frequency multiplexing, ease and con-
sistency in fabrication!?.

KIDs are used to detect millimeter wave'® and opti-
cal radiation'?: incoming photons absorbed in the metal
break Cooper pairs and change its kinetic inductance Ly,
which converts into a measurable shift of the resonant
frequency fy. In the case of BULLKID, KIDs are instead
kept in the dark to minimize light-induced pair breaking
and maximize the sensitivity to athermal phonons. This
phonon mediated detection approach allowed to sample
the energy deposited into each silicon absorber with an
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average baseline resolution of 26 éV'®. While this sili-
con device demonstrated the potential of the design in
the field of dark matter searches®, the application to
CEvNS detection would benefit from a different target
crystal.

For a nucleus at rest with N neutrons and Z protons
the cross-section of the coherent scattering of a neutrino
with energy E, is?!

OSM O(Giﬂ [N*Z-(l*ll-sinzew)}ZEﬁ

with Gr being the Fermi constant and 6,, the Weinberg
angle, sin? 6, ~ 0.238%2. The cross-section is dominated
by the neutron number N thus changing the target ma-
terial from silicon (Ng; = 14) to germanium (Ng,. ~ 41)
increases the cross-section by a factor (Nge/Ng;)® ~ 9.

A multi-target particle detector would also provide an
advantage in the field of dark matter identification: the
ability to test the quadratic scaling of the WIMP-nucleon
cross section as a function of the atomic number A is a
fundamental tool to confirm a positive evidence of WIMP
interactions. The comparison of the signal from germa-
nium and silicon absorbers in the same composite array
will also allow to reduce systematic errors'®.

In this work we describe the design, fabrication
and operation of KIDs on a germanium substrate.
The performances are in line with those obtained on
silicon, making it a promising target material for future
experiments with KIDs.

The device has been fabricated using a 550 ym thick,
2" diameter single side polished germanium wafer at the
PTA clean room facility in Grenoble?*. To fabricate the
resonators the wafer is initially put under high vacuum
and the native GeOs on the surface is removed by expo-
sure to argon plasma. Afterwards the polished surface
is coated by a 60 nm aluminium film by means of an
electron gun evaporator. During the cleaning and coat-
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FIG. 1. (a) Design of the single KID sensor. The layout of the
resonator is identical to the ones of the BULLKID'® silicon
arrays: the 4 mm? inductor is unchanged while the coupling
with the coplanar waveguide has been adapted to take into
account the different dielectric constant of the germanium
substrate. (b) The 3 pixel array deposited on the 2x2 cm?
germanium tile. The device is installed in a copper holder
and held by Teflon supports. The KIDs are coupled to a
single coplanar waveguide feedline for simultaneous readout
via SMA connectors installed on the copper frame (ports 1
and 2).

ing of the wafer the vacuum is never broken, so that
the oxide is not allowed to reform and contaminate the
metal-substrate interface.

The removal of the germanium oxide is crucial to
achieve a sufficiently high quality of the final device: a
10 minutes argon plasma etch achieved a complete re-
moval of the germanium oxide, resulting in KIDs with
quality factors and noise comparable to those on silicon
substrates. Incomplete removal of the germanium oxide
results in greatly reduced internal quality factors (e.g.
Q; < 10 k), as shown by prototypes which used a shorter
argon plasma etching time of 3 minutes.

After the argon etching process and the deposition of
the metal layer, a standard process of UV lithography
and wet etching is used to selectively remove the alu-
minium in order to form the structures of the resonators
and of the coplanar waveguide to which the KIDs are

inductively coupled. For redundancy the array is repli-
cated four times on a single wafer that is then diced into
2x2 ecm? square tiles.

The pixel design is identical to the sensors of the BUL-
LKID array'¢. The active area of each pixel is 4 mm?,
made of 105 strips of 1880x20 um? spaced by 8 um and
arranged to form an inductive meander. The two ends
of the meander are terminated to four capacitive fingers
whose length is adjusted in order to select the resonant
frequency of each pixel (Fig. 1 a); in the current version
of the array three pixels are fabricated along a single
2 cm long coplanar waveguide. The sensors were sim-
ulated using the SONNET?* software: the capacitance
has been chosen in order to have the devices resonate
at frequencies 1/2m/LC between 0.7 and 0.8 GHz. The
spacing in frequency between the resonators is 25 MHz
to minimize electrical cross-talk. In order of increasing
resonant frequency, KID-1 and KID-2 are on the same
side of the feedline, while KID-3 is on the opposite side
(Fig. 1 b). The coplanar waveguide geometry has been
simulated and optimized for the dielectric constant of ger-
manium €%¢ ~ 16 (while €5 ~ 12)?% in order to provide
an impedance of 50 €.

