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Abstract. The Origins Space Telescope (Origins) will have a 5.9-m diameter primary mirror
cooled to 4.5 K and will be equipped with three instruments, two of which will cover the far-IR
(λ ¼ 25 to 588 μm). These far-IR instruments will require large arrays (∼104 detectors) of
ultrasensitive detectors, with noise equivalent powers (NEPs) as low as 3 × 10−20 WHz−1∕2.
Kinetic inductance detectors (KIDs) have already demonstrated the array format, modularity, and
readout multiplexing density requirements for Origins; the only aspect that requires improve-
ment is the per-pixel sensitivity. We show how KIDs can meet the sensitivity target, focusing on
two existing architectures that together demonstrate the key necessary attributes. Arrays of
antenna-coupled coplanar waveguide resonators have achieved NEPs of 3 × 10−19 WHz−1∕2

in laboratory demonstrations at 350 μm; they demonstrate excellent material properties as well
as array-level integration and performance. Lumped element detectors such as those under devel-
opment for balloon-borne spectroscopy at 10 to 350 μm demonstrate flexibility in coupling to
shorter-wavelengths, reducing active volume, and providing a means for suppressing capacitor
noise. A straightforward combination of the elements of these already-demonstrated devices
points to a low-volume design that is expected to meet the Origins sensitivity targets. © The
Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution
or reproduction of this work in whole or in part requires full attribution of the original publication, includ-
ing its DOI. [DOI: 10.1117/1.JATIS.7.1.011015]
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1 Introduction

The Origins Space Telescope (Origins) traces our cosmic history, from the formation of the first
galaxies and the rise of metals to the development of habitable worlds and present-day life.
Origins does this through exquisite sensitivity to infrared radiation from ions, atoms, molecules,
dust, water vapor, and ice, and observations of extra-solar planetary atmospheres, protoplanetary
disks, and large-area extragalactic fields. Origins operates in the wavelength range 2.8 to 588 μm
and is more than 1000 times more sensitive than its predecessors due to its large, cold (4.5 K)
telescope and advanced instruments.

Origins will have two instruments operating at λ > 25 μm, a broadband imager (Far-IR
Imager and Polarimeter; FIP, Staguhn et al., this volume) and an R ¼ 300 spectrometer
(Origins Survey Spectrometer; OSS, Bradford et al., this volume). The significant improvement
over the scientific capabilities of prior far-IR missions is based on the cold telescope (4.5 K)
combined with low-noise far-IR detectors. The detector noise equivalent power (NEP) targets for
imaging and spectroscopy are 3 × 10−19 WHz−1∕2 and 3 × 10−20 WHz−1∕2, respectively.1
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These values render the detector noise negligible compared with the photon noise from the solar-
system and galactic dust that ultimately limits far-IR measurements. The spectroscopy NEP tar-
get, in particular, has no application outside of a cryogenic space telescope, so improvement over
the state-of-the-art is required; initial steps are underway and results are very promising. In addi-
tion, the array formats for both the imager and spectrometer are larger than anything flown thus
far, though tractable when scaled from ground-based and suborbital experiments. The Origins
far-IR detector needs are summarized in Table 1, and additional details can be found in the
Origins 2019 Technology Development Plan.3

A number of superconducting detector technologies are under consideration for the far-IR
instruments on Origins, including transition-edge-sensed (TES) bolometers (Sadlier et al., this
volume), kinetic inductance detectors (KIDs), and quantum capacitance detectors (Echternach
et al, this volume). Here, we discuss the prospects of KIDs to meet the requirements shown in
Table 1.

2 KIDs: A Brief Introduction

The technology for semiconductor infrared array detectors is well developed, with silicon
impurity band conduction detectors offering excellent performance in 1 k × 1 k formats out
to λ ¼ 28 μm.4 Stressed gallium-doped germanium photoconductors have been used out to
λ ¼ 200 μm, e.g., on Spitzer/MIPS5 and Herschel/PACS;6 however, the difficulty of scaling this
technology and the need for detectors beyond 200 μm has driven strong interest in supercon-
ducting detectors.7–9 At present, two superconducting detector technologies have been demon-
strated in large array formats at millimeter through far-IR wavelengths: TES bolometers10–12 and
KIDs.13,14

In contrast to TES bolometers, which operate at the superconducting transition temperature
Tc, KIDs operate at temperatures well below Tc. As a result, almost all of the conduction
electrons in a KID are in the form of Cooper pairs. Unlike electrons in a normal metal, the
Cooper pairs do not suffer scattering and can therefore carry current with no dissipation, leading
to the hallmark property of superconductivity, the vanishing of the DC resistance. Indeed, the
DC resistance of a KID is identically zero; a KID functions by sensing the (nonzero) AC imped-
ance of the superconductor15 – the “kinetic inductance” – at RF or microwave frequencies.
Meanwhile, a TES bolometer operates by sensing the temperature-dependent DC resistance

Table 1 Origins far-IR detector array targets and SPACEKIDs demonstrated performance.

