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ABSTRACT

This work deals with the development of superconducting Kinetic Inductance Detectors (KIDs) for highly sensitive radio
astronomy receivers within W-band (75 to 110 GHz). A bilayer based on superconducting titanium/aluminum (Ti/Al)
thin films has been used for assessing its absorption performance in this frequency band at millikelvin temperature. A
lumped-element inductor based on a 4th order Hilbert structure is designed to absorb the incoming radiation in two
orthogonal linear polarizations. The development of a large-format camera prototype is presented. On one hand, ambient
temperature quasi-optical characterization demonstrates a suitable absorption for both polarizations within the W-band.
On the other hand, dark cryogenic characterization confirms the successful operation of the multiplexed KID devices
providing high-quality factors and an operation yield of 97%. These results confirm these developments to be used in
future polarimeter receivers.
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1. INTRODUCTION

In the last few years, low temperature detectors based on superconducting materials have demonstrated significant results
in terms of sensitivity to reach new scientific milestones in applications such as radio astronomy. In this sense, the
characterization of the polarization of the Cosmic Microwave Background (CMB) radiation is a crucial observational
tool that enhances our understanding of the early Universe. Kinetic Inductance Detectors (KIDs) are a type of
superconducting detectors that have shown good performance within millimeter-wave bands as well as the ability to be
fabricated into large arrays, making them well-suited for detecting polarization patterns of the CMB. Another significant
advantage of using KIDs is their frequency-domain multiplexing readout system, in which multiple detectors can be read
simultaneously in a single transmission line. These benefits make KIDs an excellent choice for large-scale, high-
resolution experiments, aimed at studying the polarization of CMB. Concretely, lumped-element KIDs (LEKIDs) use a
lumped element design where the components of the resonator (inductor and capacitor) are spatially separated and the
inductor acts directly as the effective optical absorber.

Several ground-based experiments have demonstrated the maturity of LEKIDs, making them competitive with other
technologies for next-generation millimeter and sub-millimeter wave experiments [1, 2]. Significant advantages have
been made in developing dual-polarization designs based on Hilbert fractal structures, aiming to improve optical
efficiency [3, 4]. This option involves duplicating the number of arrays and integrating an external polarizer [5] which
not only enhances optical efficiency, but also mitigates sensitivity to misalignment issues. On the other hand, dual-
polarization-sensitive LEKIDs allow simultaneous measurement of both horizontal and vertical polarizations within one
spatial pixel. In this context, several demonstrators have been presented in sub-mm bands [6] and also for ground-based
CMB polarimetry [7-10].

Design, fabrication and experimental tests of a Hilbert-based LEKID structure operating in the W-band, based on a
bilayer of titanium/aluminum (Ti/Al) superconducting thin film, are described in this paper. It is organized as follows.
Sect. 2 deals with the mm-wave quasi-optical coupling design and its absorption characterization in the W-band at
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ambient temperature. Sect. 3 presents a large-format polarimetric camera demonstrator including its preliminary dark
cryogenic characterization. Finally, the conclusions are presented in Sect. 4.

2. W-BAND LEKIDS DESIGN

LEKIDs are a kind of pair-breaking detectors based on superconducting materials with a broad range of applications in
the mm and submm range, where they have provided extraordinary performance as compared with the traditional
semiconductor detectors. However, the use of superconducting materials able to absorb at a specific frequency band is
limited by the energy required to break Cooper pairs, which is related to the superconducting gap, and thus, to the critical
temperature of the superconductor. In order to diminish the cut-off frequency down to W-band, a bilayer of titanium and
aluminum is required, pushing the Tc below 1 K [11]. In particular, a 35 nm thick Ti/Al bilayer film with 782 + 2 mK
critical temperature is employed with 1.27 Ohm/sq and 3 Ohm/sq sheet resistances at 1 K and at 300 K, respectively.

In LEKIDs, the inductor acts as the absorbing area, and, therefore, its geometry needs to be carefully designed to absorb
the two orthogonal components of an incoming radiation within W-band. The presented design is able to detect the
radiation of two linearly polarized orthogonal waves by means of a 4th order Hilbert structure, over a high-resistivity
silicon substrate (e~=11.9). The structure impedance at W-band is matched to the free space impedance (377 Ohm)
through a silicon thickness ended in a back-short, in order to maximize the absorption. Moreover, it depends on the sheet
resistance of the superconducting material and its filling factor over the absorbing area [12]. Therefore, for a LEKID
design sensitive to two orthogonal polarizations, a constant filling factor as well as symmetric structure in both cases are
needed. Finally, the impedances that the LEKID have for both polarizations must be similar to be properly matched
simultaneously.

2.1 Hilbert LEKIDs

The design presented describes a proposal to obtain a proper absorption for orthogonal polarizations, based on a fractal
structure over a single substrate layer. The structure is optimized with HFSS ANSYS 3D electromagnetic simulator
using Floquet ports, exciting the structure with two orthogonal plane waves. With this simulation a planar-periodic
structure is reduced to a single unit cell defining primary and secondary boundaries.

To improve the optical coupling, a design based on a Hilbert geometry is presented. The topology provides a constant
filling factor over the whole detection area, guaranteeing a homogeneous optical coupling. It has a symmetrical
configuration which enables it to absorb the same power in both polarizations with a common backshort [12].

