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Characterization of a Far-Infrared Kinetic Inductance
Detector Prototype for PRIMA

Steven Hailey-Dunsheath , Sven van Berkel , Andrew D. Beyer, Logan Foote, Reinier M. J. Janssen ,
Henry G. LeDuc , Pierre M. Echternach , Charles M. Bradford, Jochem J. A. Baselmans ,

Shahab Dabironezare , Member, IEEE, Peter K. Day, Nicholas F. Cothard , and Jason Glenn

Abstract—The PRobe far-Infrared Mission for Astrophysics
(PRIMA) is under study as a potential far-IR space mission, fea-
turing actively cooled optics, and both imaging and spectroscopic
instrumentation. To fully take advantage of the low background
afforded by a cold telescope, spectroscopy with PRIMA requires de-
tectors with a noise equivalent power (NEP) better than1 × 10−19

W Hz−1/2. To meet this goal, we are developing large format
arrays of kinetic inductance detectors (KIDs) to work across the
25–250µm range. Here, we present the design and characterization
of a single pixel prototype detector optimized for 210 µm. The KID
consists of a lens-coupled aluminum inductor-absorber connected
to a niobium interdigitated capacitor to form a 2 GHz resonator.
We have fabricated a small array with 28 KIDs, and we measure
the performance of one of these detectors with an optical loading
in the 0.01–300 aW range. At low loading, the detector achieves an
NEP of 9 × 10−20 W Hz−1/2 at a 10 Hz readout frequency. An
extrapolation of these measurements suggests this detector may
remain photon noise limited at up to 20 fW of loading, offering a
high dynamic range for PRIMA observations of bright astronom-
ical sources.

Index Terms—Far-infrared, kinetic inductance detectors (KIDs),
PRobe far-infrared Mission for Astrophysics (PRIMA), ultralow
noise equivalent power (NEP).

I. INTRODUCTION

FAR-INFRARED (far-IR; 25–250 μm) spectroscopy and
spectrophotometry are unique tools for studying the interi-

ors of galaxies and forming planetary systems. Far-IR radiation
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readily escapes regions that are deeply obscured by dust at
optical and near-infrared wavelengths, and far-IR measurements
can provide quantitative metrics of star formation and black hole
growth in distant galaxies, as well as the chemical constituents
of protoplanetary disks as they evolve. Revolutionary advances
are still possible with a modest space mission in the far-IR,
because a platform that operates at the fundamental limits in
the band between JWST and ALMA has not yet been fielded.
We are developing the PRobe far-Infrared Mission for Astro-
physics (PRIMA [1]),1 a NASA concept that features a 2-m
class telescope and optics cooled to below 5K. With sufficiently
sensitive detectors, this cold telescope enables measurements
limited by only the photon shot noise of the zodiacal and galactic
dust emission. The PRIMA FIRESS grating spectrometer has
an R ∼ 130 spectral bin per detector pixel, and an estimated
20% optical efficiency into a 1 f λ dual-polarization pixel. When
looking toward the north ecliptic pole, this fundamental photon
noise limit corresponds to a detector noise equivalent power
(NEP) of ≈1× 10−19 W Hz−1/2 in the 100–250 μm range.

Kinetic inductance detectors (KIDs) are poised to meet this
demanding sensitivity requirement while also offering favorable
system properties compatible with a modest space mission:
operation temperature up to 150 mK, high multiplex factor, and
low focal plane power dissipation. KIDs have demonstrated high
yield in kilopixel arrays [2], [3], sufficient immunity to cosmic-
ray interactions [4], [5], and have been fielded successfully in
balloon instruments [6], [7]. The unique sensitivity requirements
for a PRIMA-like mission have been demonstrated in antenna-
coupled 1.5 THz (200 μm) devices [8], [9], setting the stage for
proceeding with PRIMA for implementation this decade. Here,
we present a KID design developed specifically for PRIMA
that uses a lens-coupled all aluminum multimode absorber ar-
chitecture, building on the development of KID focal planes
for the TIM and BLAST balloon experiments [3], [7], [10],
[11]. Relative to an antenna-coupled (single-mode) approach,
the multimode absorber coupling can scale to the shortest far-IR
wavelengths, and offers increased versatility in the instrument
design. This article focuses on a 210 μm KID that demon-
strates an NEP below 10−19 WHz−1/2 at 10 Hz. We present
the device design, measured performance, and validation of our
KID sensitivity model, which allows the confident prediction of
in-flight performance with PRIMA. We have also designed and

1[Online]. Available: www.prima.ipac.caltech.edu
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Fig. 1. Layout of a single KID. (a) Niobium features include the CPW
readout line along the top of the figure, the IDC, and the surrounding ground
plane (green). The inductor-absorber is aluminum (blue), and connects to the
IDC through a niobium plug (red). (b) Schematic of the inductor-absorber
highlighting the connections between individual unit cells. This drawing is not
to scale—the gaps between traces have been exaggerated for clarity (see Fig. 2).

built 1008-pixel arrays using this pixel architecture. Early test-
ing of these shows >90% resonator yield; sensitivity statistics
and cosmic-ray response are presented in companion articles
[5], [12].

