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Abstract We present a fabrication method for sub-micron lens-coupled lumped ele-
ment kinetic inductance detectors (LEKIDs) for broadband sub-millimeter (sub-mm)
and THz radiation detection. The LEKIDs are fabricated from very thin (12 nm) and
narrow (200 nm) aluminum lines to match the impedance of the LEKID to the substrate
impedance. The fabrication process is based on a combination of maskless laserwriter
lithography and electron beam lithography, providing low (few microns) and high
resolution (down to 200 nm) over large areas in a single process. Preliminary optical
characterization shows that the fabricated LEKIDs are sensitive to 1.5 THz radiation.
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1 Introduction

Lumped element kinetic inductance detectors are microwave resonators formed by
an inductive meander in combination with an interdigitated capacitor fabricated on a
suitable substrate such as high resistivity silicon. Whereas the capacitor is modified
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from pixel to pixel for frequency multiplexing, the meander is employed as the effective
optical absorbing area. Therefore, matching the meander impedance to the impedance
of an anti-reflection (AR)-coated substrate material is essential for effective broadband
photon absorption [1]. The effective meander impedance is complex and depends
on the normal-state sheet resistivity of the superconducting material used and the
meander geometry. A high normal-state sheet resistance is convenient for matching the
impedance at THz frequencies. Several high normal-state resistance superconducting
materials have been proposed; among them, titanium nitride (TiN) has been recently
called the attention due to its promising properties [2]. However, an anomalous optical
response at 350 GHz in TiN-based micro-resonators resulting in a low absorbing
efficiency at very low radiation powers is observed. This anomalous optical response
is tentatively attributed to spatial variations of the superconducting energy gap [3].
From these results, an alternative to push LEKIDs detection to higher frequencies at
very low powers is required. In this work, we propose the use of very thin (12 nm) and
narrow (200 nm wide) Al for the LEKID, a very well-understood BCS superconductor
that has already demonstrated very good optical performance [4,5], coupled to a lens,
to obtain broadband coupling from 1.4 to 2.8 THz.

2 Fabrication Process for a Sub-micron Broadband LEKID

In order to use Al to efficiently detect THz radiation, it is necessary to increase its
sheet resistance from typical values of 0.45 2 for a 50-nm film [5]. Several Al films
are sputtered deposited with thicknesses ranging from 5 to 40 nm, and their sheet
resistance (Rg) and critical temperature (7';) are measured (see Fig. 1 top-left). Both 7'
and Ry increase as the thickness of the film decreases. Our design forms a LEKID with
broadband absorption from 1.4 to 2.8 THz, using a 12-nm film with a normal-state sheet
resistance of 2 Ohm/square [6] for the inductor/absorber and capacitor. The proposed
THzradiation absorber of the LEKID consists of a very long (>10 mm) and narrow (200
nm) line of this 12-nm Al film, creating challenging fabrication conditions. The rest of
the chip circuitry is made from NbTiN. The advantage of this is that it creates a robust
circuit less prone to mechanical damage than the Al film. Additionally it allows the
construction of lithographic bridges connecting the ground planes of the through line,
which is needed to suppress odd modes that affect the resonator Q factor and enhance
resonator cross-coupling. These use a photo-sensitive spin-on polyamide as dielectric
support [7]. We start with a 320-nm-thick layer of NbTiN deposited on sapphire using
DC magnetron sputtering (first step in Fig.1 bottom). This layer is patterned using
photolithography and SFe/O; reactive ion etching (second step in Fig.1 bottom) to
define the coplanar-waveguide feed line (CPW), ground planes, and alignment marks
for electron beam lithography (EBL). A hydrofluoric acid (HF) cleaning is made prior
Al deposition to remove possible oxide, which is present on the wafer in order to
reduce the two-level system noise and to clean the NbTiN surface.

The thin 12-nm Al layer is then deposited by DC magnetron sputtering (third step
in Fig.1 bottom). This layer is used to form the pixels, each of them consisting of a
wide capacitor interdigitated fingers and the narrow inductor meander lines (fourth
step in Fig.1 bottom). In this work, both the interdigitated capacitor and the meander

@ Springer



150 J Low Temp Phys (2016) 184:148-153

10 r . r . . . . 1.6 ]
sl [ ]
{15
o 6 o
s 14 <&
& o ~
g 4 =
=g
o
{13
2L ® | ] |
)
0 1 1 1 1 1 .I 1 .l 12

0 5 10 15 20 25 30 35 40
Thickness (nm)

[ substrate(Si/Al,0;) @ NbTIN — Al

— ) —

)