Parameter Origins-FIP target Origins-OSS target SPACEKIDs demo

λ (μm) 50 to 250 (in two bands) 25 to 588 (in six bands) 350

NEP (WHz−1∕2) 3 × 10−19 3 × 10−20 3 × 10−19a

Tile size (pixels) 1 kilopixel + mosaicking to ∼104 961

Multiplexing 2000 pixels per circuit, 4-GHz BW available 961 from 3.9 to 5.6 GHz

Minimum pitch (mm) 0.5 0.4 × 0.7 1.6

τdet (ms) <3 <3 1.5

Min. yield 70% 70% 83%

Crosstalk (dB) <−17 <−17 <−30

1∕f knee (Hz) <0.1 <0.1 <0.05a

Cosmic ray dead time <10% <10% <5%

aFor the SPACEKIDs detectors, the frequency NEP is 3 × 10−19 W Hz−1∕2 at 60 to 80 Hz audio frequency, but
is dominated by 1∕f noise; the dissipation NEP is 6 × 10−19 WHz−1∕2 with a <0.05 Hz knee and is limited by
readout electronics.2
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at the onset of superconductivity, where the resistance is an appreciable fraction of its normal-
state value.

Superconductivity has an energy scale and therefore a limited frequency range. The pairs
have a binding or “gap” energy of Eg ¼ 2Δ ≈ 3.5kBTc, corresponding to a photon frequency
of νg ¼ 2Δ∕h ≈ 75 GHz × ðTc∕1 KÞ. This “gap frequency” is the minimum energy required for
a photon to break a Cooper pair. At frequencies below νg, a single photon cannot break a Cooper
pair, so the material cannot efficiently absorb energy and thus behaves as a superconductor.
However, for frequencies above νg the material can readily absorb energy and behaves as an
ordinary (dissipative) normal metal.

KIDs are microwave resonators that use both of the behaviors described above to detect
optical radiation. One approach is to construct the resonator using a lumped-element circuit (the
lumped element KID; LEKID),16 as shown in Fig. 1. As illustrated in Fig. 1(a), a simple mean-
dered thin-film superconducting trace can serve as an efficient radiation absorber for frequencies
above the gap, νg, provided the meander spacing, area filling factor, and normal-state sheet re-
sistance of the superconductor are chosen appropriately. Simultaneously, the meander behaves as
a low-loss superconducting inductor for frequencies below the gap, νg. For an ordinary inductor,
the stored energy is given by LI2∕2, where I is the current. For a KID, the inductance L has two
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Fig. 1 (a) Close-up of a simple LEKID consisting of a meandered inductor ðLÞ that doubles as a
radiation absorber, and an interdigitated capacitor ðC IDCÞ. These form an LC resonant circuit
that is weakly coupled to a common readout line. Reprinted with permission from Ref. 17. (b) The
1-GHz resonant frequency of the KID shifts downward in response to the intensity of the radiation.
These curves show measured data for a KID illuminated with blackbody radiation passed through
a λ ¼ 200 μm bandpass filter. The intensity is controlled by the blackbody temperature, which
was varied from 5 K to 27.5 K. Note that a 10-kHz shift represents a fractional change of
10 kHz∕1 GHz ¼ 10−5. Credit: P. K. Day. (c) A 432-pixel, λ ¼ 350 μm KID array, an early proto-
type for the MAKO instrument.18,19 The array is read out using frequency multiplexing. Readout
signals are injected and extracted using two coaxial connectors; the readout line is highlighted in
white. Credit: C. McKenney and H. G. Leduc. (d) A frequency sweep of the MAKO prototype array
reveals 415 of 432 resonances with >6 dB depth, corresponding to a fabrication yield of 96%.
Credit: C. McKenney. (e) Example of first-generation (ROACH-1) KID readout electronics.20

The circuit boards in the foreground contain fast digital-to-analog converters that generate the
multifrequency analog signal that excites the KID array, and the analog-to-digital converters that
digitize the return signal from the KID array. The FPGA, illuminated and underneath the cooling fan
in the background, performs the digital signal processing needed to separate the individual KID
frequencies.

Hailey-Dunsheath et al.: Kinetic inductance detectors for the Origins Space Telescope

J. Astron. Telesc. Instrum. Syst. 011015-3 Jan–Mar 2021 • Vol. 7(1)



components: the ordinary magnetic inductance Lmagnetic corresponding to energy in the magnetic
field and the kinetic inductance Lkinetic corresponding to the kinetic energy of the Cooper pairs
carrying the current. Like the energy in the magnetic field, the kinetic energy represents stored
energy that can be recovered because the pairs do not scatter and the kinetic energy is not
dissipated. By combining the meandered inductor with a simple interdigitated capacitor, an
LC circuit is formed whose resonant frequency is given by νr ¼ 1∕ð2π ffiffiffiffiffiffiffi

LC
p Þ. The resonance

can be very sharp (high Q) because the inductor is superconducting and has very low loss;
the resonance frequency, typically chosen to be a few GHz or lower, is far below the gap
frequency, νr ≪ νg.

An alternative to the LEKID is the transmission-line resonator.13 One common implemen-
tation is the quarter-wave coplanar waveguide (CPW) design, an example of which is shown
in Fig. 2. The inductance and capacitance per unit length of the CPW transmission line are L 0

and C 0, respectively. The resonance frequency is then set by the length of the segment, l, as

νr ¼ 1∕ð4l
ffiffiffiffiffiffiffiffiffiffi
L 0C 0p

Þ. Unlike a LEKID, the CPW resonator does not directly absorb optical radi-
ation but uses an antenna to deposit optical photons at the shorted end of the resonator. An
advantage of this optical coupling scheme is that the antenna and detector are decoupled and
can therefore be optimized individually. However, designs that require a transmission line to
couple the radiation from the antenna to the KID become unacceptably lossy at optical frequen-
cies above the gap frequency (e.g., νg ¼ 1.1 THz for NbTiN). A design that directly couples the
antenna to the KID has been shown to extend the optical frequency range up to 2.8 THz, at the
expense of an increased antenna complexity and tighter fabrication tolerances.21 The typical
dimensions of CPW resonators result in the CPW KIDs being larger and operating at higher
readout frequency than LEKIDs.