The sample is installed in a copper holder held by
Teflon supports and wire bonded to 50 € launchers and
then soldered to SMA connectors for readout, as shown
in Fig. 1 (b). The contact area between the chip and the
supports is reduced to ~ 15 mm? in order to minimize the
phonon escape?®. The array is operated in a dry *He/*He
dilution refrigerator at a temperature T = 220 mK, which
is well below the transition temperature of aluminium
(~1.2 K). The sample is protected by radiation from
the warmer sections of the cryostat by means of ther-
mal shields. Moreover the copper holder is wrapped in
aluminium foil to further protect the array from stray
light; finally a mu-metal barrel is placed outside of the
cryostat to mitigate the effects of magnetic fields. To cal-
ibrate the device the surface of the tile opposite to the
KIDs is faced to an optical fiber placed between KID-1
and KID-2, pulsed by a 400 nm LED lamp operated at
room temperature?’. The readout waves for the KIDs
are generated at room temperature by an Ettus X310
board®® and are routed to the array through a cryogenic
transmission line with an attenuation of 55 dB to reduce
thermal noise. The output signal from the array is then
fed into a low-noise amplifier installed on the 4 K stage
of the cryostat and demodulated at room temperature by
the same board used for tone generation?.

The measured transmission S; as a function of the
frequency f is reported in Fig. 2 (a). Each resonator is
identified by a dip in the transmission and all of them
are detected. The KIDs are spaced by 23 +2 MHz in ac-
cordance with the SONNET simulations previously dis-
cussed. In order to extrapolate the electrical properties
of the resonators the data of the complex transmission
Sa1(f) past each KID resonator are corrected for line
losses and impedance mismatches®® and fitted to the an-
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FIG. 2. (a) Amplitude of the transmission Sa; of the array
as a function of the readout frequency. The three minima
correspond to the resonant frequency of each KID. The feature
at 750 MHz is interference introduced by the local oscillator of
the readout board (LO). (b) Fit of the complex S21 parameter
of KID-1 to estimate the quality factors and the resonant
frequency. (c) Phase pulse recorded by KID-1 after an energy
deposition of approximately 20 keV induced by firing a LED
pulse on the side opposite to the KIDs. The rise and decay
times are 60 ps and 120 ps, respectively.

fo[MHzl QK] Q[ Q:[M]

KID-1 748.1 167 184 1.82
KID-2 769.3 114 120 2.24
KID-3 793.9 127 132 3.03

CALDER-17 2644 147 156 > 2

TABLE I. Results of the fit for Eq. 1 of the data acquired
from the frequency scan of the array. Data from a single KID
on a silicon substrate are reported for comparison®2.

alytical expression®!

P A S
Sa(f) =1 Q1+ 2QLE (1

where fy is the resonant frequency, Q = (1/Q.+1/Q;)™*
is the total quality factor, Q). is the coupling quality fac-
tor representing the coupling with the feedline and Q; is
the internal quality factor representing internal losses.
The fit to Eq. 1 to the Sy; data of KID-1 is shown in
Fig. 2 (b), while a summary of the parameters of the
whole array is reported in Tab. I Since Q; > Q. the
value of the total quality factor @ in the current config-
uration is dominated by @Q.: the measured value from
Table I is in the range @ = (114 k — 167 k), in line with
the design value of 160 k. The table also also reports the

resonance parameters of a similar KID deposited on a
silicon substrate (CALDER-17)*2. Despite the different
resonant frequency, which depends on the layout of the
resonator, the quality factors are comparable.

In order to test the response of the array with respect
to energy depositions, each KID is biased with an in-
dependent RF wave centered at the resonant frequency.
After an energy deposition E in the substrate phonons
propagate until they reach the KIDs and break Cooper
pairs. The change in Cooper pair density is detected
by monitoring the variation of magnitude and phase of
S21(fo) as a function of time. The phase readout usu-
ally provides a better signal to noise ratio®! and for this
reason we restrict the analysis to it.

