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Abstract

In this paper we describe the current status of the CALDER project, which is developing ultra-sensitive light detectors based on
superconductors for cryogenic applications. When we apply an AC current to a superconductor, the Cooper pairs oscillate and
acquire kinetic inductance, that can be measured by inserting the superconductor in a LC circuit with high merit factor. Interactions
in the superconductor can break the Cooper pairs, causing sizable variations in the kinetic inductance and, thus, in the response of
the LC circuit. The continuous monitoring of the amplitude and frequency modulation allows to reconstruct the incident energy with
excellent sensitivity. This concept is at the basis of Kinetic Inductance Detectors (KIDs), that are characterized by natural aptitude
to multiplexed read-out (several sensors can be tuned to different resonant frequencies and coupled to the same line), resolution of
few eV, stable behavior over a wide temperature range, and ease in fabrication. We present the results obtained by the CALDER
collaboration with 2×2 cm2 substrates sampled by 1 or 4 Aluminum KIDs. We show that the performances of the first prototypes
are already competitive with those of other commonly used light detectors, and we discuss the strategies for a further improvement.
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1. Why new cryogenic light detectors?

Background reduction is becoming more and more impor-
tant for all the experiments looking for rare events, such
as dark matter interactions, neutrino-less double beta decay
(0νDBD), or rare α decays. Among the several technological
approaches proposed for these searches, cryogenic calorimeters
(or bolometers) stand out for their excellent energy resolution
(of the order of 0.1%) and for the possibility of probing different
compounds; the crystals operated as bolometers can be grown
starting from most of the possible 0νDBD candidates or rare-
α emitters, and from several interesting targets for dark matter
search.

Bolometers can be equally sensitive to α’s, electrons and, if
the threshold is low enough, also to nuclear recoils. This could
be an advantage, as experiments designed for a specific purpose
could be competitive also in other physics sectors. On the other
hand, the lack of tools to identify the nature of the interacting
particles prevents an efficient background suppression. A pos-
sible solution consists in equipping the bolometer with a light
detector, that enables particle identification exploiting the dif-
ferent light emission of α’s, electrons and nuclear recoils. This
technique has been successfully exploited for bolometers emit-
ting scintillation light, like ZnSe [1], ZnMoO4 [2], LiMoO4 [3]
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and many others. The scintillation crystals were coupled to
light detectors made by thin Germanium disks equipped with
Neutron Transmutation Doped Germanium sensors, that show
a typical intrinsic energy resolution of about 80 eV RMS [4].
This sensitivity is high enough to enable an efficient particle
identification with scintillation bolometers, but may be not suf-
ficient for next generation experiments. A possible application
of new light detectors with these characteristics could be the
upgrade of the CUORE experiment. The TeO2 bolometers used
by this experiment do not scintillate. On the other hand, cou-
pling a sensitive light detector to a TeO2 would allow to mea-
sure the tiny amount of Cherenkov light emitted by electrons
(about 100 eV at 0νDBD energy) and not by α’s, enabling the
rejection of the dominant α background [5, 6].

The CUPID interest group [7, 8], that is defining the road-
map for a 0νDBD next-generation project based on bolometers,
identified the features of the desired light detector: a noise RMS
resolution lower than 20 eV, high radio-purity, large active area
(5×5 cm2) and ease in fabricating/operating up to 1000 chan-
nels.

The growing interest in developing sensitive light detectors
(that would be important also for other applications [1]) gave
birth to several R&D activities exploiting different technolo-
gies [9, 10, 11]. None of these technological approaches is (yet)
able to fulfill all the requirements for next generation projects.
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For this reason, the CALDER (Cryogenic wide-Area Light De-
tectors with Excellent Resolution [12]) project proposes a new
technique, based on Kinetic Inductance Detectors.

2. Phonon-mediated Kinetic Inductance Detectors

Kinetic Inductance Detectors (KIDs) are superconductors bi-
ased with an AC current [13]. The energy of the electric field
applied to the superconductor is stored in the kinetic energy of
Cooper pairs. The oscillation of the field and, as a consequence,
of the Cooper pairs, produces an additional inductance in the
superconductor, called kinetic inductance LK . By coupling the
superconductor with a capacitor, we can realize a RLC circuit,
that acts like a resonator with resonant frequency f0 = 1

2π
√

LC
.