Because the kinetic inductance derives from the motion of Cooper pairs, it is sensitive to the
pair density. Meanwhile, absorption of above-gap radiation causes the breaking of Cooper pairs,
which reduces their density and increases the kinetic inductance. In turn, the increased kinetic
inductance causes the resonance frequency to shift downward. This is the fundamental detection
mechanism for KIDs and is illustrated using experimental data in Fig. 1. In addition, the breaking
of pairs by the absorbed radiation also increases the density of single electrons, which do scatter,

Fig. 2 SPACEKIDs detector figures from Ref. 2. Top: Photographs of the 961 pixel demonstration
array highlighting (a) the TiN absorbing mesh located between the detector wafer and lens array,
(b) the quarter-wave CPW hybrid NbTiN-Al KID and the coupled twin-slot antenna, and (c) the fully
assembled detector package. Bottom: Measured NEP of a representative detector for phase and
amplitude readout. Credit: Ref. 2, reproduced with permission © ESO.
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increasing the (AC) resistive dissipation. This broadens the resonances and reduces their depth,
as evident in Fig. 1. Either of these two responses—the shift in the frequency νr or the dissipation
Q−1

r of the resonance—may be used for KID readout. This is the origin of terms such as “fre-
quency readout” or “dissipation NEP” used in this paper and in the literature; the terms “phase
readout” and “amplitude NEP” are used synonymously.

The narrow resonance produced by a single KID leads to the simple scheme for frequency-
domain multiplexing shown in Fig. 1. For LEKIDs, the capacitor geometry is adjusted so each
KID has a unique resonance frequency; for CPW KIDs, this is achieved by adjusting the length
of each resonator. The readout electronics generate a superposition of frequencies to excite the
array and then separate these frequencies in the output signal from the array to isolate the
response of individual pixels. This task is now tractable as a result of advances in electronics,
especially digital signal processing using field programmable gate arrays (FGPAs). Figure 1(e)
shows an early example of KID readout electronics.

The deployments of DemoCam,22,23 MUSIC,24–26 and MAKO18 (Fig. 1) at the Caltech
Submillimeter Observatory, as well as NIKA27 on the IRAM 30-m telescope, represent early
demonstrations of prototype KID arrays. Since then, KIDs have enabled a number of large
(multi-kilopixel) ground-based millimeter-wave and submillimeter-wave cameras, including
NIKA2,28–30 and A-MKID on the APEX 12-m telescope,31,32 with TolTEC33,34 soon to be
deployed on the 50-m Large Millimeter Telescope (LMT) in Mexico. A new 850-μm camera
employing TolTEC-style KIDs is under development for the EAO/JCMT 15-m telescope on
Mauna Kea,35,36 to replace the SCUBA-2 TES camera37 in several years. Intensity mapping38

using the [C II] 158 μm fine structure line (redshifted to 200 to 300 GHz at z ¼ 5 − 8) is a major
goal for KID-based millimeter-wave, ground-based imaging spectrometers under development,
including SuperSpec,39 DESHIMA,40 and CONCERTO.41 Balloon payloads using KIDs are
being developed, e.g., for the Terahertz Intensity Mapper (TIM)42 and EXCLAIM,43 and have
now been flown on OLIMPO44 and BLAST-TNG.45 KID-based millimeter-wave cameras are
now also being developed for other applications, e.g., security46 and maritime surveillance.47

The NEP requirements for Origins are more demanding than for any existing instruments and
necessitate dedicated detector development. A European consortium has executed a EU Seventh
Framework Programme (FP7) project, named SPACEKIDs, explicitly targeting the very low
NEP for space astrophysics missions. The SPACEKIDs demonstration meets the sensitivity
requirement of the FIP instrument (Table 1) and achieves a high level of system maturity.2

A separate effort is underway to develop KIDs for Origins based on an extension of the
TIM detector design.48 The prospects of meeting the Origins detector goals with these two
approaches are discussed below.

3 Low NEP Demonstration of the SPACEKIDs Array

The KID array that most closely meets the Origins requirements is the array developed in the
EU-funded SPACEKIDs program,2 a 5-year multinational research activity specifically targeting
the needs of future far-IR space missions in astrophysics and earth science. The demonstration
array is a 31 × 31 (961) pixel detector array optimized for imaging at 850 GHz and is coupled to
a readout electronics system49 developed under the SPACEKIDs program.

The basic pixel is an antenna-coupled hybrid NbTiN-Al device implemented as a quarter-
wave CPW resonator, shown in detail in Fig. 2. The hybrid design combines the low noise prop-
erties of a NbTiN resonator with the excellent responsivity of aluminum, which has been shown
to produce quasiparticle lifetimes>1.5 ms.50,51 The CPW resonator is ∼6.3 mm long, producing
a resonant frequency fr ∼ 4.7 GHz. For ∼75% of its length the resonator is fabricated from
500-nm thick NbTiN with large features (the linewidth and slotwidth are both 20 μm), where
both the choice of NbTiN52 and the large features are designed to minimize noise from two-level
system (TLS) fluctuators on the surfaces of the capacitive portions of the device.53,54 Due to the
high Tc (Tc ¼ 15 K), the NbTiN film provides only a reactive load to optical frequencies
<1.1 THz. For the rest of the length, the central conductor is a narrow (2 μm linewidth) section
of aluminum, which is expected to absorb >95% of the optical power provided by a twin-slot
antenna. The antenna is fed by an antireflection-coated silicon microlens, and the end-to-end
single-polarization optical efficiency is estimated to be 74%.
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All 961 resonators in the array are capacitively coupled to a single CPW readout line at the
open end of the resonator. The SPACEKIDs readout system is capable of reading up to 4000 pix-
els in a 2-GHz bandwidth centered anywhere between 4.5 and 7.5 GHz.49 Crosstalk levels
(both optical and electrical) <−30 dB are achieved by implementing aluminum bridges over
the CPW readout line, intelligent positioning of neighboring resonators in frequency space, and
a substoichiometric TiN (Tc ¼ 0.6 K) absorbing mesh on the backside of the sapphire wafer.
The latter also assists in the suppression of cosmic ray effects,55 by absorbing the athermal pho-
nons generated by cosmic ray events in the substrate.

