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Abstract—In this article, we report the electrical (dark)
characterization of lumped-element kinetic inductance detectors
(LEKIDs) fabricated from a titanium/aluminum bilayer and de-
signed for broadband absorption in the W -band (75–110 GHz).
These detectors are prototypes for future quantum chromodynam-
ics axion search experiments within the Canfranc axion detection
experiment (CADEx), which demand sub-10−19W/

√
Hz sensitivi-

ties under low optical backgrounds. We combine a Mattis–Bardeen
analysis to the temperature dependence of the detector parameters
with noise spectroscopy to determine the electrical noise equivalent
power (NEP). The minimum measured value for the electrical
NEP is ∼ 3 × 10−19W/

√
Hz. Across the measured temperature

range, we find that quasiparticle lifetime deviates from the expected
BCS recombination law. Our analysis suggests that nonequilibrium
relaxation is governed by spatial inhomogeneities in the super-
conducting gap and phonon diffusion effects. This work sets the
road-map to achieve suitable and ultra-sensitive detectors in the
W -band for dark matter axion search experiments.

Index Terms—Absorber, axions, microwave kinetic inductance
detectors (MKID), titanium/aluminum (Ti/Al).

I. INTRODUCTION

M ICROWAVE kinetic inductance detectors (MKIDs) have
emerged as a leading technology for large-format,

ultralow-noise detection at millimeter and submillimeter wave-
lengths. Their inherent multiplexability, simple planar fabri-
cation, and straightforward cryogenic integration make them
attractive for astrophysical and laboratory instruments targeting
background-limited performance. MKIDs are now deployed in
several (sub)millimeter cameras and spectrometers, including
NIKA2 [1], CONCERTO [2], and DESHIMA [3]. Recently,
MKIDs have been confirmed as the selected type of detectors
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for the PRIMA space telescope of NASA, ratifying its status as
a leading detector technology [4].

Within the MKID family, lumped-element kinetic inductance
detectors (KIDs) (LEKIDs) offer flexible impedance and ab-
sorber design, advantageous for broadband operation in the
W -band (75–110 GHz). We have developed a prototype array
of LEKIDs intended for the Canfranc axion detection experi-
ment (CADEx) [5], which aims to search for axion dark-matter
signatures (via the Primakoff conversion/decay channel) in the
330–460μeV mass range, corresponding to W -band photons.
As incoherent (direct) detectors, MKIDs are not limited by the
quantum noise like coherent receivers are [6]. This means that,
for a given detection bandwidthΔν, direct detectors like MKIDs
can match or even beat the sensitivity of coherent detectors,
which makes them extremely attractive for dark matter detection
experiments.

The figure of merit for a power-integrating direct detector is
the noise equivalent power (NEP), defined as the input-referred
power spectral density that yields a signal-to-noise-ratio SNR =
1 in a 1Hz output bandwidth. In most applications, the NEP is
measured under illumination, ideally being limited by photon
noise (shot and, when relevant, bunching), which can mask the
detector’s intrinsic performance. In this sense, CADEx requires
an NEP as low as ∼ 10−20 W/

√
Hz.

This work focuses on the electrical characterization of the
CADEx camera prototype in dark conditions, to determine the
device electrical NEP, which imposes a lower bound on the
optical NEP. The rest of this article is organized as follows.
Section II presents the fabricated titanium/aluminum (Ti/Al)
LEKIDs and reviews the experimental details. In Section III, the
radio-frequency (RF) characterization results and their analysis
is presented; describing the quasiparticle electrodynamics and
reporting the dark electrical NEP. Section IV presents the discus-
sion. Finally, Section V concludes this article and proposes im-
provements for future implementations based on these findings.

II. EXPERIMENTAL SECTION

The device studied in this work consists of nine LEKIDs
organized in a 3× 3 array, all of them coupled to a microstrip
transmission line that serves as readout line. Each detector has a
different resonance frequency, with adequate frequency spacing
(> 3 MHz) to permit multiplexed readout without crosstalk [7].
The sample has been fabricated using a Ti/Al bilayer deposited
onto a 275μm-thick high-resistivity (ρ > 1 kΩ · cm) silicon (Si)
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Fig. 1. (a) Resistance as a function of temperature for a meander of 10 µm width and 10.785 mm long measured with a DC current. (b) Transmission amplitude
as a function of readout frequency for various bath temperatures between 40 and 240 mK. The microwave readout power at the chip level is fixed at –90 dBm.
(c) Extracted resonance frequency (top) and internal quality factor (bottom) as functions of bath temperature. Gray solid lines represent fits of the experimental
data using the MB model.