II. DETECTOR DESIGN AND FABRICATION

A. Device Description

The layout of an individual KID is shown in Fig. 1. Each pixel
consists of a niobium interdigitated capacitor (IDC) connected
to an aluminum inductor to form a parallel LC resonant circuit.
The IDC uses 2 μm wide fingers with a 10 μm spacing, and the
capacitor size is varied from pixel to pixel so each pixel will have
a unique resonance frequency, allowing for a frequency mul-
tiplexed readout [12]. A niobium coplanar waveguide (CPW)
structure meanders through the device to capacitively couple
the microwave readout signal to each individual pixel. A region
of the ground plane extends to the edge of the IDC to provide
a capacitive coupling, and a path to ground for the microwave
current. The feedline and IDC are made from a sputter-deposited

Fig. 2. Optimized Π-absorber. Orientation is rotated by 90 ◦ with respect to
Fig. 1. (a) SEM picture, (b) schematic with dimensions, and (c) broadside plane
wave response.

layer of niobium, and patterned using reactive ion etching. Dur-
ing etching, a resist mask patterned using optical stepper lithog-
raphy is used to achieve the desired geometry. The aluminum
inductor is defined by electron beam lithography and liftoff of a
30 nm thick sputtered aluminum layer. The connection between
the niobium IDC and the aluminum inductor is accomplished by
a niobium plug defined by photolithography. Prior to the niobium
deposition, the surface layer of aluminum oxide is stripped using
ion milling to provide a good electrical contact between the
capacitor and inductor. The device is fabricated on a 300 μm
thick high resistivity float zone (HRFZ) grown silicon wafer to
provide good transmission in the far-IR. This wafer is then glued
to another HRFZ silicon wafer containing a lens array.

B. Absorber Design

The aluminum inductor, which is superconducting at mi-
crowave frequencies, doubles as an absorber at THz frequencies.
A Π-shaped absorber was optimized for absorbing signals from
two orthogonal linear polarizations (see Fig. 2). When placed in
a periodic grid and connected on the sides, this unit cell forms a
single meandering inductor. The upper horizontal line of the Π
does not contribute to the inductance but improves absorption of
the vertical polarization via capacitive coupling to the adjacent
unit cell. The absorber unit cell is optimized using full-wave
simulations considering infinite silicon and air half-spaces above
and below the absorber, respectively. To simplify the fabrica-
tion and assembly, no quarter-wavelength backshort was used,
which limits the potential absorption efficiency to approximately
77%. The aluminum was modeled with a sheet resistance of

Authorized licensed use limited to: TU Delft Library. Downloaded on July 21,2025 at 13:11:45 UTC from IEEE Xplore.  Restrictions apply. 



548 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 15, NO. 4, JULY 2025

Rs = 1.15 Ω/�. A minimum line width and line separation
of 0.2 μm was enforced, leading to a unit cell periodicity of
15 μm to achieve optimum absorber efficiency. The optimized
absorber response for a broadside plane wave coming from the
silicon is shown in Fig. 2(c). A polarization-averaged absorption
efficiency of 70% was achieved over a broad band, close to the
theoretical limit of 77% for an absorber without backshort.2

C. Lens Design and Optical Efficiency

The lens concentrates incident light from a large area onto
a significantly smaller absorber, and greatly impacts the net
optical efficiency. Maximizing the optical response of the detec-
tor requires minimizing the absorber volume. We have studied
square absorbers in a 5 × 5 or 7 × 7 unit cell configuration,
corresponding to aluminum volumes of 11.3 and 20.6 μm3,
respectively. Both configurations use the same unit cell, shown in
Fig. 2(b). The absorbers are comparable in size to a wavelength
in silicon − 75 μm (=1.3λ) or 105 μm (=1.8λ) for λ = 200
μm, and therefore low focal ratio (f/#) lenses are needed to
minimize the spillover losses [13]. The minimum lens f/#
possible was dictated by the minimum wafer thickness we were
comfortable handling, which was 300 μm for the detector wafer
and 200 μm at the thinnest points of the lens wafer. This leads
to an extended hemispherical lens design with f/# = 0.745.
The simulated spillover efficiency at λ = 200 μm with respect
to the absorbers was 83% and 90% for the 5 × 5 and 7 × 7 grids,
respectively.

Fig. 3 shows the simulated optical efficiency of the lens-
coupled absorber, assuming a broadside plane wave impinging
on the lens surface. Simulations are performed in CST Mi-
crowave Studio using the finite-difference time-domain (FDTD)
method. The efficiency is analyzed both with and without a
Parylene-C (εr = 2.62) quarter-wavelength antireflection (AR)
coating. The measurements presented in this work are done with
lens arrays without an AR-coating. The black lines in Fig. 3 show
the polarization-averaged efficiency, which is between 44% and
48% for the 5 × 5 absorber, and between 47% and 50% for the
7 × 7 absorber.

The red dashed lines in Fig. 3 indicate the approximate
theoretical limits to the optical efficiency, including the absence
of a backshort (∼77% for a broadside plane wave), absence of an
AR-coating (∼70% limit without coating3), and the simulated
spillover of the focal plane field. This spillover efficiency is a
function of wavelength and is calculated as the ratio of the power
that is geometrically available to the finite-sized absorber to the
total power incident in the lens focal plane. These calculations
are performed using an efficient quasi-analytical method [14]. At
long wavelengths, the absorbers become electrically small and
the effective area can be larger than the geometrical area [15],
such that the spillover efficiency as calculated here underesti-
mates the true absorption efficiency. This effect is responsible

2With no backshort the maximum absorption efficiency for normal incidence
is n/(1 + n) = 0.77 for silicon, assuming an index of refraction n = 3.42.