The NEP of a typical KID in the array is shown in Fig. 2. At low temperature (120 mK)
and under low optical load (10 aW), the frequency noise is dominated by TLS noise. The noise
PSD has a nonwhite spectrum, and at high audio frequency (60 to 80 Hz), the NEP is
3 × 10−19 WHz−1∕2. In the amplitude quadrature, the white NEP is 6 × 10−19 WHz−1∕2 and
is dominated by a combination of the cold and warm readout electronics. The 1∕f knee in the
amplitude noise PSD is <0.05 Hz.

The NEP of these detectors could be further reduced through an increase in the responsivity
or a decrease in the electrical noise. Increasing the responsivity through a longer quasiparticle
lifetime is not a practical solution, given the (τdet < 3 ms) requirement (Table 1). A more plau-
sible path forward50 would be to decrease the VL ≈ 130 μm3 active volume of the detector.
Reductions to the TLS noise could potentially be achieved by optimizing the capacitor geometry
and choice of substrate material52 and/or the removal of exposed substrate surfaces in high-field
regions.56 Reducing the dissipation NEP could be achieved by optimizing the coupling to the
readout line, which increases the KID amplitude noise with respect to the readout noise.
Reference 2 suggested such changes could reduce the NEP down to a few 10−19 WHz−1∕2 down
to 0.1 Hz, but further reduction would demand more significant measures.

In Table 1, we compare the performance of the SPACEKIDs system with some of the key
goals for the Origins detectors. The SPACEKIDs system achieves the desired NEP for the FIP
instrument, as well as many other key requirements including the achieved tile size, multiplexing
density, and cosmic ray dead time.

4 Low NEP Lumped Element KIDs

Direct-absorbing lumped element KIDs are promising candidates for the far-IR instruments on
Origins. As described below, a model for an Origins appropriate detector leverages the demon-
stration of a feedhorn-coupled, low-volume aluminum device at 350 μm. Further reductions to
the inductor volume may be implemented to reduce the NEP below 10−19 WHz−1∕2, and mod-
ifications to the absorber will allow operation over the full far-IR band.

4.1 Aluminum LEKIDs for TIM

TIM is a balloon-borne spectrometer that will operate at 240 to 420 μm, with a required detector
NEP of 1 × 10−17 WHz−1∕2.42 The detectors will be horn-coupled LEKIDs, shown in Fig. 3, and
described more fully in Ref. 48.

The absorber cross-section is limited to 300 μm in diameter to minimize the detector volume,
whereas the large capacitor occupies ∼50% of the pixel area to decrease the capacitor (TLS)
noise. A conical feedhorn coupled to a circular waveguide is used to concentrate light on the
absorber, maintaining a high filling factor, 2.3-mm pitch hexagonal-packed focal plane. The
inductor/absorber is a single meander of 0.4-μmwide aluminum, patterned to provide an optimal
impedance match to the horn’s output waveguide. Segments of meander line are placed in close
proximity at the corners, creating capacitive shorts at the optical frequencies that cause the
meander to behave as a square mesh and thereby couple efficiently to both polarizations.
This is achieved with a 0.3-μm gap and a 0.6-μm overlap length for each of the corners.
The pixel is fabricated on a silicon on insulator wafer and has a 27-μm thick backshort, created
by etching from the backside to a buried oxide layer, then depositing gold. Electromagnetic
simulations indicate band-averaged (790 to 900 GHz) coupling efficiencies of 90%.57 The
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interdigitated capacitor has 1-μm wide fingers with 2-μm gaps. When patterned from a 40-nm
film, the total inductor volume is 76 μm3 and the resonant frequency is ≈250 MHz.

Initial tests were conducted with a 45-pixel prototype array of TIM detectors patterned on a
standard silicon wafer, excluding the backshort.48 Figure 3 shows the noise spectrum for a typical
KID measured dark and with optical loading, at a 210-mK base temperature. At 30 fWof optical
loading the detector NEP is 4 × 10−18 WHz−1∕2, with a 1∕f knee at ≈0.5 Hz.

4.2 Ultralow NEP Far-IR LEKIDs

The TIM detector design presented in Sec. 4.1 may be modified to produce an increased respon-
sivity and reduced NEP through a combination of a lower operating temperature, increased τqp
and reduced inductor volume.