Fig. 1 Top left: sheet resistance (Rs—red circles) and critical temperature (7 c—blue squares) as a function
of the film thickness. Top-right and bottom figures show the designed LEKID and the fabrication flow,
respectively. In both figures, green corresponds to the NbTiN that is used to define the CPW, ground planes,
and alignment marks and violet represents the thin Al layer, which is used to define the LEKID capacitor
by MLL (dark violet) and the absorbing meander by EBL (light violet). (Color figure online)

are defined in a single resist-priming step using a negative resist compatible with a mix
& match process that combines maskless laserwriter lithography (MLL) and electron
beam lithography (EBL). The MLL is used to define the large interdigitated capacitors
(dark violet in Fig.1 top-right), whereas EBL is used to define the narrow lines of the
inductor meanders (light violet in Fig.1 top-right). This process overcomes the low
throughput of the EBL and allows us to define low- and high-resolution motives over
large areas, saving EBL time, i.e., EBL time for each pixel is reduced to 45 s. An
overlay resolution below 100 nm is achieved between the EBL and the MLL steps
by proper alignment and re-calibration using the previously defined NbTiN aligning
marks. The design is transferred from the resist to the Al film by Argon ion milling,
which ensures anisotropic etching with the very good directionality needed to define
sub-micron lines. The accelerating voltage is set to 500 V to obtain good resist/Al
selectivity. Oxygen plasma is used to remove the remaining resist.

A test array to test the material properties as well as the optical performance is
fabricated. The main challenge is the fabrication of the 11 -mm-long and 200-nm-wide
line meander over a 500 x 500 pwm? area without any critical breaks in the meander
or misalignment to the capacitive structure. Fig. 2 shows atomic force microscopic
(AFM) and scanning electron microscopic (SEM) images of one of the fabricated
pixels.
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Fig. 2 Fabricated array: top-left shows a back illuminated optical image of a single pixel fabricated on
sapphire substrate, bottom-left corresponds to an AFM image, and right is a SEM image. (Color figure
online)

3 Preliminary Cryogenic Characterization

A cryogen-free dilution refrigerator with a base temperature below 10 mK is used for a
preliminary cryogenic characterization. Low-noise amplifiers at 4 and 300 K are used
to amplify a low power microwave tone used to sweep each LEKID resonance. The
LEKIDs are measured at a temperature (7') of 100 mK, well below T, and as designed
resonate at around 0.7 GHz. The high geometric inductance allows for a relatively high
readout power at the KID (Pjp;) of around —85 dBm. The internal quality factor (Q;)
and coupling quality factor (Q.) are 6 x 10° and 2 x 10%, respectively, and the
estimated kinetic fraction is 0.91. The reason for the low internal quality factor is still
unclear and tentatively attributed to the influence of the fabrication process to the Al
properties. Dark measurement characterization including frequency shift and Qjas a
function of the base temperature is shown in Fig. 3 left. For optical characterization, a
blackbody radiator is installed on the 4 K shield filtered by a band-pass filter centered
at 1.5 THz placed on the 850 mK shield A preliminary characterization of optical
response at 1.5 THz is carried out at 100 mK and —85 dBm by sweeping the blackbody
temperature from 9.5 to 28 K (see Fig.3 right). The LEKIDs clearly absorbs and
responds to the 1.5THz radiation. The resonance frequency shifts and the amplitude
of the dip become smaller as the blackbody source is swept. Further characterization
and optimization, including the addition of an optical back short and Si lens fabricated
with laser ablation, will be performed in an ultralow background cryogenic facility
[8] for quantifying the overall sensitivity. A Fourier transform spectrometer (FTS)
measurement will be carried out to verify the broadband coupling.
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Fig. 3 Left: dark characterization including the frequency shift and internal quality factor Q; as a function
of the bath temperature. Right: optical response at 1.5 THz of a LEKID at T = 100 mK obtained by sweeping
the blackbody temperature from 9.5 to 28 K. (Color figure online)

4 Conclusions

We present a fabrication process for sub-micron thin aluminum LEKIDs for broadband
THz radiation detection at very low backgrounds. The fabrication process is based on a
combination of maskless laserwriter lithography and electron beam lithography. This
development provides with a fabrication process for combination of low- and high-
resolution motives over large areas, which can be also used for other materials. A test
array made of 200-nm -wide, 12-nm-thick Al meander has been fabricated. Prelim-
inary optical characterization shows optical response at 1.5 THz radiation. Further
optical characterization (sensitivity and FTS measurements) and improvement of the
fabrication process (due the found low Q; in the resonators) are currently ongoing.
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