The model of the phase response reads®3:

do _  aS(fo,T0)Q @)
dE NoA2V

where N = 1.72-10'%V ~!y; m~3 is the single spin den-
sity of states in aluminium, V = 4 mm? x 60 nm is the
inductor volume, S>(fo,7") = 3.4 is a dimensionless fac-
tor given by the Mattis Bardeen theory related the imag-
inary part of the conductivity®! and 7 is the energy to
quasi-particle signal conversion efficiency. The ratio of ki-
netic inductance over total inductance o = (4.7 4 0.1)%
and the superconductor gap Ay = 189 £ 1 peV are es-
timated from the frequency shift of the resonators with
respect to temperature“.

The impulse response of each KID has been character-
ized as a function of the readout power by firing pulses
from the LED lamp at constant energy®?. The pulses
are processed offline with a matched filter in order to
maximize the energy resolution®®. The readout power
optimizing the signal to noise ratio is -64 dBm at each
KID.

Figure 2 (c) shows a sample pulse corresponding to
an energy deposition in the substrate of approximately
20 keV, as recorded by KID-1. The rise time amounts
to ~ 60 ps, does not change with the temperature of the
array and is comparable to the ring time of KID-1 7, =
Q/ (7fo) = 70 us. The decay time amounts to 120+3 us
and varies with the temperature, allowing to identify it
as dominated by the quasi-particle recombination time
Tap S

qzzl“he estimation of the responsivity d¢/dE follows the
procedure validated against a 6 keV X-ray source in
Ref.?” and employed in Refs.'%7:38. The mean response
of the detector to the absorption into the substrate of
N photons can be written as p = d¢/dE - eN where
e = 3.1 eV is the energy of a single 400 nm photon. The
variance of the response is the sum of the variance of the
noise o2 and the Poisson’s variance:

do
20,y — 2
U(M)_00+d

The energy calibration is performed by sending bursts
of photons and evaluating o2 for different values of p.

“ep 3)
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FIG. 3. Fit of 0 as a function of u (Eq. 3) corresponding to
the response of KID-1 to bursts of 400 nm photons fired by the
calibration LED. The linear fit converges to a responsivity of
3.6 mrad/keV and an energy resolution of 380 eV. This linear
best fit is representative of the other units KID-2 and KID-3
whose calibration parameters are reported in Table II.

Tile d¢/dE Axip

mass [g] [mrad/keV] 7° eVl [%] AroTr

KID-1 1.16 3.6+02 380+£20 20£0.2 0.12
KID-2 " 254+0.1 450+22 2.0+0.2 "
KID-3 " 22402 540+31 1.6+0.2 "

CALDER-17  0.28 5.8 115+6 74-94 042

TABLE II. Results of the fit of Eq. 3 to the data acquired
by firing LED pulses on the backside of the array. The value
of the phonon energy conversion efficiency 7 are derived by
inverting Eq. 3. The efficiency is proportional to the ratio
of sensitive metal area to the total metal area Axip/Aror.
Values for CALDER-17 are also reported for comparison, as
well as the total mass of the Ge and Si substrates.

Fitting Eq. 3 for the parameters d¢/dE and o? yields
the responsivity in mrad/keV and the baseline energy
resolution, respectively. An example of such estimation
on KID-1, is depicted in Fig. 3. The responsivity is 3.6 £
0.2 mrad/keV and o¢ is 380 £ 20 eV, while the results
of the calibration for all of the KIDs are summarized in
Tab. IT and compared to CALDER-17.

By inverting Eq. 2 we extract the energy to quasi-
particle conversion efficiency 7. The resulting values are
summarized in Tab. II, in the range (1.6 — 2.0)%. Since
the optical fiber is firing on a spot between KID-1 and
KID-2 it is expected that they share a similar value while
the more distant KID-3 has a reduced efficiency. The en-
ergy conversion efficiency is a factor 4 lower than in the
CALDER-17 prototype that achieved (7.4 — 9.4)%27 de-
pending on the position of the fiber spot.