4.2.1 Increasing the responsivity

The fractional frequency responsivity of a KID, Rx, is given as

EQ-TARGET;temp:intralink-;e001;116;280Rx ¼
αγS2ðωÞ
4N0Δ0

ηoτqp
Δ0VL

; (1)

where α is the kinetic inductance fraction, γ ¼ 1 for thin films, ηo is the pair-breaking efficiency,
N0 is the density of states, Δ0 is the gap energy, VL is the inductor volume, and S2ðωÞ relates
changes in the kinetic inductance to changes in the quasiparticle number density.14 For a super-
conductor in thermal equilibrium, the (nqpτqp) product is a material-specific constant

EQ-TARGET;temp:intralink-;e002;116;187nqpτqp ¼
N0τ0ðkBTcÞ3

2Δ2
; (2)

where τ0 is the characteristic electron-phonon interaction time.58 The quasiparticle lifetime has
been observed to saturate at a maximum value τmax in the low temperature limit of some dark
resonators,59,60 leading to a commonly applied empirical parameterization

EQ-TARGET;temp:intralink-;e003;116;108τqp ¼
τmax

1þ nqp∕n�
; (3)

(a) (b)

Fig. 3 TIM prototype detector. (a) Microscope image of a single pixel within a 45-pixel prototype
array. The meandered inductor is surrounded by a set of optical choke rings and connected to
a large interdigitated capacitor to form a 250-MHz LEKID. The inductor/absorber is illuminated
by a conical feedhorn coupled to a circular waveguide. (b) Amplifier-subtracted Sxx for a repre-
sentative detector measured under various optical loads at 350 μm. At low loading the white noise
corresponds to a detector NEP of 4 × 10−18 WHz−1∕2. Figure reprinted with permission from the
Journal of Low Temperature Physics.
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for some critical n� value. Consistency between Eqs. (2) and (3) in the high nqp limit
requires

EQ-TARGET;temp:intralink-;e004;116;534n�τmax ¼
N0τ0ðkBTcÞ3

2Δ2
: (4)

The τqp inferred from the noise measurements of the TIM devices is consistent with Eqs. (3)
and (4) with τmax ¼ 35 μs and τ0 ¼ 139 ns. This τmax value is unexpectedly short; τqp ≳ 500 μs is
commonly achieved in aluminum resonators operated below 150 mK in dark conditions.50,59,61,62

While the shorter τqp achieved in the TIM devices may be in part due to the higher operating
temperature, disorder in the material is potentially a more important factor;60 this may be
addressed by optimizing the fabrication process. Quarter-wavelength CPW devices recently fab-
ricated at JPL yielded quasiparticle lifetimes of 1 to 5 ms for film thicknesses of 20 to 50 nm.63

We are therefore optimistic the fabrication may be optimized to achieve τmax ¼ 1 ms. Achieving
an aluminum film with τmax ¼ 1 ms and τ0 ¼ 139 ns would lead to τqp ¼ 992 μs in a dark
device at 150 mK.

The responsivity may be further increased by reducing the inductor/absorber volume. The
geometry currently used provides an impedance match to the incident radiation over the full
waveguide cross-section. However, a single linear structure cutting across the center of the cir-
cular footprint has been shown to couple well to the fundamental waveguide mode64 and has a
much smaller volume. We have designed a dual-polarization sensitive absorber that achieves a
simulated peak absorption efficiency of 90% and reduces the inductor volume from 76 to 10 μm3

for a 20-nm film thickness (Fig. 4). This absorber uses a 150-nm linewidth, which pushes the
limits of UV lithography but may be easily achieved with electron-beam lithography. Due to
the narrower linewidth, the inductance of this lower volume absorber is close to that in the
current TIM device, so may be implemented while keeping the readout frequency constant
at ≈250 MHz.

4.2.2 Noise model

The dark noise measurements of the TIM detectors indicate a limiting noise level of
Sxx;0 ¼ 1.8 × 10−17 Hz−1 (Fig. 3). While the source of this noise floor is not yet fully under-
stood, we may adopt it as an upper limit to the TLS noise at 210 mK and 10 Hz audio frequency.
These noise measurements were obtained with a drive power of Pg ≈ −110 dBm, which is
≈5 dB below bifurcation. Under these conditions, the resonators are characterized by
Qi ≈Qc ≈ 105.

For a fixed capacitor geometry, the TLS noise has a well-characterized dependence on oper-

ating temperature and internal power: Sxx;TLS ∝ P−1∕2
int T−1.7,65 where Pint ¼ ð2Q2

rPgÞ∕ðπQcÞ.
As we consider changing the drive power and temperature in our proposed low volume KIDs,
we therefore assume the TLS noise will be
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Fig. 4 (a) Geometry for a dual-polarization, minimal volume aluminum absorber coupled to a cir-
cular waveguide. (b) Zoom-in of the center of the absorber, showing the metal film (green) on the
silicon substrate (blue). The linewidth is 150 nm and the total volume is 10 μm3 for a 20-nm film
thickness. (c) HFSS-simulated absorption efficiency, indicating a peak of 90% at 360 μm. Credit:
P. K. Day.
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EQ-TARGET;temp:intralink-;e005;116;735Sxx;TLS ¼ 1.8 × 10−17 Hz−1
�

4Q2
r

105Qc

�−1∕2� Pg

10−14 W

�
−1∕2

�
T

210 mK

�
−1.7

: (5)

The bifurcation power will be reduced with the smaller volume.66 Additionally specifying that
we maintain the drive power at least 5 dB below bifurcation leads to the constraint

EQ-TARGET;temp:intralink-;e006;116;675Pg ≤ 10−14 W

�
fr

250 MHz

��
VL

76 μm3

��
Qc

105

��
105

2Qr

�
3

: (6)

The fractional frequency noise contributed by an LNAwith noise temperature Tn and zero detun-
ing may be written as14

EQ-TARGET;temp:intralink-;e007;116;606Sxx;LNA ¼ 4

χ2cQ2
i

kBTn

Pg
; (7)

with

EQ-TARGET;temp:intralink-;e008;116;549χc ¼
4QcQi

ðQc þQiÞ2
: (8)

