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Abstract.
Cryogenic devices incorporating superconduct-

ing thin film structures are currently the most sen-
sitive detectors for many applications. Among
these applications the detection of electromagnetic
energy (photons) from astronomical sources as well
as searches for other types of particles such as dark
matter (by detecting gamma rays emitted by dark
matter) are very relevant for both space and funda-
mental research. e latest developments towards
a fully integrated on-chip optical system (lenses
+ detectors) that can be used for the detection
of submillimeter-wave (sub-mm) and far infrared
(FIR) radiation are reviewed herein. ese con-
sist of an integrated system with a large array of
Si lenses and Lumped Element Kinetic Inductance
Detectors (LEKIDs) fabricated with thin TiN su-
perconducting films.

1 Introduction

Millimeter-wave, submillimeter-wave and far infrared
spectroscopy and imaging have become an important
and powerful technology for both space and ground-
based applications such as atmospheric remote sensing

*E-mail address: juan.bueno@cab.inta-csic.es

[19], study of cosmic water profiles [18, 15], comet
characterization [20] and investigation of cosmologi-
cal phenomena with radio telescopes [30]. ESA’s Her-
schel, the largest telescope ever launched to space [29],
is presently exploring the sub-mm wavelength domain
that cannot be accessed from the ground, thus open-
ing a new window of the electromagnetic spectrum to
astronomical research. As a consequence, new popula-
tions of very distant dusty galaxies are being detected,
new interstellar molecules are being discovered (OH+,
H2O+, H2Cl+) and new exo-protoplanetary disks are
being characterized. Europe is already working on SA-
FARI (SpicA FAR-infrared Instrument) [17], the next
instrument to be launched in space by the Japanese
Space Agency ( JAXA) in the SPICA space mission
[1]. SAFARI is an imaging Fourier Transform Spec-
trometer (FTS) for the SPICA space mission, cover-
ing the 30-210 µm waveband with a spectral resolu-
tion of R ∼ 10 to 10000. In the USA, the Astron-
omy and Astrophysics Decadal Survey [4] has extolled
the importance of short wavelength radio surveys of the
sky to study dusty material associated with galaxies and
stars prioritizing CCAT (Cerro Chajnantor Atacama
Telescope), a submillimeter telescope under construc-
tion in Chile [5] and BLISS (Background Limited In-
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frared/Submillimeter Spectroscopy) [2], also an instru-
ment for the SPICA space mission.

2 Detection system

e next generation of astronomical instruments re-
quires large field of view cameras with thousands of pix-
els for allowing simultaneous measurements of a large
number of spectroscopic bands over a wide area of the
sky. e recently developed Microwave Kinetic Induc-
tance Detectors (MKIDs) [10] have the potential to be
the components of such large arrays.

2.1 Principle of operation

e operation of a Microwave Kinetic Inductance De-
tector is based on the increase in the quasiparticle pop-
ulation and the corresponding increase in the kinetic
inductance Lk within the volume of a superconducting
film upon absorption of photons or phonons with ener-
gies hf > 2∆ (dnqp ≈ hf/2∆) where 2∆ is the binding
energy of a superconducting electron pair (Cooper pair).
is small inductance change can be measured with the
use of high quality factor microwave resonant circuits.
e resonant circuit is coupled to a microwave feedline
and influences the phase and amplitude of a propagat-
ing microwave signal. e absorption of a photon or
phonon modifies the inductance of this circuit, chang-
ing the resonant frequency f0 slightly, and thus the mea-
sured phase and amplitude of the microwave readout
signal.

e primary advantage of this technology is that by
using resonant circuits with slightly different resonant
frequencies and high quality factors, FrequencyDomain
Multiplexing (FDM) allows up to a thousand of res-
onators to be read out through a single coaxial cable and
a single HEMT amplifier. e reduction in complex-
ity at the cryogenic level in contrast with other ultra-
sensitive low temperature detectors, such as the transi-
tion edge sensor (TES) or semiconductor based detec-
tors, is staggering and makes the MKID very relevant
to the future development of ground based astronomi-
cal cameras, which will depend on larger arrays to im-
prove mapping speeds. e theoretical noise limit of
these devices is governed by generation-recombination
noise, which scales with temperature and film volume
[33]. For a typical coplanar aluminum MKID de-
vice operating at 100 mK this noise is estimated to
be around 10−20 W/Hz1/2 [7] which is over an order
of magnitude better in sensitivity than other detectors

in this class. Existing MKIDs have shown noise in
the mid 10−19 W/Hz1/2 range [6], which can be low-
ered further by proper consideration of readout mech-
anisms, approaching the sensitivity required for back-
ground limited observations for applications with low
optical background loading (optical power levels below
fW and photon noise levels corresponding to NEPs be-
low 10−19 W/Hz1/2).