The properties of superconductors allow to fabricate resonators
with typical quality factor (Q) of the order of 104-105.

A photon interacting in the superconductor breaks Cooper
pairs, increasing the average momentum per Cooper pair and,
as a consequence, increasing LK . Moreover, the breaking of
Cooper pairs into quasiparticles increases the dissipation of the
resonator, thus reducing Q. Monitoring the changes in the res-
onance parameters (frequency and phase) we can infer the en-
ergy that was deposited by the photon interaction. This is the
working principle at the basis of KIDs that, besides an excellent
energy resolution (∼eV) bring the advantage of being naturally
multiplexed in the frequency domain; this means that hundreds
of KIDs can be coupled to a single read-out wire, decreasing
the number of electronics channels, as well as the heat-load on
the cryogenic system.

The main limit of this technology is that KIDs can feature
a maximum active area of a few mm2, while next generation
experiments demand for light detectors with surface of tens of
cm2. In principle, we could realize a large area light detec-
tor with an array of hundreds of KIDs. This is not a realistic
option, because photons do not interact efficiently in the super-
conductor and, in addition, the operation of about 1000 light
detectors would require a very large number of KIDs (hundreds
of thousands).

For this reason, we deposit KIDs on an insulating substrate
that is used to absorb the interacting photon. The absorption
of a photon produces phonons, that travel in the substrate until
they are absorbed by the KIDs or lost in the substrate supports
or defects. The goal of the CALDER project is proving that this
approach, proposed by Swenson et al. [14] and Moore et al. [15]
for other applications, allows to realize a light detector with all
the characteristics required by next-generation experiments.

The project foresees three main phases. The fist stage is de-
voted to the development of all the necessary acquisition and
analysis tools and to the optimization of the detector geometry.
For this phase we decided to work with a well known mate-
rial for KIDs applications, Aluminum, that will allow to reach
an RMS energy resolution of about 80 eV. In the second stage
we will move to more sensitive superconductors, such as TiN,
Ti+TiN, or TiAl, in order to lower the energy resolution below
20 eV. Finally, we will couple the optimized light detectors to
an array of TeO2 bolometer to prove the potential of this tech-
nology.

3. Results of the first phase: Aluminum KIDs

The Aluminum prototypes, produced at Consiglio Nazionale
delle Ricerche Istituto di Fotonica e Nanotecnologie (CNR-
IFN, Rome, Italy), are fabricated using direct-write electron
beam lithography (Vistec EBPG 5000). The resonators are de-
posited on high resistivity (>10 kΩ·cm) Si(100) substrates. For
the first detectors we used 275 µm thick substrates, but we will
investigate soon other thicknesses to better understand the effi-
ciency in photons absorption and phonons propagation. The
Aluminum layer is evaporated in an electron-gun evaporator
that allows to deposit the desired superconductor thickness (25
or 40 nm for the detectors described later). After the lift-off,
we cut the Si wafer into a 2×2 cm2 chip, that is assembled in a
copper structure using insulating PTFE elements, as shown in
Figure 1.

Figure 1: A single Al KID deposited on a 2×2 cm2 Si substrate. The chip was
assembled in a copper structure using four PTFE elements.

The detectors are cooled below the critical temperature using
a 3He/4He dilution refrigerator with base temperature of about
10 mK. The output signal is fed into a CITLF4 SiGe low noise
amplifier [16], which is thermally anchored to the 4 K plate of
the cryostat. The rest of the electronics is located at room tem-
perature and its features, together with the description of the
cryogenic facility and the acquisition software, can be found in
references [12, 17, 18].

We developed several analysis tools to fit the complex trans-
mission function S21 in order to extract useful parameters, like
the resonance frequency, the quality factor Q, the internal and
coupling quality factors Qint and Qc (Q−1=Q−1

int+Q−1
c ). Taking

advantage from the analysis done by Swenson et al. [19] and
Khalil et al. [20], we developed a model of the resonator that
allows to extract the parameters of interest even in presence
of large distortions produced, for example, by impedance mis-
matches between the feed-line and the chip [21].