substrate. The substrate thickness is chosen to approximate a
quarter-wave optical thickness near 90 GHz, at the center of the
W -band. Native Si oxide is removed in a 1% hydrofluoric acid
bath; within one minute the wafer is loaded into a confocal
sputtering chamber with base pressure of ∼ 10−9 Torr. The
Ti/Al stack consists of a 10 nm Ti base layer capped with a
20 nm Al layer. An additional 200 nm Al film is deposited on the
backside of the wafer serving as both a reflective backshort and
ground plane. During the metal deposition, the argon pressure
is maintained at 10−3 Torr, reaching a target evaporation rate of
0.22 Å/s for Ti and 0.24 Å/s for Al. We performed the device
patterning on a maskless laser-writer photolithography using
AZnLOF 2070 negative photoresist. After developing the resist,
the uncovered metal was removed using wet etching (90 s in
Al80 for aluminum and 180 s in TBR19 for titanium). Then, the
remaining resist is removed using an acetone and isopropanol
rinse. Additional information on the detector design can be found
elsewhere [7].

The electromagnetic response of the prototype has been char-
acterized in a BlueFors LD250 dilution refrigerator. The device
is mounted in a closed sample holder in thermal contact with the
mixing chamber of the cryostat. The inner walls of the sample
holder are painted with carbon-loaded epoxy and SiC grains, an
absorber material, trying to maintain the darkest environment as
possible. A homodyne IQ readout set up is employed to perform
the RF measurements. A microwave signal generator provides
a continuous-wave probe that is split by a power divider: one
output serves as the local oscillator (LO) for an IQ mixer, while
the other passes through a room-temperature variable attenuator
(to set the input power) and then into the cryostat. The input
coaxial line inside the refrigerator provides −40 dB of cold
attenuation before the signal reaches the device. The transmitted
signal is amplified at the 4 K stage by a low-noise amplifier with a
noise temperature of∼ 5K, and fed to the RF port of the in-phase
(I) and quadrature (Q), IQ, mixer for homodyne demodulation
using the common LO. The in-phase (I) and quadrature (Q)

outputs are digitized using a National Instruments PXI-5922,
operated typically at 1MSa/s with an effective 22-b vertical
resolution.

The choice of using a Ti/Al stack obeys the fact that the
superconducting gap Δ imposes a detection frequency lower
limit. Typical MKIDs fabricated from aluminum cannot detect
photons below 2ΔAl/h ∼ 90 GHz. Adding a thin layer of tita-
nium below the aluminum tends to lower Δ due to proximity
effect, making the device suitable for the entire W -band [8]. As
an initial characterization, the superconducting transition was
determined by measuring the resistance of a Ti/Al meander as a
function of temperature. Fig. 1(a) shows the DC measurement
of the transition. The critical temperature, defined at 0.5Rn,
is 820 mK, with Rn being the resistance before the supercon-
ducting transition. Using the BCS relation Δ0 = 1.764 kBTc,
we obtain a zero-temperature superconducting gap of
Δ0 = 124.6μeV. In the normal state, the bilayer exhibits a sheet
resistance of Rs,� ≈ 1.22Ω/sq. Within the BCS dirty-limit
framework, the kinetic inductance per square can be estimated
as Lk,� = h̄Rs,�/(πΔ0), yielding Lk,� ≈ 2.02 pH/�.

III. RESULTS

A. Superconducting Electrodynamics

We investigated the electrodynamics of the Ti/Al bilayer
under dark, thermal-equilibrium conditions by monitoring the
detector response versus bath temperature (Tbath). Fig. 1(b)
shows the variation in the amplitude of transmission parameter
|S21| as Tbath increases from 40 to 240 mK for one representative
detector. The resonator was probed with a microwave readout
signal of −90 dBm at the chip input (i.e., after accounting for
the attenuation of the input line). This choice for the readout
power is justified as it is the highest value that avoids nonlinear
response. As the temperature rises, the resonance dip shifts to
lower frequencies and broadens, reflecting the increase in kinetic
inductance and in the losses of the Ti/Al bilayer.
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The transmission data at each temperature were analyzed by
fitting to the model described in [9]. From this analysis, we
extracted the resonance frequency (fr) and the internal quality
factor (Qi) as functions of temperature, as shown in Fig. 1(c).
The same panel also includes fits to the Mattis–Bardeen (MB)
model at low temperature, expressed as [10]

fr(T ) = fr(0)

[
1 +

α

2

(
1− S2(0)

S2(T )

)]
(1)

and

Q−1
i (T ) = Q−1

sat +
2α

π

Δ0

Δ(T )