3With no AR-coating, the transmission efficiency from free space into the
silicon lens for a normally incident plane wave is 1− (1− n)2/(1 + n)2 =
0.70, assuming an index of refraction n = 3.42.

Fig. 3. Simulated optical efficiency of the lens-coupled absorbers, both with
and without an AR coating. (a) Efficiency with the 5 × 5 absorber, and (b) with
the 7 × 7 absorber. Polarization-averaged efficiencies with the nominal lens
radius (black) and measured lens radius (grey) are compared with the theoretical
limits (red dashed).

for the drop in the theoretical absorption limits shown in Fig. 3,
which fall below the simulated efficiencies at long wavelengths,
particularly for the smaller 5× 5 unit cell absorber. Additionally,
the approximated optimum is pessimistic, as an absorber without
backshort under a low f/# lens becomes more sensitive to plane
waves coming from angles beyond the silicon-air critical angle.

The 21 × 21 lens array used in this measurement was
machined with laser ablation technology at Veldlaser.4 SEM
pictures of a portion of the array and zoom-in of the lens surface
are shown in Fig. 4. The surface profile of a full row of lenses
(20 mm line scan with a 1 μm resolution) was measured using a
Mitaka NH-5NS surface mapping tool,5 indicating an increased
(by 40.5μm) lens radius, and a surface roughness rms of 4.8μm.
We repeated the full-wave simulations with the larger lens radius
and found a reduction in the optical efficiency of up to 10%
(see Fig. 3). The impact of the 4.8 μm rms surface roughness
was estimated using the standard Ruze efficiency, adapted for

4[Online]. Available: www.veldlaser.nl/en/
5[Online]. Available:www.mitakakohki.co.jp/english/industry/nh_series/

lineup/nh-5ns-.html
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Fig. 4. Machined 21 × 21 lens array with low f/# lenses. (a) SEM of
some lenses, (b) close-up SEM showing surface roughness, and (c) zoom-in
of designed, measured, and simulated lens profile.

refractive lenses [16], [17], which suggests an additional penalty
of 12%. As a result of the larger radius and the finite surface
roughness, the wavelength-averaged optical efficiency of the
7 × 7 unit cell absorber is simulated to be 40%.

In parallel with these initial measurements, NASA’s God-
dard Space Flight Center (GSFC) has developed 1008-pixel
microlens arrays using etching via grayscale lithography. These
arrays show excellent surface quality even for PRIMA’s shortest
wavelengths, as well as a short manufacture time [18]. They are
now being manufactured in the PRIMA flight format, and are
the baseline plan for PRIMA’s KIDs.

III. EXPERIMENTAL SETUP

Fig. 5 shows the optical setup. Radiation is generated by a
variable temperature blackbody source that is mounted to the
exterior of a cryogen-free dilution refrigerator’s 4K shield with
low-thermal-conductivity flexures. The blackbody is thermally
connected to the 4K stage through copper braids chosen to pro-
vide a heat conductance that balances blackbody speed against
thermal loading of the shield. A flange with a 3.8 cm opening
limits the amount of blackbody radiation to avoid overheating
the still shield. Radiation enters the still shield through a 4.6 cm
diameter opening covered with a Zitex filter, and the mixing
chamber shield through a 500 μm diameter aperture. This small
aperture reduces the optical throughput, which allows the de-
sired optical power range (3× 10−21 − 1× 10−15 W) to be
reached with the available blackbody temperatures (4− 33 K).

Fig. 5. (a) Optical setup. (b) Filter stack transmission as a function of fre-
quency. Peak transmission is 44% at 1.42 THz, and FWHM is 0.17 THz.
(c) Readout schematic.

Additionally, the diffraction introduced by the 500 μm aperture
(= 2.4λ at 210 μm) causes a reasonably constant illumination
level over the detector array. The aperture flange holds behind
it a 2 THz low-pass filter. The detector array is located close
to the mixing chamber plate inside a copper housing, which
also secures in place a stack of five bandpass filters centered at
1.41 THz (213 μm). The peak transmission of the full filter stack
is 44%, and the FWHM is 0.17 THz [see Fig. 5(b)]. Both the
still and mixing chamber shields are coated with a mixture of
black epoxy and carbon black [19]. The 500 μm aperture and
the bandpass filter stack are sunk at the 125 mK temperature of
the mixing chamber, so thermal emission from these sources is
expected to be negligible.

The blackbody radiation incident on the front of the lens is
calculated as [13]:

Pinc = ΩlensAapηap

∫
Bν(ν, TBB)T (ν) dν, (1)

where Bν(ν, TBB) is the Planck function at the blackbody
temperature TBB, T (ν) is the transmission through the filter
stack shown in Fig. 5(b), Ωlens is the solid angle subtended by
the lens as seen from the 500 μm pinhole aperture, and Aap is
the aperture area. The ηap parameter in (1) accounts for the loss
in incident power due to the small size of the pinhole, combined
with the finite angular size of the blackbody as viewed from the
pinhole aperture. We calculate ηap by considering a plane wave
normally incident on the pinhole in the time-reverse direction,
and computing the fraction of the far-field radiation that couples
to the blackbody [20]. Modeling the pinhole as a circular hole
with radius a in a thin, perfectly conducting sheet, a vector
diffraction calculation gives the transmitted power per unit solid
angle as [21]:

dP

dΩ
= Pi

(ka)2

4π

(
cos2(θ) + cos2(φ) sin2(θ)