The inductor is configured in a 4th order Hilbert geometry, covering an absorbing area of 3.3 mm x 3.3 mm with a strip
width of 3 um, and short straight sections of 220 pum. The detector is designed on a high-resistive silicon substrate
(e~=11.9) which enables it to be matched to free-space impedance with a back-shorted 0.25A thick silicon (A at 90 GHz)
which corresponds to a Si thickness of 240 um. The inductor, together with an interdigital capacitor to configure the
resonant circuit, is coupled to a transmission line for readout purposes. The designed LEKID structure is shown in Figure
1 (a). The simulation of this design using the resistive sheet at cryogenic temperature (Rs=1.27 Ohm/sq) and the required
Si substrate thickness, shown in Figure 1 (a), predicts a maximum absorption at 90 GHz for orthogonal polarizations of
an incident plane wave.
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Figure 1. Hilbert LEKID design. (a) Artistic view of one resonator used for simulations (size: 3.4 mm x 3.8 mm). (b)
Predicted Ti/Al LEKIDs array absorption at cryogenic temperature (Rs = 1.27 Ohm/sq).

A prototype array is manufactured to confirm the quasi-optical design and its absorption within the W-band at ambient
temperature. A sample wafer of 40 mm x 40 mm is manufactured including an array without readout lines, in which the
LEKIDs structure is periodically located along the horizontal and vertical axis.

In order to evaluate the matching of the LEKID structures in the W-band, the reflection coefficient is characterized in a
quasi-optical measurement test bench based on a 4f topology. The free-space test system, shown in Figure 2, uses a set of
two rectangular horn antennas, two collimating dielectric lenses, and a vector network analyzer [13]. The LEKID
absorption is characterized, as 1-|Si1|%, through a TRL (Thru-Reflect-Load) calibration.

Figure 3 shows the measured absorption for the two orthogonal incident waves with linear polarization. The obtained
simulation results are also shown for comparison purposes, which have been adapted to the ambient temperature sheet
resistance (Rs=3 Ohm/sq), which is higher than under cryogenic temperature (Rs=1.27 Ohm/sq). The increase in the
sheet resistance produces a slightly different impedance and lower return loss regarding the cryogenic simulation.
Moreover, a frequency shift to lower values of the absorption maximum is obtained due to the fact that the sample
wafers are manufactured on a silicon substrate slightly thicker than the design value.

e Xy

Figure 2. W-band quasi-optical system (4f topology).
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Figure 3. Hilbert Ti/Al LEKIDs array absorption at ambient temperature (Rs = 3 Ohm/sq).

3. LARGE-FORMAT ARRAY DESIGN

A prototype of a large-format polarimetric camera with 288 LEKIDs is designed, fabricated and tested in a 4-inch silicon
wafer (see Figure 4). Sonnet microwave simulator is used for the low frequency design, including resonant frequency
and coupling quality factor. Details on the nanofabrication process can be found in [11]. An important aspect for creating
a pixel camera with LEKIDs is the distribution of resonant frequencies in the available readout bandwidth, as well as the
position of adjacent pixels to avoid crosstalk between them.

Two different read-out microstrip lines are configured to implement 144 LEKIDs in each one [14], using a frequency
step of 3 MHz for the LEKID resonant frequencies. Their allocation is chosen to ensure minimum crosstalk between
them, and neighbor LEKIDs resonant frequencies are separated a minimum of three times the frequency step.

Figure 4. Large-format array demonstrator based on 288 LEKIDs with Hilbert geometry.
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The response of the fabricated camera is obtained through their darkness characterization at 10 mK, in terms of its
resonant frequencies and quality factors of the resonators. The experimental set-up uses a dilution refrigerator to reach
subKelvin temperatures using the cryogenic harness shown in Figure 5 (a). The transmission characterization of the
resonators is made with a readout system assembled in a single module shown in Figure 5 (b) [13]. This system enables
two measurement set-ups: test using the vector network analyzer in the range from 40 MHz to 2.6 GHz or I/Q
demodulation from 500 MHz to 2.6 GHz.
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Figure 5. System set-up for cryogenic characterization. (a) Dilution cryostat harness; (b) Dual function readout system

Figure 6 depicts the measured results for one of the read-out lines of the wafer at 10 mK and -100 dBm. Figure 6 (a)
shows the transmission coefficient S;; where each minimum corresponds to a single KID. 140 pixels out of 144 are
successfully identified, providing a yield over 97%. The quality factors, in terms of the coupled Qc, internal Qi and
loaded Q, are obtained following the fitting process explained in [15]. Measured results are shown Figure 6 (b), and the
values for Qc are around the design goal of the order of 10°.
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Figure 6. Cryogenic characterization at 10 mK. (a) Measured transmission coefficient; (b) Measured quality factors for all
the resonant frequencies.

4. CONCLUSIONS

In this work, we present the design of a large-format array based on superconducting Ti/Al lumped-element kinetic
inductance detectors for the W-band. LEKIDs based on a Hilbert fractal topology are fabricated and characterized for
dual polarization detection. Room temperature quasi-optical characterization shows a proper absorption at W-band for
both polarizations. A large array demonstrator with hundreds of pixels is developed for future astronomical experiments.
Cryogenic temperature characterization demonstrates coupled quality factors greater than 10° and a 97% yield.
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