S1(T )S2(0)

S2(T )
(2)

using S1(T ) and S2(T ) as defined in [11].
In this model, the kinetic-inductance fraction is defined as

α ≡ Lk

Lk + Lg
(3)

where Lg is the geometric inductance of the resonator. The
parameters fr(0) and Qsat are the resonance frequency and the
residual value of Qi in the zero-temperature limit, where MB
quasiparticle loss can be considered negligible. For temperatures
well below Tc, the superconducting gap Δ is assumed to vary
with temperature as [10]

Δ(T ) = Δ0

[
1−

√
2πkBT

Δ0
e−Δ0/kBT

]
. (4)

The fit to the resonance frequency as a function of tempera-
ture, as shown in Fig. 1(c), yields α = 0.34, Δ0 = 123.72μeV
(corresponding to Tc ≈ 814.7mK), and fr(0) = 735.38 MHz.
The Δ0 value obtained from both MB analysis and DC transport
measurements are compatible, ensuring sensitivity to excitations
above ΔTi/Al/h ∼ 59GHz, making this material suitable for
detection in the entire W -band (75GHz − 110GHz). Best-fit
parameters for Q−1

i (T ) are α = 0.374 and Qsat = 2.45× 105,
with the value Δ0 being fixed from the resonance frequency fit.

We have compared the values obtained for α from the fitting
analysis with the ones that can be computed from electromag-
netic simulations of the resonator design using Sonnet [12].
The geometric inductance obtained from EM simulations is
Lg ≈ 33 nH. For an inductor of 9256 sq, the total kinetic induc-
tance is Lk ≈ 19 nH, yielding a kinetic fraction of αsim ≈ 0.37.

B. Noise Spectra and Quasiparticle Dynamics

In this section, we present noise spectra analysis as a starting
point to later characterize the sensitivity of the detectors. We
acquired noise traces as a function of the temperature of the
quasiparticle bath Tbath. Each trace is composed of 20 noise
samples of 1 s sampled at 500 kSa/s. The microwave stimulus is
set in the resonance frequency of the resonator at each value of
Tbath. The readout power, as in the previous section, is maintained
at −90 dBm.

The phase noise single-sided power spectral density Sθ(f)
measured for several bath temperature values is shown in Fig. 2.
At low temperatures, we observe a noise spectrum that presents
two different roll-offs. The high frequency one corresponds
to the electromagnetic energy decay of the resonant mode,

Fig. 2. Measured phase noise power spectral density as a function of audio
frequency for a single detector measured at different bath temperatures between
40 and 240 mK, increasing from bottom to top. Microwave readout power is
−90 dBm, while the frequency of the readout signal is fixed at the resonance
frequency obtained from fitting each trace.

characterized by a decay rate κ = fr/(2QL). Here, QL is the
loaded quality factor, which includes both the internal losses
and the external coupling rate to the transmission line. Stepping
down in frequency, we find a second roll-off, which we attribute
to the quasiparticle generation–recombination (GR) processes.
As temperature increases, the GR bandwidth upshifts toward
higher frequencies and increases its noise level, a behavior
expected from the GR kinetics [13]. At high temperatures, the
GR roll-off hides the resonator bandwidth completely. Finally,
the low-frequency band is dominated by a 1 over f slope.

The phase noise single-sided PSD due to the GR dynamics
can be modeled as

Sθ(f) =
4Nqpτqp

1 + (2πfτqp)2

(
δθ

δNqp

)2

(5)

where τqp is the GR characteristic time and Nqp is the mean
quasiparticle number.

In Fig. 3(a), we show best-fit results for four representative
phase noise spectra measured at 100, mK, 130,mK, 150, mK,
and 170, mK. Each on-resonance spectrum has been baseline-
corrected by subtracting the off-resonance spectrum, thereby re-
moving the amplifier white-noise floor contribution. The model
used to fit the phase noise consists on the Lorentzian shape
from (5), with the addition of a 1/f contribution and another
Lorentzian shape due to the resonator roll-off, with a characteris-
tic time τres = 2πκ−1. The dash-dot curve in Fig. 3(a) represents
the isolated GR component given by (5).