2.2 Coupling the radiation to the microwave kinetic
inductance detectors

e first approach to fabricate MKID resonators was
with the use of distributed half-wave or quarter-wave
length co-planar waveguide (CPW) geometries. With
this geometry the device acts as a photon or phonon de-
tector once the signal is coupled into the MKID using
antennas [9] or quasiparticle traps [28]. In the past years
MKIDs have also been used directly as absorbers [11]
which is known as LumpedElement Kinetic Inductance
Detector (LEKID). Although the different approaches
have performed well in the mm-wave, optical and X-ray
band, they can be complicated to fabricate and can suf-
fer from efficiency problems which reduces the overall
detector performance.

e Lumped Element Kinetic Inductance Detector
concept was first introduced in 2007 as a simple solution
for coupling incoming signals directly to the sensitive
detection elements without the need for additional cou-
pling structures [11]. e LEKID is based on the same
principle as the MKID but does not require quasipar-
ticle traps or antennas to operate as an optical detector
since the LEKID carefully chosen geometry acts as the
radiation absorber.

Coupling the radiation from the telescope to the de-
tectors is a crucial point that directly affects the sen-
sitivity of the instruments. Coupling mechanisms are
required for high efficiency and large array integration
. At short wavelengths, a good solution is the use of
LEKIDs as proposed in [11, 12]. e radiation cou-
pling is achieved by tuning thematerial conductivity and
thickness to the incoming waves impedance. e main
disadvantages of such solution with respect to the an-
tenna coupled MKIDs are that i) it suffers from sig-
nificant cross-coupling between the different array ele-
ments and ii) a reduced focal plane receiving area since
LEKIDs usually have black spots (areas where the ra-
diation is not absorbed, or absorbed but not changing
its resonance frequency). ese spots are associated to
the area of capacitance of the LEKID and can be of the
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order of 25% of the total LEKID area. is translates
to an optical efficiency reduction of the same order as-
sociated to the smaller receiving area.

We propose the use of lens coupled LEKIDs as shown
in Fig. 1 to focus the radiation into the central part of
the LEKID (i.e. the inductance area of the resonator).
Such configuration has the potential to achieve high
sensitive detection, by increasing the focal plane receiv-
ing area, and low cross-coupling, by having more iso-
lated resonators, whereas maintining a low cost fabrica-
tion process. e LEKID resonator will be fabricated
on a silicon wafer and the lens on the other side of the
same wafer by a Si wafer etching process.

B)

Si
Si

A)

Si

Incident radiation

C)

TiN LEKIDs

Si lenses

F . Schematic picture of an on-chip optically integrated ar-
ray of superconducting detectors. A) is a drawing of a silicon wafer
with the etched lenses on the top side and the sputtered TiNLEKID
detectors on the other. B) and C) are the side and top views of the
device respectively.

3 Lens coupled lumped element kinetic
inductance detector

e LEKID radiation absorbing mechanism relies on
matching the incoming wave impedance using the con-

ductivity and thickness values of the material. e ab-
sorbtion mechanism is similar to the one used by a mi-
cromesh bolometer [34]. It consists of a distributed
metallic grid over a back short placed at a λ/4, being λ
the wavelength of the medium, with an impedance cho-
sen to optimize sub-mm absorption. e grid is consid-
ered to be immersed in the silicon. For small grid peri-
ods, assuming just the main Floquet mode in a periodic
analysis, i.e. d<< λ, an effective sheet impedance of
the grid can be calculated as R = d