)∣∣∣∣2J1
(
ka sin(θ)

)
ka sin(θ)

∣∣∣∣
2

,

(2)
where Pi is the power normally incident on the aperture. The
3.8 cm opening in front of the blackbody subtends a 21.3◦ angle
as viewed from the pinhole. Integrating the diffraction pattern
over this solid angle yields ηap = 0.38.
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As shown in Fig. 5(c), measurements are performed by send-
ing a microwave signal at the resonant frequency of the KID
through a feedline that is capacitively coupled to the resonator.
The transmitted signal is amplified by a cryogenic amplifier
and a chain of warm amplifiers before being down-converted
by an in-phase quadrature (IQ) mixer. The down-converted
in-phase and quadrature signals are digitized with a sample rate
of 100 kHz and saved separately.

IV. MEASUREMENTS

We cryogenically tested a wafer patterned with 14 large vol-
ume KIDs (with 7 × 7 unit cell inductors) and 14 small volume
KIDs (with 5 × 5 unit cell inductors). The IDCs and coupling
capacitors of these KIDs were designed to produce resonance
frequencies in the 2–3 GHz range, and coupling quality factors
ofQc = 104. A total of 7 large volume KIDs were identified, and
all of these showed a response to the cryogenic blackbody. We
chose the resonator at fr = 2.1 GHz with the strongest optical
response for detailed study.

While only 7 of the 14 large volume KIDs on this wafer were
identified, subsequent improvements to the fabrication proce-
dure have increased this yield. The fabrication process employed
on this wafer was designed for liftoff of small Al/AlOx/Al
junctions, and not for a grid of closely spaced lines. We have
improved the yield by: 1) individually characterizing the bilayers
in the liftoff process to input into 3-D proximity correction soft-
ware, along with the nominal grid design, for e-beam lithography
exposure and 2) improving control of the undercut of the bottom
layer. The fabrication yield on more recent large format arrays
is > 90% [12].

A. Dark Measurements

We begin by characterizing the detector with the cryogenic
blackbody set to 5.4K, which corresponds to a negligible in-
cident power of 0.027 aW at the front of the lens, effectively
placing the detector in the dark. We perform a frequency sweep
of the microwave source over the resonance with a drive power
of Pg = −98 dBm at the detector, which is approximately 6 dB
below the bifurcation power [22]. We fit the system-corrected
microwave transmission using

S21 = 1− Qr/Qc (1 + j tan(φ))
1 + 2jQrx

(3)

where x = (f − fr)/fr is the fractional detuning away from the
resonator frequency fr, Qr is the resonator quality factor, Qc

is the coupling quality factor, and the tan(φ) term accounts for
impedance mismatches along the transmission line [23], [24].
At T = 125 mK this fit yields Qr = 104 and Qc = 1.1× 104,
close to the target value.

Transmission profiles as a function of the stage temperature
for T =100–275 mK are shown in Fig. 6, and the estimated
fractional frequency shift (x = δfr/fr) is shown in Fig. 7. We
fit this data with the standard Mattis–Bardeen expression [23]

xMB = −αγS2(ω)

4N0Δ0
nqp (4)

Fig. 6. System-corrected microwave transmission profiles as a function of
stage temperature for fixed optical loading (top), and as a function of optical
loading at fixed stage temperature (bottom).

Fig. 7. Fractional frequency shift versus stage temperature for a dark mea-
surement, along with fits to x = δfr/fr for a range of fixed α and variable Δ0.
Models arex = xMB + δx for a zero temperature offset δx. TheTc is computed
following the BCS relation Δ0 = 1.76kBTc.

where α is the kinetic inductance fraction, Δ0 is the gap en-
ergy, and γ = 1 is appropriate for the thin films used here.
We adopt a density of states of N0 = 1.72× 1010 μm−3 eV−1

[25]. The quasiparticle number density nqp is given by nth =
2N0

√
2πkBTΔ0 exp(−Δ0/kBT ), and we also use the standard

expression for S2(ω) appropriate for a thermal quasiparticle
distribution [23]

S2(ω) = 1 +

√
2Δ0

πkBT
exp

(
− h̄ω

2kBT

)
I0

(
h̄ω

2kBT

)
(5)

where ω = 2πf . When using (4) to model the data shown in
Fig. 7 we allow α and Δ0 to vary, as discussed below.

The two models shown in Fig. 7 are fits to x(T ) with α
fixed at 0.95 and 0.50, respectively, and Δ0 treated as a free
parameter. For this temperature range α and Δ0 are almost
entirely degenerate, and additional information must be used
to constrain these two parameters. Given the narrow 0.2 μm
line width the kinetic inductance in the absorber is expected to
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Fig. 8. Fractional frequency shift versus incident optical power, along with a
fit (blue) for (8). The vertical dashed line shows the fitted value of the parameter
P0. Inset shows the same on a linear scale, along with the result of a fit for a
constant responsivity (green) for comparison.

be significantly larger than the geometric inductance, and elec-
tromagnetic simulations of the absorber with Sonnet6 indicate
α ≈ 0.95. We thus adopt α = 0.95 and Δ0 = 0.245 meV as our
preferred model. Assuming the standard BCS relation between
the gap energy and transition temperature (Δ0 = 1.76kBTc) this
corresponds to Tc = 1.61K.