We assume Tn ¼ 5 K.67

Generation-recombination noise is given as14

EQ-TARGET;temp:intralink-;e009;116;481NEP2GR ¼ 2hνPoð1þ n0Þ þ
4ηaχqpΔ0

η2o
Pa þ

4Δ2
0

η20
ðΓth þ ΓrÞ; (9)

where η0 ≈ 0.57 is the pair-breaking efficiency, Pa is the absorbed readout power, ηa is the effi-
ciency with which absorbed readout power is converted to quasiparticles, χqp ¼ Qi∕Qqp, and Γth

and Γr are the thermal generation and total quasiparticle recombination rates, respectively.
The four terms in Eq. (9) represent photon generation noise, readout power generation noise,
thermal generation noise, and recombination noise, respectively.

4.2.3 NEP optimization

Given the noise terms described in Sec. 4.2.2, our low volume KID may be optimized to achieve
the minimum NEP for a given optical loading. Here, we consider this optimization assuming
a Po ¼ 10−18 W load at λ ¼ 350 μm, as appropriate for OSS. We assume VL ¼ 10 μm3 and
vary T and Pg. We assume our devices maintain Qi ¼ Qc ¼ 105.

A considerable uncertainty in this optimization is the pair-breaking efficiency of the readout
power, ηa. The absorption of microwave photons will drive the quasiparticle distribution out of
thermal equilibrium and increase the number density nqp.

50,68,69 These excess quasiparticles will
reduce the responsivity, and this absorption will be the source of an additional shot noise term.
Reference 50 measures ηa ∼ 10−3 for a fr ¼ 5.3 GHz resonator with a similar readout power
density (between 10−16 and 10−15 W μm−3) as envisioned for our low volume devices, whereas
Ref. 69 calculates ηa ∼ 0.1 − 0.5 in simulations of a fr ¼ 4 GHz resonator with absorbed power
densities between 10−19 and 10−14 W μm−3. This efficiency may be expected to depend on the
resonator frequency and will likely be different given the lower frequency (fr ≈ 250 MHz) con-
sidered here. We choose to adopt ηa ¼ 0.1 in our modeling, near the upper end of the above
estimates.

In Figs. 5 and 6, we show the contributions of the various noise terms as a function of T and
VL. For the TLS noise value adopted here, an operating temperature of 150 mK represents a
good balance between rising TLS noise at lower temperatures and rising thermal GR noise at
higher temperatures (Fig. 5). For VL ¼ 10 μm3, the total NEP is minimized by maximizing
the readout power, subject to the limit described in Eq. (6). The detector noise is NEPdet ¼
4 × 10−20 WHz−1∕2 and is dominated by TLS noise. This model is summarized in Table 2.
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We note that further reductions to the inductor volume will reduce the NEP (Fig. 6). Such reduc-
tions are possible with the absorber shown in Fig. 4 by reducing the linewidth below 150 nm.

4.3 Ultralow NEP LEKIDs at 25 μm

The TIM detectors described in Sec. 4.1 may be adapted to operate at shorter wavelengths with
the use of a different absorber geometry. The wire grid absorber used in the 350 μm detectors is
0.4 μm wide; scaling this design with wavelength would require prohibitively narrow lines at
λ < 100 μm. An alternative approach is to interrupt the absorber line with a meander that
increases the resistance per unit length while simultaneously introducing a distributed capaci-
tance to compensate for the accompanying distributed inductance.70 An impedance match to
silicon may then be maintained with much wider lines. This effort is complementary to and
also driven by the mid-IR KID development for the Galaxy Evolution Probe, which requires
detectors down to 10 μm wavelength.71

Fig. 5 Sensitivity model predictions for the low volume LEKID proposed here, with ηa ¼ 0.1,
VL ¼ 10 μm3, and maximized Pg (see text for details). Detector NEP (black dashed) includes all
contributions to the NEP aside from the photon generation noise. The optimal operating temper-
ature is T ≈ 150 mK.

Fig. 6 Same as Fig. 5 with T ¼ 150 mK. With an optical load of Po ¼ 10−18 W, the photon gen-
eration noise is NEPphoton ¼ 3.4 × 10−20 WHz−1∕2, and the detector noise with V L ¼ 10 μm3 is
NEPdet ¼ 4.4 × 10−20 WHz−1∕2. Further reductions in the detector NEP are possible by further
reducing V L.
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This concept is shown in Fig. 7. The absorber couples to vertically polarized radiation and is
designed to be backside-illuminated through the silicon substrate. For a 10-μm wavelength con-
figuration, the linewidth is 200 nm and the unit cell is 2.4 μm on a side. Agilent HFSS sim-
ulations indicate that this geometry achieves a peak single-polarization absorptivity of just over
70% near 10 μm, and performs well at wavelengths beyond 25 μm, the shortest wavelength
required for Origins. This linewidth can be fabricated with a UV stepper, and further optimi-
zation targeting 25 μm would allow even larger linewidths. In addition, Ref. 70 presented
a resonant dual-polarization design for which simulations yield absorption of 70% in each
polarization.