Fig. 3(b) depicts the obtained GR time as a function of
temperature τqp(T ). We first compare the extracted data against
the Kaplan quasiparticle recombination model [14]

τqp(T ) =
τ0√
π

[
kBTc

2Δ(T )

]5/2 √
Tc

T
eΔ0/kBT (6)

using Δ0 fixed by the measured critical temperature and the
MB fits to fr(T ) and Qi(T ). With these inputs, the Kaplan
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Fig. 3. (a) Fits of measured noise power spectral densities together with
their corresponding roll-off components, shown for four representative bath
temperatures (100 mK, 130 mK, 150 mK, and 170 mK). The fitting is performed
using the model described in (5). Dashed lines indicate the full model fit,
while dash-dot lines highlight the quasiparticle Lorentzian roll-off contribution.
PSD curves are shown after subtraction of the off-resonance spectra, thereby
removing the amplifier noise floor. (b) Quasiparticle recombination time as a
function of bath temperature, extracted from the Lorentzian fits in the PSDs.
Black solid, dashed, and dash-dotted curves represent the Kaplan, modified
Arrhenius, and phonon–electron coupling models.

model does not describe the GR dynamics in the Ti/Al bilayer
(see black solid line), even when using a phonon trapping factor
τ ∗qp = τqp(1 + β) [15] that modifies the apparent quasiparticle
lifetime. The gap needed to reproduce the kink observed in the
measured τqp is too low to be fitted by the proximitized gap
obtained from the measured superconducting transition. This
may be indicative of some other processes affecting the quasi-
particle kinetics in the detector and modifying the temperature
dependence.

To extract physical information from these data, we have used
the following two different phenomenological models.

1) We fitted the GR recombination time with a modified
Arrhenius model

τqp = τ0 exp [mΔ(T )/kBT ]. (7)

The fit yieldsm = 0.47 and τ0 = 388ns. The resultm < 1
can be interpreted as an effective activation energy below

Δ0 due to subgap states or gap spatial inhomogeneity asso-
ciated with disorder or proximity effects in the bilayer [16],
[17]. The resulting fit is plotted in Fig. 3(b) using a dashed
black curve.

2) Exploring the possibility that the dominant energy dissi-
pation mechanism is the electron–phonon coupling, which
introduces a heavy dependence of τqp on temperature, we
have also used a power-law to fit the data as [18], [19]

τqp = AT−n. (8)

The fit using this model is shown in Fig. 3(b) with a dash-
dot black line. The fit yieldsn ≈ 4.1, typical of disordered
superconductors [20], and A ≈ 1.37× 10−8K · s−4.1.

C. Dark Sensitivity

The phase response of the detector as a function of Tbath is
presented in the top panel of Fig. 4(a). At each temperature, the
complex transmission was digitized for 1 ms while applying a
continuous probe tone, and after repeating 10 times, the digital
reading was averaged. As in previous sections, the microwave
power is maintained at −90dBm. Then, bath temperature is
increased 1 mK and the complex trace is acquired again fol-
lowing the same procedure. Using four response points around
each main bath temperature (stepped 1 mK), we extract the
electrical phase responsivity δθ/δTbath as the slope of the phase
response, as pictured in Fig. 4(a). The obtained electrical phase
responsivity is plotted in the bottom panel of Fig. 4(a).

From this, we obtain the dark electrical responsivity as

δθ

δPdark
=

ηpbτqp(T )

Δ(T )

δθ

δNqp
(9)

where ηpb is the pair-breaking efficiency and Nqp is the
mean quasiparticle number in thermal equilibrium. We related
δθ/δNqp to the measured δθ/δTbath using

δθ

δNqp
=

δθ

δTbath

(
δNqp

δTbath

)−1

(10)

with Nqp(T ) given, for T � Tc, by the standard BCS low-
temperature asymptotic expression

Nqp(T ) = 2N0V
√

2πkBTΔ(T )e−Δ(T )/kBT (11)

where N0 is the single-spin electronic density of states (DOS)
at the Fermi level and V is the active superconducting volume
(i.e., the inductor volume). We approximated the effective N0

of the bilayer as the weighted average

N eff
0 =

NAl
0 tAl +NTi

0 tTi

tAl + tTi
(12)

where tAl and tTi represent the thickness of the aluminum
and titanium layers, respectively, and with NAl

0 = 1.74×
1010μm−3eV−1 and NTi

0 = 4.1× 1010μm−3eV−1 [21].
We use Δ(T ) obtained from the MB analysis of fr(T ) and

Qi(T ) because the dark electrical responsivity is an equilibrium
quantity that depends on the thermal quasiparticle population
Nqp. The MB fit yields a self-consistent Δ(T ) tied to the film’s
equilibrium electrodynamics. In contrast, the τqp analysis probes
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Fig. 4. (a) Phase response (top) and phase responsivity (bottom) as functions of bath temperature. Each phase response is referenced to the center of the
corresponding resonance trace measured at the same temperature. (b) Measured electrical NEP in the resonator phase as a function of audio frequency for bath
temperatures between 100 and 240 mK.

dynamics (small fluctuations δN around Nqp) and can be influ-
enced by nonequilibrium effects, such as readout power, phonon
bottlenecking, and trapping. Using the MB-derived Δ(T ) to
compute Nqp(T ) cleanly separates the equilibrium DOS (which
sets the mean Nqp) from the relaxation kinetics (which set τqp),
avoiding biases from nonequilibrium corrections in the lifetime
fit.