With α = 0.50 the best fit value of Δ0 is 0.231 meV, only
≈6% lower than in our preferred model. This value of α would
be significantly lower than expected from the simulations, and
also lower than the values of α obtained in other narrow line alu-
minum inductors [10], [11], [26]. We consider this a conservative
lower limit to the kinetic inductance fraction, and Δ0 = 0.231
meV a corresponding lower limit to the gap energy.

We note that while these estimates of α and Δ0 contain some
uncertainty, precise values of these parameters are not required to
measure the detector sensitivity. The calculation of the detector
NEP and optical efficiency presented in Section IV-C does not
require any knowledge ofα, and is only weakly dependent on the
adopted value of Δ0 through (11). We discuss this dependence
more fully in Section IV-C.

B. Optical Measurements

We measure the optical response of this KID by fixing the
stage temperature at 125 mK and running the cryogenic black-
body between 5.4 and 33.4 K, corresponding to an incident
power range of Pinc = 0.027−943 aW. The resultant resonator
profiles are shown in the bottom panel of Fig. 6, and the fractional
frequency shift as a function of optical loading is shown in Fig. 8.

If the quasiparticle generation rate due to the absorption of
microwave readout power may be neglected, the change in the
fractional frequency shift with respect to the change in incident
power (Pinc) may be written as [23]

dx

dPinc
= ηopt

αγS2(ω)

4N0Δ0

ηpbτmax

Δ0V
(6a)

6[Online]. Available: www.sonnetsoftware.com/

[(
1 +

nth

n∗
)2

+
2ηpbηoptPincτmax

n∗Δ0V

]−1/2

= R0

[
1 +

Pinc

P0

]−1/2

(6b)

where we have introduced

R0 = ηopt
αγS2(ω)

4N0Δ0

ηpbτmax

Δ0V

(
1 +

nth

n∗
)−1

(7a)

P0 =
n∗Δ0V

2ηpbηoptτmax

(
1 +

nth

n∗
)2

. (7b)

In these equations, ηopt is the optical efficiency of the lens
and absorber, such that the power absorbed in the detector
is Pabs = ηoptPinc. The quantity ηpb is the pair-breaking effi-
ciency, defined as the fraction of the photon energy that breaks
Cooper pairs, and V is the inductor volume. We adopt the
common empirical description of the quasiparticle lifetime:
τqp = τmax(1 + nqp/n

∗)−1, where nqp is the quasiparticle num-
ber density at the given optical load, and τmax andn∗ are constants
determined by the film properties.

In (7), P0 is constant with incident power and R0 depends
on the optical loading only through the parameter S2(ω), which
depends on the quasiparticle energy distribution. We estimate
that S2(ω) varies by only ≈10% for the range of optical loading
considered here. Neglecting this variation and treating R0 as a
constant, we may integrate (6) to find

x(Pinc)− x(Pinc = 0) = 2R0P0

[(
1 +

Pinc

P0

)1/2

− 1

]
. (8)

A fit to the data in Fig. 8 with this approach yields R0 = 2.7×
1010 W−1 and P0 = 101 aW (see Fig. 8 inset).

At each optical load we obtain a 20 s time stream of IQ data at
fixed tone frequency, and calculate the fractional frequency noise
power spectral density (PSD), Sxx, shown in Fig. 9. Focusing on
sampling frequencies >10 Hz, we see that at low optical loading
the PSD is dominated by a power law component consistent with
two-level system (TLS) noise [27], while at high optical loading
the white photon noise dominates. The white noise component
rolls off with a knee frequency of ≈0.4− 1 kHz, which is well
below the ≈100 kHz resonator ring-down frequency (fring =
fr/2Qr), or the ≈50 kHz roll-off due to the warm electronics
filter, and we attribute this knee to the quasiparticle lifetime. We
fit the resonator contribution to the measured PSD at f > 10 Hz
using

Sxx =
Af−0.25 +B

1 + (2πfτqp)2
+

C

1 + (2πfτc)2
(9)

whereA represents the amplitude of the 1/f term, which we find
is well described by an f−0.25 power law, and B is the white
noise term. We find evidence for a second white noise component
in excess of the electronics noise, and account for this with the
second term in (9). Typical values here areC = 1× 10−17 Hz−1,
and τc = 40μs (corresponding to a knee frequency fc = 4 kHz).
The bottom panel of Fig. 9 shows the fitted white noise amplitude
(B), the 1/f noise amplitude at 10 Hz (A× 10−0.25), and τqp.
At incident power levels above 3 aW there is sufficient photon
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Fig. 9. (top) Fractional frequency noise over a range of optical loads, with
electrical noise spikes at 60 Hz and harmonics removed. Noise measured
orthogonal to the phase direction shown as dashed lines (Syy). Vertical lines
indicate the fitted roll-off of the resonator component, and the thick line at
100 kHz indicates the resonator ring-down frequency. (bottom) Fitting results
of the PSDs using (9). The quasiparticle lifetime estimated from the shape of
dx/dPinc is overplotted (green).

noise to obtain a fit to τqp, and we estimate τqp decreases from
400 μs at 3.1 aW to 148 μs at 943 aW.