w
ρ
t
, where d is the

grid period, w is the width of the leg, t is the thickness
of the metallic layer, and ρ is the electrical resistivity of
the metal (see Fig. 2 inset for a geometry clarification).
e absorption efficiency is maximized when a back
short at λ/4 is used. In such case, the sheet impedance
should match the characteristic impedance of free space
R = 120π/n, where n is the index of refraction of sili-
con n = 3.45. If the period of the array approaches λ/2,
a more detailed analysis including higher order Floquet
modes is needed as explained in [26]. Figure 2 shows
the absorbtion efficiency of THz plane wave coming
from broadside for a grid of d = 60 µm, w = 12 µm,
hb = 44 µm, t = 1 µm and σ=4.5×104 S/m at normal
inidence. e grid is considered to be infinite and it is
simulated as a periodic structure. e efficiency is high
due to the use of a back short. For a situation where the
LEKID is placed in the interface between the vacuum
and the silicon and no back short is used the efficiency
drops to 75% provided that R = 120π/(n + 1). How-
ever the lens efficiency analysis described in the follow-
ing is analogous.

F . Absorbtion efficiency for normal incidence of a wire grid
of a period d = 60 µm, a wire width of w = 12 µm, a wire
thickness of t = 1 µm made of a metal with σ=4.5 × 104 S/m
above a ground plane placed at hb = 44 µm.
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If such grid is placed at the focal plane of an extended
hemispherical lens, the absorbtion efficiency will be the
integration of the grid response to a range of plane waves
defined by the lens f-number [26], not just that of a sin-
gle plane wave arriving from a certain angle. However,
if the f-number values used are large (standard ellipti-
cal silicon lenses have an f number value of the order of
0.6), as proposed here, the corresponding angular range
will be small and therefore the absorbtion will resemble
the one of a single plane wave coming from broadside.
e reason for this assumption is that the field at the
focal plane of a focusing lens has the shape of an airy
pattern. is pattern can be expressed mathematically
as the anti fourier transform of its plane wave spectrum,
which corresponds to the integration of the plane waves
coming from 0 to θ where θ=arcsin( 1

2f ) given by the
lens f-number. Figure 3 shows the electric field sim-
ulated with CST [3], where we have considered a lens
with an aperture of 2.4 mm and an f-number of 1.04.
e absorbtion efficiency estimated in the simulations
was of the same order as that calculated for the single
plane wave shown in Fig. 2.

F. Electric field distribution inside a siliconmicrolenswith
an aperture of 2.4 mm and an f-number of 1.04. An absorbing
grid with the dimensions shown in Fig. 2 is placed at the focal
plane of the lens.

4 Lens Fabrication

For large arrays, consisting of thousands or more de-
tectors, techniques to fabricate the integrated lens ar-

rays are required. e fabrication of such arrays is still a
challenge in this frequency range. Advanced techniques
are needed to avoid the manual assembly of the array
as proposed in the analysis of the first sub-mm instru-
ments [8]. It is possible to use lithographic techniques
or laser micromachining to fabricate arrays of lenses in
the same wafer. e advantage of the lithographic fab-
rication technique is that it will allow the fabrication of
the whole array in parallel. e success of this technique
depends also on the dimension of the lens and in par-
ticular on the actual lens thickness. e use of large f-
numbers for the lens in order to reduce its thickness will
be mandatory [27]. In any case, the LEKID absorbing
dimension can be easily matched to the corresponding
f-number.

