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Abstract
This paper presents the detector developments for the Canfrac Axion Detection 
Experiment (CADEx), aiming at detecting dark matter axions and dark photons 
within the W-band. A proof of concept of the detection system is based on an array 
of lumped-element kinetic inductance detectors (LEKIDs). Microstrip technology 
is used as read-out scheme, and the ground plane acts as backshort for optimizing 
optical absorption in the W-band. A titanium/aluminum bilayer is used for ensuring 
detection below 100 GHz. The detector array design includes an inner active section 
consisting of 36 detectors for direct detection of the axion signal and an additional 
outer rim of 28 blind pixels for calibration purposes. The nanofabrication process 
and a preliminary cryogenic characterization are presented, being the results in good 
agreement with the frequency design. Measured devices exhibit coupling quality 
factors of the order of 6 ×  104, internal quality factors above  105 and an estimated 
kinetic inductance of 3.3 pH/□.
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1  Introduction to the CADEx Experiment

The Canfrac Axion Detection Experiment is a new proposal aiming at proving 
for the existence of the axions with a mass in the range of 330–460 μeV. The pro-
posed system will use a haloscope placed in a very high magnetic field at a very 
low temperature (few tens of mK) for the axion–photon conversion and detect-
ing photons in the W-band (75–110 GHz). The detection system is designed to 
measure the linearly polarized axion signal generated in the haloscope against the 
unpolarized background emission as a function of the resonance frequency of the 
haloscope [1]. Different state-of-the-art sensors have been assessed for the new 
generation of dark matter experiments including transition edge sensors, kinetic 
inductance detectors, single-nanowire single-photon-detectors or even quantum 
capacitance detectors [2]. CADEx, contrary to traditional dark matter experi-
ments that use the axion spectral signature for its detection, takes advantage 
of the polarized fingerprint of the axion signal. Among the different detectors, 
kinetic inductance detectors have been chosen as baseline for the CADEx detec-
tion system. These detectors have already exhibited both extraordinary sensitiv-
ity, reaching noise equivalent power of 3 ×  10–20 W/√Hz [3], and performance in 
polarimetric astrophysics instruments [4, 5].

In this work, the preliminary developments of the W-band dual-polarization 
LEKIDs developed for CADEx are presented including microwave design, nano-
fabrication and low-temperature characterization.

2  LEKIDs Development for the CADEx Experiment

2.1  LEKIDs Design

The detector system is based on lumped-element kinetic inductance detec-
tors, where the inductor acts as the effective absorber. Therefore, each pixel is a 
lumped element inductor–capacitance resonant circuit with a fixed inductor and a 
variable interdigital capacitor to allow frequency multiplexing. The LEKIDs are 
coupled to a microstrip line at a fixed distance to set the coupling factor for read-
out purposes. Figure 1 Left shows the proposed LEKID basic cell.

In our experiment, the high-frequency design of the LEKIDs maximizes the 
absorption of the inductor to the incoming radiation within the W-band for both 
polarizations. The inductor is configured in a 4th order Hilbert geometry, cover-
ing an area of 3.3 × 3.3  mm2, with a strip width of 3 μm. The space-filling frac-
tal Hilbert curve allows a constant filling factor over the detection area, guar-
anteeing a homogeneous optical coupling for both polarizations. The microstrip 
ground plane acts as the optical backshort, which maximizes the absorption in the 
W-band, in this case using 240 μm for the thickness of the silicon substrate.

The low-frequency design of the LEKIDs sets the resonance frequency (fr), and 
the coupling quality factor (Qc), to control the power delivered to the resonator 
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for optimizing the dynamic range of the detector under millimeter wave radia-
tion. The loaded quality factor of the resonator (Q) is given by 1/Q = 1/Qi + 1/Qc, 
where Qi is the internal quality factor. The coupling factor is chosen to avoid 
undercoupling regime (Qi < Qc) under illumination, where the detector visibil-
ity is degraded. As a Qi ≈  105 is expected due to the 100 mK background in 
the CADEx experiment, the distance between the microstrip and the LEKIDs of 
150 m is set to achieve a Qc = 5 ×  104.

A design of 64 LEKIDs array is manufactured onto a 40 × 40   mm2 wafer. The 
center area of the wafer (36 pixels), intended to measure the axion signal, uses 8-fin-
ger interdigital capacitors to set the resonance frequencies around 470 MHz. In the 
rim area, 28 detectors with 2-finger capacitors and resonance frequencies around 
700 MHz are designed for background calibration purposes.

2.2  LEKIDs Nanofabrication

In order to absorb radiation within the W-band, the superconducting gap, and there-
fore the critical temperature  (Tc), needs to be reduced below 1 K. For this purpose, 
the superconducting proximity effect is employed using a titanium/aluminum (Ti/
Al) bilayer; where the reduction in Tc of the plain aluminum is achieved by adding a 
thin layer of a lower Tc superconductor (Ti) [6–8].