Coupling these absorbers to free space radiation is achieved with microlenses. Microlenses
are commercially available at near-infrared wavelengths, but their substrates do not have low
absorption at mid-infrared wavelengths. Thus, they should be made of silicon for wavelengths
>20 μm (and likely germanium for 10 to 20 μm because of the silicon absorption features in the
14 to 16 μm range). Microlens arrays could either be fabricated separately and bonded to back-
illuminated KID arrays73 or etched into the backside before or after KID fabrication. There are
numerous examples of silicon microlens fabrication in the literature that could achieve the
μm-level tolerances required for operation down to 25 μm,74–80 although those involving micro-
machining and laser etching could be slow for arrays of 104 detectors. Another promising
approach is the deposition of micro-Fresnel plate lenses.81 This approach has the virtue of
fabrication simplicity but rejects 50% of the radiation outright.

Reference 70 presented dark measurements of an array of KIDs with an absorber as shown in
Fig. 7. The aluminum thickness was 40 nm, resulting in an inductor volume of 54 μm3. The
IDCs were smaller than those used in the TIM detectors, reducing the pitch to 0.4 mm and
pushing the readout frequencies up to the 1.4 to 2.0 GHz range. The frequency noise was domi-
nated by TLS noise, with typical values at 10 Hz of Sxx ¼ ð3 − 0.6Þ × 10−16 Hz−1 at T ¼ 100 to
200 mK, consistent with the expected T−1.7 scaling. Assuming the same film properties as in
Sec. 4.2.1 allows an estimate of the NEP. For a 0.5-aW load (appropriate for OSS at 25 μm),

Table 2 Proposed low NEP designs.

Existing 350 μm
Proposed low-NEP
lumped element

Parameter SPACEKIDs TIM lumped element 350 μm 25 μm

Temp (mK) 120 210 150 150

τmax (μs) 1480 35 1000 1000

Linewidth (nm) 2000 400 150 200

VL (μm3) 130 76 10 54

f res (MHz) 4700 250 250 1700

Pitch (mm) 1.6 2.3 2.3 0.4

α (kin. ind. fraction) 0.09 0.76 0.76 0.76

Rx (W−1) 4 × 109 1.2 × 109 3.1 × 1011 5.4 × 1010

Sxx;TLS (Hz−1) 1.4 × 10−18 1.8 × 10−17 9.0 × 10−17 3.4 × 10−16

NEPdet (WHz−1∕2) 3 × 10−19 4 × 10−18 4.4 × 10−20 3.5 × 10−19

Notes 1 2 3 4

Note: 350 μm designs include (1) the SPACEKIDs device as shown in Fig. 2,2 (2) the fabricated/characterized
TIM detector, (3) the same TIM device with an increased τmax, reduced temperature, and reduced inductor
volume under a 1-aW optical load. (4) 25 μm design adapts the low volume 350 μm device to optically couple
at shorter wavelengths, evaluated at 0.5-aW load.
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the predicted responsivity is Rx ¼ 5.4 × 1010 W−1, and the detector noise is strongly limited by
TLS with an NEP of 4 × 10−19 WHz−1∕2. These parameters are included in Table 2.

In summary, lumped element KIDs appear to be viable for Origins at wavelengths as short as
25 μm. Simulations indicate good optical efficiency for microlens-coupled absorbers, and dark
noise measurements indicate NEPs matching the FIP instrument goal.

5 Detector Array Requirements

In addition to the individual detector NEP goals, there are a number of array-level requirements
for FIP and OSS summarized in Table 1. Many of these requirements (e.g., tile size and multi-
plexing density) are met with current laboratory and suborbital demonstrators, whereas others
(e.g., the broad spectral range, small pixel pitch, and cosmic ray suppression) represent technical
challenges.

5.1 Array Size and Multiplexing Density

The FIP and OSS instruments will each have of order ∼105 detectors, in multiple arrays of up to
16,000 pixels each. The arrays will be tiled from ∼1 to 4 kilopixel subarray dies. Kilopixel arrays
have been fielded on ground-based telescopes18,29 and larger arrays are near deployment (e.g.,
the TolTEC millimeter-wave camera with three arrays, including one that is 3.6 kilopixels34).
The SPACEKIDs demonstration array has 961 pixels fabricated on a single wafer, and with
stringent criteria on allowed crosstalk achieves a >83% yield.2

The digital readout electronics baselined for Origins adopt a multiplexing density of
2000 pixels in a 4-GHz band, or 500 detectors∕GHz. The SPACEKIDs array is designed to
place 961 channels in 1.7 GHz of bandwidth, a density of about 565 pixels∕GHz. The potential
for crosstalk between adjacent channels in readout space is minimized by designing for a high
Q ¼ 105 and scheduling the readout frequencies to keep nearest neighbors in readout space at
least one detector apart while maintaining a smooth variation in readout frequency over the wafer
to minimize scatter due to film variations. A small fraction of devices is found to be close enough
in readout space to exhibit crosstalk at the 30-dB level.

Operating at lower fr offers a natural multiplexing advantage, as for a fixedQ the bandwidth
per resonator is correspondingly reduced.18 Additional improvements in multiplexing density
are possible with LEKIDs using post-fabrication resonator trimming methods, which can adjust
resonant frequencies after fabrication to eliminate frequency–space collisions arising from
lithography errors and material variation.82,83

Fig. 7 Photograph of the inductor/absorber portion of a 10-μm LEKID. The inset shows the basic
unit cell, optimized for the absorption of vertically polarized radiation, replicated over the full 60-μm
diameter absorber area. Simulations indicate a peak single-polarization absorption efficiency of
70% near 10 μm. Figure duplicated unaltered from Ref. 70; license can be found at Ref. 72.
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5.2 Spectral Coverage and Pitch