The resonance fit allows to determine also the center and ra-
dius of the resonance loop. When an interactions occurs, the
phase and amplitude of the resonance vary with respect to this
reference frame, producing two readable signals. Since the
phase signal δφ has a much better signal to noise ratio, we use
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this estimator to reconstruct the energy spectrum of the detector.
According to our signal model, an energy release E produces a
phase variation δφ:

δφ =
αS 2(ω,T )

N0∆2
0

·
Q
V
· εE . (1)

The first term in this formula is mainly material dependent: α
is the fraction of kinetic inductance (of the order of 4–15% for
Al), S 2(ω,T ) is a slow function of the temperature (about 2.3–
2.6 for our detectors), N0 is the single spin density of states
(for Al 1.72×1010 eV−1µm−3), and 2∆0 is the binding energy
of Cooper pairs (about 200 µeV for thin Al films). The second
term, containing the resonator Q and active volume V , depends
mostly on the geometry of the device and can be easily varied
up to an order of magnitude. Finally, ε is the detection effi-
ciency.

3.1. Efficiency optimization
To measure the efficiency of our device, we performed sev-

eral tests using a 2×2 cm2, 275 µm thick Silicon substrate. The
substrate was illuminated with an optical source (400 nm room-
temperature LED coupled to an optical fiber) producing pulses
up to ∼30 keV, and with 55Fe/57Co X-rays sources with peaks
between 5.9 and 14.4 keV, in order to cross-check the results.
The calibration of the optical apparatus, indeed, is made with
a photomultiplier at room temperature and is corrected using a
Monte Carlo that accounts for the geometry of the set-up and
for the optical properties of Si. On the contrary, the nominal
energy of X-rays is known with high precision, allowing to in-
vestigate possible systematic errors in the calibration of optical
pulses. All the sources were always placed on the back of the
substrate to prevent direct illumination of the resonators.

Since we expect the efficiency to scale with the detector vol-
ume, we tested different KIDs geometries: (1) a 25 nm thick Al
KID with active area of 2.4 mm2, (2) a 40 nm thick KID with the
same active area, and (3) a 40 nm thick KID with an increased
active area of 4.0 mm2. The results, reported in Table 1, were
obtained by illuminating the substrate in the proximity of the
resonator, or as far as possible from it.

Table 1: Number of KIDs deposited on the 2×2 cm2 Si substrate; thickness (t)
and area (A) of the inductor; total detection efficiency measured with optical
pulses illuminating the substrate region close to the KID (εnear) and far from
the KID (ε f ar).

KIDs t × A εnear ε f ar

number [nm×mm2] [%] [%]
1 25×2.4 2 –
1 40×2.4 7 6
1 40×4.0 11 8
4 40×2.4 18 18

According to our predictions, the geometry with the largest
active volume (geometry (3)) provides the highest detection ef-
ficiency. The active volume of geometry (2) is about 60% of
the one of geometry (3), and this results in a similar decrease of
the efficiency. On the contrary, given the ratio between the ac-
tive volume of geometry (1) and geometry (3), we would have

expected an efficiency of 4% for the 25 nm KID. Even if the
errors on these values are rather large (about 20% for geometry
(1) and 12% for geometry (2) and (3)), there is some tension
between the expected number and the measured one, that has
still to be understood. All these results were confirmed using
the X-rays sources instead of the optical apparatus.

The results reported in Table 1 show also that the detection
efficiency is lower when the source is placed far from the KID.
This behavior can be corrected exploiting the time development
of pulses: events occurring close to the KID show a larger am-
plitude, but also faster rise-time and faster-decay time.

Finally, we increased the number of resonators depositing 4
geometry (2) pixels on a single substrate. Summing the single
efficiencies of 4 pixels of type (2) would result in an efficiency
of 28%, much larger with respect to the measured one (18%).
This can be explained measuring the efficiencies of the single
resonators: those placed in the nearby of the source show an
efficiency similar to the one of the single pixel (6-7%), while
those far from the source feature a much lower efficiency, mean-
ing that part of the signal was absorbed by the first pixels or
lost through the substrate. Moving the source in another point
of the substrate resulted in different efficiencies for the single
pixels but, as shown in Table 1, did not cause a significant vari-
ation of the total efficiency of the detector. This means that the
4-pixels configuration allows to efficiently collect the produced
phonons.