For the manufacturing, first, the substrate is treated with 1% hydrofluoric acid 
before deposition to reduce the two-level system (TLS) noise that limits the quality 
factor of the fabricated devices. Then, 15 nm of titanium and 15 nm of aluminum 
are deposited through a confocal sputtering system on a 240-μm-thick high-resistive 
silicon substrate. A Tc of 762 mK has been measured for this bilayer structure by 
DC transport characterization. Then, the design (microstrip line and resonators) is 
transferred to an AZ2070 nL of negative resist using maskless laser lithography and 

Fig. 1  Left schematic of a LEKID coupled to a microstrip read-out line, with the inductor and the inter-
digital capacitor. Right photograph of the 64 LEKIDs prototype fabricated on a silicon substrate of size 
40 × 40  mm2
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to the bilayer structure using wet etching techniques. Subsequently, for the ground 
plane, a 200 nm of aluminum is deposited in the rear part of the wafer using DC 
sputtering. A final cleaning step based on an acetone and isopropanol bath is per-
formed to obtain the final device. A photograph of the fabricated array is shown in 
Fig. 1 Right.

2.3  Dark Cryogenic Characterization

A cryogen-free dilution refrigerator with base temperature of 10 mK is used for cry-
ogenic characterization. The complete harness set-up is fully described in Ref. [9]. 
The chip is assembled in a fully-enclosed holder to avoid any undesired radiation.

Figure 2 Left shows the  S21 transmission parameter obtained under dark condi-
tions at 10 mK with a read-out power of about −105 dBm in the detectors. Fifty-
nine resonances out of 64 are found leading to a yield of 92% and at least a spacing 
of 98 kHz between the detectors is observed.

Figure 2 Right shows the resonance parameters obtained by following the calibra-
tion method explained in [10]. A mean Qc = 8.8 ×  104 for the center detectors group 
(up to 560 MHz) whereas a mean Qc = 3.9 ×  104 for the rim area (from 650 MHz). 
For all of them, a mean of Qc = 6.4 ×  104 is obtained, and Qi = 6.2 ×  105, which 
may be representative for the CADEx configuration as a background of 100 mK is 
expected. By comparing the resonant frequencies obtained from Sonnet simulations 
with the experimental ones, a kinetic inductance of Lk = 3.3 pH/□ is obtained lead-
ing to a kinetic fraction �=Lk/(Lk + Lg) = 0.52.

Subsequently, a dark temperature response characterization is performed by 
sweeping the temperature of the mixing chamber in the refrigerator. Figure 3 Left 
shows the variation of one of the resonances when sweeping the bath temperature 
from 12 to 138  mK. As observed in Fig.  3 Right, both resonance frequency and 
quality factor are modified by sweeping temperature, which can be analyzed in 
terms of the variation of the complex conductivity of the superconductor studied 
with the Mattis–Bardeen model.

Fig. 2  Left measured resonances within the fabricated LEKID array. Right loaded (Q), internal (Qi) and 
coupled (Qc) quality factors for each fabricated pixel under dark conditions at T = 10 mK
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Black line shows the nonlinear fit to the internal quality factor evolution with 
temperature to 1

Qi
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+
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, where σ1 and σ2 are the real and imaginary parts of 
the conductivity of the material. The best fitting results are obtained for Tc = 768 ± 31 
mK, Qi,sat = (4.43 ± 0.18) ×  106, and α = 0.60 ± 0.18.

The fractional change of the resonance frequency (Δf = fr − f0) can be described by 
a model that accounts for both the Mattis–Bardeen and TLS contributions [11]:

where δ is the characteristic dielectric loss called loss tangent, and F is a fill-
ing factor that accounts for the fraction of dielectric that fills the resonator vol-
ume. The fit green dashed line gives an α = 0.62 ± 0.15 and Tc = 721 ± 16 mK. 
Fδ = 2.77 ×  10–4 ± 0.47 ×  10–4, which accounts for the TLS contribution, agrees to 
the previous studies of superconducting resonators fabricated on silicon substrates 
[11]. Discrepancies between the obtained α and  Tc from the fits and the experimen-
tal characterization lay within the fitting error.

3  Conclusions

In this work, the developments of a superconducting LEKID camera to be employed 
as the detection system for the CADEx experiment are presented. It consists of a 
64-pixel array of Ti/Al LEKIDs working within the W-band. The first experimen-
tal results agree with the designed quality factors and resonances, demonstrating a 
kinetic inductance of 3.3 pH/□ with average coupling and internal quality factors of 
6.4 ×  104 and 6.2 ×  105, respectively. Further development is under progress for per-
forming a full characterization of the LEKIDs in terms of the NEP.
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Fig. 3  Left resonance frequency of one LEKID for a temperature sweep between 12 and 138 mK. Right 
fractional change of the resonance frequency (red) and internal quality factor (yellow) as a function of 
temperature for the same LEKID. Different models are used to fit the experimental results
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