Finally, we obtain the dark electrical NEP as

NEPdark(f) =
√

Sθ

(
δθ

δPdark

)−1 √
1 + (2πfτqp)2. (13)

The measured dark electrical NEP as a function of frequency
for several values of the bath temperature from 100 to 240 mK is
shown in Fig. 4(b). The NEPs are determined from the measured
noise spectra and responsivities. We find that the best value of the
electrical NEP, for a frequency of 200 Hz and Tbath = 100mK
is 3× 10−19 W/

√
Hz.

IV. DISCUSSION

Our work shows that the Ti/Al bilayer low temperature
physics in thermal equilibrium are well captured by the MB
framework. The analysis of the fr(T ) and Qi(T ) yield a super-
conducting gap of Δ0 ≈ 124μeV, a value consistent with the
measured Tc. However, the quasiparticle recombination time
extracted from GR roll-off in the PSDs deviates from the typical
Kaplan model over our temperature range. Quasiparticle recom-
bination in the Ti/Al stack following a nontypical law suggests
that other mechanisms rather than pure BCS recombination set
the practical sensitivity of the detector. Our analysis using two
different phenomenological models (i.e., the modified Arrhenius
form and a power law) reproduce the measured data. The first
indicates that an effective activation energy below Δ0 is in
play (since the phenomenological parameter m is lower than
one), while the second points that electron–phonon processes
dominate the quasiparticle dynamics in the system. Both phe-
nomenological models provide comparably good fits to the mea-
sured recombination times over the explored temperature range,

indicating that the present data do not allow us to unambiguously
discriminate between gap inhomogeneity-driven recombination
and phonon-mediated relaxation mechanisms.

Both interpretations are natural in a Ti/Al bilayer. Proximity
effects [22] and material inhomogeneities [17] can produce
subgap states that dominate the GR kinetics, yielding an apparent
m < 1 in the modified Arrhenius model. On the other hand,
the quasiparticle dynamics can be influenced also from phonon
processes like, for example, phonon trapping or diffusion bot-
tlenecks originated in thermal phonons that cannot dissipate due
to acoustic mismatch between layers [23], [24]. These phonon
processes tend to steepen the temperature dependence toward
T−n with n ∼ 4. In our case, gap inhomogeneity and phonon
transport dominate the GR dynamics, following previous stud-
ies based on disordered superconductors like TiN [17]. Future
measurements under controlled illumination may shade light on
this subject.

Combining measured responsivities with the noise spec-
tra, we determine a minimum dark electrical NEP of ∼ 3×
10−19 W

√
Hz at 200 Hz and Tbath = 100 mK, which sets a lower

bound on the optical NEP for these devices. We propose different
engineering strategies that can be implemented to improve the
NEP value, as follows:

1) using membranes or phononic structures as substrate can
enhance phonon escape and suppress rebreaking, improv-
ing responsivity and, thus, the NEP value [15], [25];

2) reducing the volume of the absorber to increase respon-
sivity [26];

3) improving thermalization in our set-up will also improve
phonon dissipation, avoiding quasiparticle poisoning from
phonon diffusion mechanisms.

V. CONCLUSION

The presented results constitute a complete study of the
superconducting electrodynamics of Ti/Al LEKID aimed at
axion search and astrophysical observations in the W-band
(75–110 GHz). Using an MB analysis, we obtained a thermal
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equilibrium description of the Ti/Al bilayer, consistent with the
measured Tc and EM estimations, confirming suitability across
the full W -band. From phase-noise spectroscopy, we find that
quasiparticle recombination kinetics deviate from BCS predic-
tion; in contrast, the data are well captured by phenomenological
models, pointing to gap inhomogeneity and phonon diffusion
bottlenecks as dominant nonequilibrium processes.

In summary, these results establish a starting point for the
development of dark matter axion detectors based on Ti/Al
LEKIDs. The developed prototype has achieved competitive
sensitivity under dark conditions. Although the measured NEP
sets a lower bound, it still remains uncertain whether the ob-
served deviation from the expected BCS recombination dy-
namics will affect the optical NEP. Future work will address
this question through dedicated experiments under controlled
illumination.
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