As a final cross-check, we varied the resonator quality factor
of one order of magnitude (from 104 to a few 105), we changed
the coupling of the KIDs to the feed-line (from inductive
to capacitive coupling) and we doubled the thickness of the
resonators feed-line to investigate other possible systematics.
The results were in full agreement with those reported in
Table 1, proving that our evaluation of the efficiency is robust.

3.2. Noise optimization

In parallel with the efficiency studies, we are performing a
campaign devoted to the understanding and optimization of the
detector noise. In the ideal case, we would expect our noise
power spectrum to be dominated by the cryogenic amplifier,
which contribution to the resolution scales as:

σE ∝
N0∆2

0

αS 2(ω,T )
V
Qε

√
kTN

P f τqp
(2)

where k is the Boltzmann constant, TN the noise temperature of
the amplifier, P f the micro-wave power at the amplifier input
and τqp the time constant in which quasi-particles recombine in
Cooper pairs (of the order of hundreds of µs for these devices).
As explained in the previous section, some of these parame-
ters, like the resonator Q or the active volume, can be varied
up to one order of magnitude simply changing the pixel geom-
etry or its coupling to the feed-line. The optimization of the
detector design allowed to improve the energy resolution from
∼150 eV [22] to about 90 eV both in the single-pixel and in the
4-pixels configuration. This value, which is already approach-
ing the target of Phase–I (80 eV), could be further improved
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by suppressing the low-frequency noise that appears in all the
prototypes that have been tested up to now (see Figure 2). This
noise source is likely ascribable to the electronics and is now
under investigation.

Frequency [Hz]

310 410 510

[d
B

c/
H

z]

125−

120−

115−

110−

105−

100−

95−

90−
KID-1 

KID-4 

Figure 2: Average noise power spectra for amplitude (dotted line) and phase
(continuous line) read-out of a typical high-Q (KID-4) and a low-Q (KID-1)
resonators. The flat noise is consistent with the amplifier noise. At low fre-
quency another source of noise, not yet identified, appears in the phase noise
power spectra, spoiling the energy resolution.

4. More sensitive superconductors

In the next months we will continue the tests with Al-based
prototypes to further optimize the detector design and to un-
derstand all the noise contributions. In the meanwhile, we are
starting the production of chips based on other, more sensitive
superconductors. The resolution, indeed, scales as:

∆E ∝
TC

ε
√

QL
(3)

thus, superconductors with lower critical temperature and
higher inductance would allow to further enhance the sensitiv-
ity. Possible candidates are sub-stoichiometric Titanium Nitride
(TiN), or composite superconductors such as Ti+TiN or Ti+Al,
which features are shown in Table 2.

Table 2: Critical temperature TC and inductance L for the superconductors
of interest. The values of Al and TiN (α state) were measured using a film
thickness of 40 nm and 80 nm respectively. The values of Ti+Al refer to a chip
realized superimposing 10 nm of Ti and 25 nm of Al.

Al TiN Ti+TiN Ti+Al
sub-stoich.

TC 1.2 0.5 0.5-0.8 0.6-0.9
L [pH/square] 0.5 up to 50 6 1

We have already realized a single pixel detector with geome-
try (3) by depositing Ti+Al (10 nm of Ti and 25 nm of Al) on a
2×2 cm2 Si substrate. The first prototype, that was produced in
collaboration with CSNSM (Orsay, France) and Institut Néel,
CNRS (Grenoble, France), is currently being tested and shows
very encouraging results.

5. Conclusion

In this paper we presented a novel technology for the devel-
opment of sensitive light detectors, based on phonon-mediated

KIDs. We presented the results obtained depositing prototypes
of Al KIDs with different geometries on 2×2 cm2 Si substrates
and we derived the detection efficiency. We evaluated the noise
of the detectors and showed that the optimization of the de-
sign allowed to reach a baseline noise of about 90 eV RMS. Fi-
nally, we discussed the perspectives of this technology, explain-
ing how more sensitive superconductors will allow to reach the
target sensitivity.
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