The origin of the reduced value of n can be under-
stood by comparing the layout of the two devices. The
CALDER-17 detector implements a single KID, so that
phonons produced can either escape via the substrate
supports, be absorbed by the KID or by the insensitive
metal (ie. the feedline and the capacitor). In the de-

vice of this work, aside the supports and the insensitive
metal, the three KIDs share the phonons®%. The ratio
of the active metal surface of each KID over the total
metallized surface (Akip/Aror) is approximately 0.42
in CALDER-17, while it is only 0.12 for one of the KIDs
of this work. Moreover, a single-side polished wafer was
used for the realization of the current array, in place of
the double-sided polished wafer for CALDER-17. It is
reasonable to believe that an additional source of loss is
given by the unpolished surface that could act as a trap-
ping site for phonons.

We conclude that there is no evidence that the mate-
rial used as substrate influences the responsivity and the
energy resolution. This seems to be backed up also by the
similar values of the expected athermal phonon transmis-
sion to Aluminum from Germanium and Silicon. Follow-
ing the method in Ref.?*, we indeed obtain ~ 90% and
~ 80% phonon transmission to Aluminum from Silicon
and Germanium, respectively.

We can therefore ascribe the difference in baseline reso-
lution with respect to CALDER-17 only to the geometry
of the metal layer on the tile, which affects the phonon
collection efficiency. If we assume the value of n = 24%
of a BULLKID-like geometry, we expect an improve-
ment of the baseline energy resolution of KID-1 down
to 380 x 2%/24% = 32 €V, in line with the 26 eV of the
silicon prototype.

In this work we presented the design, fabrication and
operation of the first KIDs developed on a germanium
substrate. The fabrication process was optimized to re-
move the germanium dioxide from the substrate, as it was
found to be a limiting factor for the quality of the res-
onators. We estimated detection performances which are
in line to that obtained with silicon substrates, paving
the way to future developments for applications in the
neutrino and dark matter fields.

ACKNOWLEDGMENTS

We thank the team of the Laboratorio Rivelatori Crio-
genici of Sapienza U. for its support. This work was par-
tially supported through the European Research Coun-
cil through the Consolidator Grant “DANAE” number
101087663. We acknowledge the support of the PTA
platform for the fabrication of the device. We thank A.
Girardi and M. Tannone of the INFN Sezione di Roma for
technical support. We thank A. L. De Santis for useful
discussions on phonon propagation.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

1R. Agnese, T. Aramaki, I. Arnquist, et al. (SuperCDMS), Phys.
Rev. Lett. 120, 061802 (2018).



AlIP
Publishing

£

2A. H. Abdelhameed, G. Angloher, P. Bauer, et al., Phys. Rev. D
100, 102002 (2019).

3E. Armengaud, Q. Arnaud, M. Augier, et al. (EDELWEISS),
JCAP 05, 019 (2016).

4D. Akimov, J. B. Albert, P. An, C. Awe, et al. (COHERENT),
Science 357, 1123 (2017), arXiv:1708.01294 [nucl-ex].

5R. Strauss, J. Rothe, G. Angloher, et al., Phys. Rev. D 96, 022009
(2017).

6J. Billard, R. Carr, J. Dawson, E. Figueroa-Feliciano, J. A.
Formaggio, J. Gascon, S. T. Heine, M. D. Jesus, J. Johnston,
T. Lasserre, A. Leder, K. J. Palladino, V. Sibille, M. Vivier, and
L. Winslow, Journal of Physics G: Nuclear and Particle Physics
44, 105101 (2017).

1. Alkhatib, D. Amaral, T. Aralis, et al. (SuperCDMS Collabo-
ration), Phys. Rev. Lett. 127, 061801 (2021).

8E. Armengaud, C. Augier, A. Benoit, et al. (EDELWEISS Col-
laboration), Phys. Rev. D 99, 082003 (2019).

91. Roszkowski, E. M. Sessolo, and S. Trojanowski, Reports on
Progress in Physics 81, 066201 (2018).

10J. Billard, M. Boulay, S. Cebrian, et al., Reports on Progress in
Physics 85, 056201 (2022).

11A. C. Dodd, E. Papageorgiu, and S. Ranfone, Phys. Lett. B266,
434 (1991).

12]. Barranco, O. G. Miranda, and T. I. Rashba, JHEP 12, 021
(2005), arXiv:hep-ph/0508299 [hep-ph].

13]. A. Formaggio, E. Figueroa-Feliciano, and A. J. Anderson,
Phys. Rev. D85, 013009 (2012), arXiv:1107.3512 [hep-ph].

14B. Dutta, Y. Gao, R. Mahapatra, N. Mirabolfathi, L. E. Stri-
gari, and J. W. Walker, Phys. Rev. D94, 093002 (2016),
arXiv:1511.02834 [hep-ph)].