The frequency response to optical power may be used to
provide an additional constraint on the quasiparticle lifetime.
With the assumption that the changing slope dx/dPinc seen in
Fig. 8 is due primarily to the change in τqp, we expect that the two
quantities are proportional. Making use of (6), we may express
this as τqp ∝ [1 + Pinc/P0]

−1/2. Normalizing this equation to
the absolute value of τqp = 148 μs at Pinc = 943 aW measured
from fitting the PSD roll-off, and adopting P0 = 101 aW from
the analysis of the data in Fig. 8, we construct a model for τqp

as a function of Pinc. This is shown as the green curve in Fig. 9
(bottom). We find that this model is consistent with the values of
τqp estimated by fitting the PSD roll-off, and indicates that τqp

saturates at 400–500 μs as the optical load drops below 1 aW.

C. Noise Equivalent Power

With the electrical noise and response to incident power mea-
sured, we may compute the NEP referenced to power incident
on the front of the lens as

NEPinc =
√
Sxx

(
dx

dPinc

)−1 √
1 + (2πfτqp)

2. (10)

Fig. 10. NEP referenced to absorbed power at sampling frequencies of 10 Hz
(black) and 100 Hz (red), for an estimated optical efficiency of ηopt = 0.32.
Overplotted is the photon NEP (green) and a fit to the measured 100 Hz noise
combining the photon noise and a fixed contribution added in quadrature (blue
dashed).

In Section IV-B, we used a detailed detector model to develop
an expression for dx/dPinc, but then grouped terms to arrive
at a simple 2-parameter model of x(Pinc) (6)–(8). This model
provides an excellent match to the measurements (see Fig. 8),
and we consider the resulting description of dx/dPinc to be
comparable to what would be obtained from an interpolation
or other purely phenomenological description of this data. We
use the measured Sxx in (10), and consider the first two terms of
this equation to be directly obtained from the data, with minimal
influence of any model assumptions.

The third term in (10) describes the reduced responsivity
at high sampling frequencies due to the finite τqp. As de-
scribed in Section IV-B, this parameter is obtained through fits
to the noise PSDs, supplemented by an extrapolation of the
shape of dx/dPinc to low optical powers. We adopt a value of
τqp = 415 μs in the low loading limit, but acknowledge some
uncertainty in this number. Changes to this τqp will have little
impact on the NEP at sampling frequencies of 10–100 Hz, and
hence on the inferred optical efficiency (see Fig. 10), but will
determine how quickly the NEP degrades at higher frequencies
(see Fig. 11).

At high optical loading, our noise is dominated by photon
generation-recombination (GR) noise, and we may use the
method developed by [28] to compute the optical efficiency
ηopt, and with it the NEP referenced to absorbed power. For
background limited operation, the photon-limited NEP is

NEP2
γ = 2hνPabs

(
1 + n0 +

2Δ0

hνηpb

)
(11)

where the first term is the photon (generation) shot noise, the sec-
ond term represents wave noise (for a photon occupation number
n0 in the detector), and the last term represents recombination
noise. The wave noise term is negligible at these frequencies.
ForΔ0 = 0.245meV and ηpb = 0.5 (Section V-C), this last term
is 2Δ0/hνηpb = 0.17, indicating that recombination noise is a
small contribution. The ratio of this expression for NEPγ to the

Authorized licensed use limited to: TU Delft Library. Downloaded on July 21,2025 at 13:11:45 UTC from IEEE Xplore.  Restrictions apply. 



HAILEY-DUNSHEATH et al.: CHARACTERIZATION OF A FAR-INFRARED KINETIC INDUCTANCE DETECTOR PROTOTYPE FOR PRIMA 553

Fig. 11. NEP referenced to absorbed power as a function of sampling fre-
quency measured for an absorbed powerPabs = 0.0086 aW, both before correct-
ing for the reduced response at high frequency (dashed), and after the correction,
assuming τqp = 415 μs (solid).

measured NEPinc in the photon noise limited regime is equal to√
ηopt.
In Fig. 10, we show the result of this analysis. Based on the

photon noise comparison, we estimate an optical efficiency of
ηopt = 32%. When referenced to absorbed power, the NEP at 10
and 100 Hz sample frequencies approach 9× 10−20 W Hz−1/2

and 6× 10−20 W Hz−1/2, respectively, in the low loading limit.
Using a smaller value of Δ0 = 0.231 meV (Section IV-A) will
slightly reduce the recombination noise term in (11), but will
only reduce the inferred optical efficiency by ∼2%. In Fig. 11,
we show the NEP spectrum measured under the lowest optical
loading (Pabs = 0.0086 aW) as a function of sample frequency,
calculated from (10) with τqp = 415 μs.

The 32% measured optical efficiency is slightly lower than
the 40% absorption efficiency simulated for the 7 × 7 unit cell
absorber and the as-built lens (Fig. 3 and Section II-C). This
measured efficiency depends on our assumption of the pinhole
aperture efficiency, which was estimated to be ηap = 0.38 in
Section III, but which has not yet been measured. A moderate
error in this estimate could noticeably impact the inferred optical
efficiency. For example, a 20% reduction in the assumed ηap
from 0.38 to 0.30 would increase the inferred optical efficiency
to ηopt = 40%, bringing it into agreement with the simulations.
Future work will involve bringing the blackbody much closer to
the pinhole aperture, thereby increasing ηap to above 90%, and
reducing the impact of any errors in this number on the optical
efficiency estimate.