Reflow has been demonstrated to be a successful tech-
nique for the fabrication of glass microlenses [31, 25,
22]. is technique has been also used to fabricate sili-
con microlenses transferring the shape of the glass mi-
crolens into a silicon wafer by means of Reactive Ion
Etching (RIE) [21, 14]. ese silicon arrays of mi-
crolenses have been used for infrared (IR) radiation but
due to the small size of the lenses this technology has
not been proven for sub-mm and FIR radiation. e
f-number of the microlenses depends on the ratio be-
tween the height and the diameter of the lens. With
the reflow technique the height of the lens is limited by
the thickness at which the photoresist is span (maximum
350 µm), and therefore large diameters imply very large
f-numbers and consequently very thick wafers. us a
different technique, the so-called drop technique, is also
being studied in parallel. e idea for the drop tech-
nique is to transfer the shape of a cured solid photore-
sist drop, which gets the shape of a spherical cap due to
surface tension, into the silicon wafer by a RIE process.
ere are two steps in this process: the first one is the
preparation of the photoresist drop using a micropipette
and curing the resist, and the second one is the transfer
of the shape of the drop into the silicon by RIE. e
drop technique has the advantage that the height of the
lens is set by the surface tension, which is proportional
to the density of the photoresist. Using a more dense
photoresist allows a higher lens for the same lens diam-
eter. However it is more difficult to be extended for an
array, whereas the reflow technique should be straight-
forward. erefore, we are looking to both techniques
in parallel: the drop technique would most likely be ad-
equate for the fabrication of small arrays and the reflow
technique for large number of lenses. e quality and
homogeneity of these lens arrays will not be as good as
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the ones that it is possible to obtain with a laser abla-
tion technique. However, these methods provide with a
faster and inexpensive way of fabricating lens arrays for
submillimeter applications. Although the work on the
lens arrays is still preliminary, we believe that once the
lithographic and RIE processes are fully developed and
optimized, reproducibility and homogeneity in arrays of
hundreds of lenses should be achievable.

4.1 Preparation of the photoresist drop

Positive photoresist Microposit S1813 from Shipley
(UK) was used for these experiments. Different densi-
ties of the same photoresist were obtained by evaporat-
ing part of the solvent contained in the resist in an oven
at 90 ◦C. A series of drops were made with the different
resists on silicon wafers using a micropipette. By care-
fully choosing the volume with the micropipette, it is
possible to control the diameter of the lens. e height
of the lens is set by the surface tension of the photore-
sist, which depends on its density [32, 13]. erefore,
using a thinner or thicker resist allows one to control
the height of the lens. After depositing the drops on
the wafer, they were precured in an oven at 90 ◦C for
10 minutes and then cured for 90 hours in another oven
at 120 ◦C. It is very important for the final lens qual-
ity that the drop is completely cured before starting the
etching process.

4.2 Reactive ion etching of the photoresist drop

e drops were etched in a Reactive Ion Etching (RIE)
chamber using a mixture of gases of SF6 and O2 at
50 and 10 sscm respectively, at a pressure of 90 mtorr.
Etching series at different plasma powers were done,
although it turned out that 250 W was the power at
which the lenses had the optimum quality. We defined
the transfer ratio between the photoresist and the sili-
con as the ratio between the height of the resist lens and
the height of the silicon lens. is transfer ratio varied
slightly depending on the photoresist used but it was
approximately ∼ 1.7.

4.3 Surface characterization

Scanning Electron Microscopy (SEM) techniques were
used to characterize the lens surface. e SEM charac-
terization of a lens can be found in Fig. 4.B, where it is
possible to distinguish several small pores at the lens sur-
face. e pores diameter is approximately 2 µm. At this
point, the reason for the pores formation remains still

unclear although it seems clear that they are present al-
ready at the resist. A possible explanation for the forma-
tion of these pores is that they are remaining microbub-
bles of liquid resist inside the drop that evaporate very
quickly once they are in contact with the plasma during
the etching process, leaving their shape into the resist
and forming the pores.

Atomic Force Microscopy (AFM) analysis were car-
ried out in order to study the topography of the lens sur-
face (see Fig. 4.C and Fig. 4.D). e AFM images were
taken in contact mode in air, with a Scientec scanner
with amaximum range of 100µm× 100µm. (n)Doped
silicon tips with a nominal force constant ranging from
0.5 to 9.5 N/m were used. e deepest pore found had a
depth of approximately 0.4µmand a diameter of around
2 µm. e root-mean-square (rms) roughness was es-
timated with the WSxM software [23] obtaining values
of 0.06 ± 0.01 µm, which is very good for sub-mm and
FIR optical instruments.

F . A is an optical photograph of a fully etched silicon lens.
e lens diameter is about 3.5 mm and the height is about 110 µm,
with a surface roughness of approximately 2 µm. B is an image
taken with the SEMwhere the roughness of the lens surface can be
observed. C is a 2-D AFM image of the pore observed with the
SEM. D shows a 1-D AFM scan along the green line drawn in
C.
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5 Optimization of superconducting
materials

e sensitivity of a LEKID detector depends strongly
on the properties of the superconducting material. e
normal-state resistivity of the material has to be high
so the absorber impedance can be matched with the
free-space impedance easily. e superconducting ma-
terial quasiparticle lifetime has to be also high since the
chance of detecting them relies on the time that the
quasiparticles linger in the detector.