15M. Lindner, W. Rodejohann, and X.-J. Xu, JHEP 03, 097
(2017), arXiv:1612.04150 [hep-ph].

16A. Cruciani, L. Bandiera, M. Calvo, N. Casali, I. Colantoni,
G. Del Castello, M. del Gallo Roccagiovine, D. Delicato, M. Gi-
ammei, V. Guidi, J. Goupy, V. Pettinacci, G. Pettinari, M. Ro-
magnoni, M. Tamisari, A. Mazzolari, A. Monfardini, and M. Vi-
gnati, Appl. Phys. Lett. 121, 213504 (2022).

17p. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis, and
J. Zmuidzinas, Nature 425, 817 (2003).

1SR, Adam, A. Adane, P. Ade, et al., A&A 609, A115 (2018).

19B8. Mazin, J. Bailey, J. Bartlett, C. Bockstiegel, B. Bumble,
G. Coiffard, T. Currie, M. Daal, K. Davis, R. Dodkins, N. Fruit-
wala, N. Jovanovic, I. Lipartito, J. Lozi, J. Males, D. Mawet,
S. Meeker, K. O’Brien, M. Rich, J. Smith, S. Steiger, N. Swim-

mer, A. Walter, N. Zobrist, and J. Zmuidzinas, in Bulletin
of the American Astronomical Society, Vol. 51 (2019) p. 17,
arXiv:1908.02775 [astro-ph.IM].

20Delicato, D., Ahmad, A., Bandiera, L., Calvo, M., Cappelli,
M., Del Castello, G., del Gallo Roccagiovine, M., Giammei, M.,
Guidi, V., Maiello, D., Pettinacci, V., Romagnoni, M., Tamisari,
M., Cruciani, A., Mazzolari, A., Monfardini, A., and Vignati,
M., Eur. Phys. J. C 84, 353 (2024).

21D. Z. Freedman, D. N. Schramm, and D. L. Tubbs, Ann. Rev.
Nucl. Part. Sci. 27, 167 (1977).

22]. Erler and M. J. Ramsey-Musolf, Phys. Rev. D 72, 073003
(2005).

23«plateforme technologique amont, http://pta-grenoble.com/our-
facilities/overview,”.

24«Sonnet software; https://www.sonnetsoftware.com/,”.

25W. C. Dunlap and R. L. Watters, Phys. Rev. 92, 1396 (1953).

26M. Martinez, L. Cardani, N. Casali, A. Cruciani, G. Pettinari,
and M. Vignati, Phys. Rev. Appl. 11, 064025 (2019).

271,. Cardani, N. Casali, A. Cruciani, et al., Supercond. Sci. Tech-
nol. 31, 075002 (2018).

28https:/ /www.ettus.com,”.

291,. Minutolo, B. Steinbach, A. Wandui, and R. O’Brient, IEEE
Trans. Appl. Supercond. 29, 1 (2019).

30M. S. Khalil, M. J. A. Stoutimore, F. C. Wellstood, and K. D.
Osborn, J. Appl. Phys. 111, 054510 (2012).

31J. Zmuidzinas, Annu.Rev.Cond.Mat.Phys. 8, 169 (2012).

321,. Cardani, N. Casali, I. Colantoni, et al., Appl. Phys. Lett. 110,
033504 (2017).

33B. Mazin, Microwave Kinetic Inductance Detectors, Ph.D. thesis,
California Institute of Technology (2004).

34J. Gao, J. Zmuidzinas, A. Vayonakis, P. Day, B. Mazin, and
H. Leduc, J. Low Temp. Phys. 151, 557 (2008).

35V, Radeka and N. Karlovac, Nucl. Instrum. Methods 52, 86
(1967).

36R. Barends, J. J. A. Baselmans, S. J. C. Yates, J. R. Gao, J. N.
Hovenier, and T. M. Klapwijk, Phys. Rev. Lett. 100, 257002
(2008).

371, Cardani, N. Casali, I. Colantoni, et al., Eur. Phys. J. C 81,
636 (2021).

38(. Del Castello, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 1068, 169728 (2024).

398, Kaplan, C. Chi, D. Langenberg, J. Chang, S. Jafarey, and
D. Scalapino, Phys. Rev. B 14, 4854 (1976).