The discrepancy between the measured and simulated ab-
sorption efficiency may also indicate a reduced efficiency of
the lens-coupled absorber. For example, the Π-shaped absorber
described in Section II-B was optimized assuming a sheet re-
sistance of Rs = 1.15 Ω/�. If the aluminum film deposited
here has a lower sheet impedance the absorber will couple more
poorly to the incident wave. Profile errors in the silicon lens
may also contribute to a reduced efficiency. The surface profile
measurements described in Section II-C constrained the radius
of curvature of the lens, but did not measure the overall thickness

of the lens wafer. An error in this thickness would result in a
defocusing of the concentrated light. Additionally, the surface
roughness was extracted from a 1-D scan of the lens array, which
may not have captured the full roughness pattern. Future work
will be required to measure the low temperature sheet impedance
of the aluminum film, and to better describe the surface profile
of the silicon lens. We note that regardless of the source of
this diminshed coupling, the NEP shown in Figs. 10 and 11 is
measured with respect to absorbed power, and is thus a measure
of the intrinsic detector sensitivity.

We may also ask to what extent the small inferred optical ef-
ficiency may be a consequence of an error in the above analysis.
The comparison of the measuredNEPinc with the photon-limited
NEPγ is valid when the system is photon noise limited, and
if this is not the case, the extracted ηopt will be incorrect.
However, there are a number of indications that the detector is
indeed photon noise limited above Pabs ≈ 10 aW. These include
the white shape of the noise PSD (see Fig. 9), which argues
against significant contribution from TLS or other noise sources
with a 1/f profile, as well as the large difference between Sxx

and Syy, which argues against a significant contribution from
amplifier noise or any other additive term that may be expected
to contribute equally to the noise in both quadratures. We also
note that the measured NEP scales as P

1/2
abs (see Fig. 10), as

expected for the photon-limited regime [see (11)]. As such, we
consider it much more likely that the detector is indeed simply
coupling to the cryogenic blackbody less strongly than expected.

V. KID SENSITIVITY MODEL AND DYNAMIC RANGE

The measurements obtained in Section IV characterize the
sensitivity of this detector at T = 125 mK and at optical loads
up to 300 aW. In this section, we use these measurements in a
detector model to extrapolate the performance of this detector
to higher temperatures and optical loading.

A. KID Model

We use the KID sensitivity model previously developed in
[29], with parameters updated to match the detector measured
here. The responsivity model is given by (6) and (7). In Sec-
tion IV-B, we obtained estimates of R0 = 2.7× 1010 W−1

and P0 = 101 aW at T = 125 mK, where nth << n∗, and the
(1 + nth/n

∗) term may be set to 1. These estimates also assumed
a constant value of S2(ω) = 3.4. Using ηopt = 0.32, we extend
these results to adopt a responsivity model with finite nth and
variable S2(ω)

dx

dPabs
=

R0

ηopt

S2(ω)

3.4

[(
1 +

nth

n∗
)2

+
Pabs

ηoptP0

]−1/2

(12a)

=
[
2.5× 1010 W−1

]
S2(ω)[(

1 +
nth

n∗
)2

+
Pabs

32 aW

]−1/2

. (12b)

The model for τqp developed in Section IV-B may be param-
eterized with n∗ = 20 μm−3, and we compute nth(T ) using
Δ0 = 0.245 meV. We calculate S2(ω) by assuming a thermal
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quasiparticle distribution, with an effective temperature obtained
by solving nth(T ) = nqp [29].

It is informative to compare the measured value of R0 =
2.7× 1010 W−1 with a prediction using our best estimates of
the fundamental KID parameters in (7). We assume the inductor
volume is V = 20.6 μm3, as designed, and make use of the
results of Section IV-A to specify α = 0.95 and Δ0 = 0.245
meV. The model for τqp developed in Section IV-B indicates
τmax = 420 μs, and we adopt a pair-breaking efficiency of
ηpb = 0.5 (Section V-C). These parameters give an expected
value of R0 = 1.9× 1010 W−1, a factor of ≈1.5 smaller than
measured. Equation (7) is the product of a number of terms,
each with their own uncertainty, and we are encouraged that
the responsivity computed from the basic detector parameters is
close to the measured value. We stress that the responsivity used
in this section is based on the measurements in Section IV-B,
and not on a first principles detector model.

At low optical loading, the electrical noise at 10 Hz is
Sxx ≈ 5× 10−17 Hz−1, and is assumed to be dominated by
TLS noise (see Fig. 9). The amplifier noise contribution is
Sxx ≈ 3.5× 10−18 Hz−1, which corresponds to an effective
noise temperature of Tn = 15K when referenced to the input of
the cryogenic amplifier. We expect this will be improved in the
PRIMA readout chain, but conservatively carry this as-measured
noise in the analysis below. The scaling of TLS noise, amplifier
noise, thermal GR noise, and microwave generation noise with
temperature, optical loading, and resonator detuning are all
described in [29].

B. Temperature Dependence

In Fig. 12, we show the set of Sxx noise measurements
obtained at T = 100− 275 mK for the detector in the dark
condition, along with a decomposition of the PSD using the
fitting function described in (9). At low temperature, the noise
at 10 Hz is dominated by the TLS component, and the rising
thermal GR component is seen to dominate above T � 200 mK.
Our corresponding NEP model, which includes the reduced
responsivity at higher temperatures, is shown in Fig. 13. These
figures suggest that the optimal temperature for the PRIMA
detectors is about 150 mK, and that they can operate at up to
≈175 mK before starting to suffer from an increasing thermal
GR noise.