5.1 e role of titanium nitride

Titanium nitride (TiN) is an ideal material choice for
a detector because of its critical superconducting tran-
sition temperature, which can be tuned from 0 to 5 K,
and its large normal-state resistivity which has been re-
ported to be 100 µΩcm [24]. e TiN normal-state re-
sistivity is similar to polycrystalline TiN films reported
in the literature but considerably higher than for single-
crystal films. e high resistivity (relative to Al, Ta, or
Nb) is very convenient for highly efficient photon ab-
sorption in lumped-element resonator structures [12].
As a consequence of the Mattis-Bardeen relationship
Ls ≈  hRs/π∆ between the normal-state surface resis-
tance Rs and the superconducting surface inductance Ls,
the large resistivity also guarantees a large kinetic induc-
tance fraction αsc ≈ 1. Another important factor is the
quasiparticle lifetime. e maximum quasiparticle life-
time found in Leduc et al. experiments is 200 µs for
Tc=0.8 K [24]. e use of TiN carries a factor of 10
improvement in sensitivity with respect to Aluminium
LEKIDs. Other important characteristics of TiN are
that it is a mechanically robust material and that sput-
tered TiN films show very low loss. Furthermore, the
ability to reach highQr with TiN resonators should en-
able very dense LEKID frequency multiplexing.

5.2 Titanium nitride film growth

e TiN thin films were deposited using a home made
multicathode triode sputtering system reaching a base
pressure of 2×10−8 mbar. e substrate holder is trans-
ferred from the load-lock to the sputtering chamber by
a linear magnetic manipulator. A halogen lamp type of
heater is used in the load-lock chamber to degas sub-
strates at ≈ 200 ◦C for 5 min prior to their introduc-
tion in the main chamber for TiN deposition. ere are
two leakage valves in the sputtering chamber to intro-

duce separately Ar and N2 into the vacuum chamber.
Both gases were 99.995% purity. e Ti target has a
diameter of 50 mm and the distance from the target to
the substrate distance is 80 mm. Typical plasma param-
eters for TiN film growth were: a) total gas pressure of
8 × 10−3 mbar, b) heating filament current of typically
13 Amps, c) plasma current of about 2 Amps and bias
voltage of 30 V, d) potential applied to the sputtering
target was about 1.25 − 2 kV at powers between 20 W
and 40 W. e TiN films were deposited at different
Ar/Nitrogen partial pressures, from pure Nitrogen (0%
Ar) to 100% Ar, in order to tune their superconducting
critical temperature (see Fig. 5), while the substrate was
kept at room temperature during film growth.
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F . (color online) Transition temperatures of TiN films
measured in a four probe configuration. Green points show the
TiN films sputtered at 20 W and blue point show the TiN films
sputtered at 40 W. Solid lines are a guide to the eye.

6 Discussion

LEKIDs have shown an important impact in millime-
ter, submillimeter and far infrared astronomical instru-
mentation in the past years [16] and represent a critical
technology for future detector arrays, due to their sim-
plicity compared to other types of detectors and the large
number of pixels that can be multiplexed. In this arti-
cle the use of microfabricated silicon lenses to reduce the
cross-coupling between different pixels and improve the
overall efficiency has been presented. is method has
been validated with electromagnetic simulations which
show radiation conversion efficiencies up to 90%. At-
tempts of fabricating silicon micromachined lenses have
been successful, obtaining lenses of a few millimeters in
diameter and hundreds of microns in height with low
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rugosity (below 3 µm). Once lithographic and RIE pro-
cesses are fully developed and optimized, reproducibility
and homogeneity in arrays of hundreds of lenses should
be achievable. e first superconducting TiN films have
been grown in a UHV chamber by sputtering Ti at dif-
ferent Nitrogen/Argon partial pressure ratios to tune the
superconducting transition temperature. e next steps
in the development of this detection device concept are
the fabrication of absorbing structures with the TiN,
fabrication and testing of an on-chip lens and LEKID
system, and the implementation and characterization of
a full array of lens coupled LEKIDs.
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