The FIP and OSS instruments will cover λ ¼ 50 to 250 μm and λ ¼ 25 to 588 μm, respectively
(Table 1). The SPACEKIDs detectors discussed in Sec. 3 are limited to operation at λ > 270 μm
due to the use of a NbTiN ground plane in the antenna. However, the use of thick aluminum as a
ground plane allows operation at higher frequencies with only 10% additional loss.50 An exten-
sion of this design to higher frequencies and larger bandwidths has been demonstrated with the
use of a leaky lens antenna, which couples to radiation over an octave of bandwidth from 107 to
215 μm.21 While the resonator design is complex, the KIDs used in this demonstration achieved
a limiting NEP ≈ 2.5 × 10−19 WHz−1∕2. Extending this design down to 25 μm would require
fabricating 300 nm features and maintaining a 1-μm air gap between the lens and antenna. As
discussed in Sec. 4.3, the LEKIDs under development for 25 μm operation use a lens-coupled
absorber with a 200 nm or larger linewidth. Aversion with 200 nm features has been successfully
patterned with good yield and characterized dark.

Because FIP and OSS span the full far-IR band, the minimum required pixel pitches are
smaller than in the existing prototypes designed for λ ¼ 350 μm. The pitch for FIP is 500 μm
in both bands, whereas for OSS it is 400 × 700 μm at the shortest wavelength. This is signifi-
cantly smaller than the 1.6 mm size of the quarter-wave CPW resonator used for the SPACEKIDs
demonstrator and requires reducing the per-pixel area by a factor of ∼10. The 10-μm LEKID
array fabricated in Ref. 70 achieves a 400-μm pitch with an area-efficient absorber/inductor
design and small interdigitated capacitors. These small IDCs necessarily mean increasing the
resonance frequency from 250 MHz to 1.7 GHz. However, this is still less than the ∼5 GHz

frequency typical of CPW resonators and is consistent with the readout scheme of 2000 pixels
per 4 GHz band. While we do not believe they are required, parallel plate capacitors may be
useful for these small pitch designs by adding further design flexibility.

5.3 Cosmic Ray Mitigation

Cosmic ray interactions with the detector substrate will produce high energy phonons, and the
resulting glitches in the detector time streams can potentially impact a large fraction of the data.84

One way to mitigate this effect with KIDs is to deposit a low-Tc film on the substrate, with the
expectation that high energy phonons entering this film will quickly down-convert to phonons
with energies near 2Δ0 (where Δ0 is the gap energy). At such low energies, these phonons
will not be capable of breaking Cooper pairs in the KID and will not produce a detector
response.2,55,85

Reference 55 demonstrated the effectiveness of this technique with laboratory measurements
using the same type of array as in the SPACEKIDs program. They found that the dead time due to
cosmic ray glitches could be reduced by a factor of 40 by depositing a layer of Ta on the backside
(with Tc ¼ 0.65 K compared with Tc ¼ 1.25 K in the Al). Crucially, this work showed that the
dead time per pixel was independent of array size, such that further increases in the array would not
increase the data loss rate. When accounting for the high event rate in an L2 orbit, these authors
predict a per-pixel dead time of 1.4%. A comparable reduction in the dead time was found for
devices in which the KID was placed on a thin membrane, isolating it from the larger substrate. In
the SPACEKIDs demonstration array, a TiN mesh was employed to absorb stray light and act as a
phonon trap, and the estimated dead time for an event rate appropriate for L2 was 4%.2

The OLIMPO balloon experiment conducted a stratospheric flight with arrays of lumped
element KIDs operating at 150 to 460 GHz. As with the TIM prototypes, these KIDs use
front-side illuminated, feedhorn-coupled absorbers with a metallized backshort. The backshort
was made from 200 nm aluminum and doubles as a phonon trap (the Tc is slightly less than that
in the 30-nm aluminum film used to pattern the KIDs). An analysis of the data conducted in
flight resulted in <4% of the data contaminated by cosmic rays.44

6 Summary

The far-IR detectors for the FIP and OSS instruments on the Origins Space Telescope will need
to achieve extremely low NEPs over the 25 to 588 μm band and be deployed in kilopixel
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subarrays that may be suitably scaled up to arrays with ∼104 detectors. We address the current
status for KIDs to meet these requirements, focusing on the antenna-fed CPW devices developed
in the SPACEKIDs program, as well as lumped element devices based on an extension of the
detectors under development for the TIM balloon experiment. The SPACEKIDs detector array
has achieved an NEP of 3 × 10−19 WHz−1∕2, suitable for imaging with FIP but not yet reaching
the NEP goal of 3 × 10−20 WHz−1∕2 for spectroscopy with OSS. The lumped element TIM detec-
tors have achieved an NEP of 4 × 10−18 WHz−1∕2, and reducing this to <1 × 10−19 WHz−1∕2

should be possible with changes to the inductor/absorber designed to increase the responsivity.
An array of lumped element KIDs designed to operate at 10 μm has been fabricated and char-
acterized, achieving a dark NEP of ∼4 × 10−19 WHz−1∕2.

Kilopixel subarrays with sufficiently high multiplexing density have been demonstrated on
ground-based telescopes, and this requirement should not pose a challenge for Origins.
The SPACEKIDs and TIM detectors have both been demonstrated at 350 μm, but simulations
suggest both architectures can be adapted to work down to 25 μm. The small 500 μm pitch
demanded by FIP and OSS represents a challenge for the SPACEKIDs CPW resonators, but
a 400 μm pitch has been demonstrated with the lumped element design. Cosmic ray contami-
nation will be an issue for any detector architecture, but hardening KID arrays using low
Tc phonon traps promises to reduce the cosmic ray dead time to <5%.
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