C. Pair-Breaking Efficiency

Of particular interest in understanding the performance of
these KIDs at THz frequencies is estimating what fraction of
the absorbed photon energy is ultimately converted to quasipar-
ticles. This is the pair-breaking efficiency ηpb, which is typically
assumed to be ηpb ≈ 0.3− 0.6 [30], [31], but which is not often
measured.

We can estimate this efficiency by comparing the GR noise
in two different regimes: 1) when the quasiparticle system is
in thermal equilibrium, and 2) when there is a strong excess of
photo-produced quasiparticles. An examination of Fig. 6 shows
that the total frequency shift resulting from varying the stage
temperature with a fixed optical load is larger than the total

Fig. 12. (top) Fractional frequency noise over a range of stage temperatures,
with electrical noise spikes at 60 Hz and harmonics removed. Noise in the
orthogonal direction is shown as dashed lines (Syy). Vertical lines indicate
the fitted roll-off of the resonator component, and thick line at 100 kHz in-
dicates the resonator ring-down frequency. (bottom) Fitting results of the PSDs
using (9).

Fig. 13. Modeled 10 Hz NEP as a function of temperature in the low optical
loading limit. The TLS-limited NEP dominates at low temperature, while
thermal GR noise dominates above T � 200 mK.

frequency shift obtained by varying the optical load at fixed stage
temperature. At the same time, Figs. 9 and 12 show that the high
optical loading measurements produce the most GR noise. This
may be understood by noting that the resonator frequency shift is
determined by nqp, and that for a given quasiparticle production
rate (and hence equilibrium quasiparticle number density), the
absorption of high energy photons produces a larger variance in
nqp than does thermal fluctuations, because single photons can
produce multiple quasiparticles.
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Our model for the GR noise in our KIDs combines photon
generation noise, thermal generation noise, and recombination
(of all quasiparticles) noise [10], [23]

Sxx =

(
δx

δnqp

)2
[(

ηpbτqp

Δ0V

)2

2hνPabs(1 + n0)

+
4(τqp)

2

V 2
(Γth + Γr)

]
(13)

where Γth is the thermal generation rate, Γr is the recombination
rate, and we have ignored the small contribution due to readout
power dissipation. In the limit of no optical loading, we have
Γth = Γr, and this becomes

Sxx =

(
δx

δnqp

)2 [8(τqp)
2

V 2
Γr

]
. (14)

In the opposite limit, if the quasiparticle population is domi-
nated by photon absorption with little thermal generation, the
recombination rate is equal to the photon generation rate (Γr =
ηpbPabs/Δ0), and Γr >> Γth. Neglecting thermal generation,
the GR noise may then be written as

Sxx =

(
δx

δnqp

)2[(ηpbτqp

Δ0V

)2

2hν
Δ0Γr

ηpb
(1 + n0) (15a)

+
4(τqp)

2

V 2
(Γr)

]

=

(
δx

δnqp

)2 [(ηpbhν

2Δ0

)
(1 + n0) + 1

]
4(τqp)

2

V 2
Γr.

(15b)

The recombination rate depends on nqp and τqp as: Γr =
(nqpV/2)(τ

−1
max + τ−1

qp ) [23]. If we compare the noise measured
under an optical load [following (15)] with that measured dark
[following (14)], and take care to conservenqp and τqp, we expect
a ratio

R =
Sxx,optical

Sxx,dark
=

1

2

[(
ηpbhν

2Δ0

)
(1 + n0) + 1

]
. (16)

In the top panel of Fig. 14, we compare the white noise level in
the two regimes as a function of frequency shift. We see that for
a given frequency shift the GR noise under an elevated optical
load is ≈3.5 times larger than when the frequency shift is due
to an increased temperature. The bottom panel compares the
quasiparticle lifetime estimated in the two regimes. Here, we see
that τqp is much more similar in the two cases, as expected if τqp

and the frequency shift x are both primarily determined by the
equilibrium nqp. From (16), we see that a measured ratio of R =
3.5 corresponds to ηpb = 0.5 for Δ0 = 0.245 meV, consistent
with the assumption made in this work. This value is somewhat
larger than the value of ηpb = 0.3 that we estimate based on a
calculation of the phonon escape time of 0.05 ns for our 30 nm
film [32], and the literature value of the pair breaking time of
aluminum of 0.26 ns [30].

Fig. 14. Comparison of white noise (top) and quasiparticle lifetime (bottom)
under dark stage temperature sweeps and with elevated optical load. For a given
fractional frequency shift, the GR noise evident under an optical load is ≈3.5
times larger than when at elevated stage temperature, while the quasiparticle
lifetime is approximately the same in the two regimes.

Fig. 15. Simulated transmission profiles for this resonator under increasing
optical load, up to an absorbed power of 20 fW. When operating at increased
loading, the detector is assumed to be biased at a fixed drive power and frequency
(vertical black line).

D. In-Orbit Loading and Dynamic Range

The loading for PRIMA’s FIRESS spectrometer varies across
the full wavelength range, as both pixel size (solid angle) and
spectral bin size are subject to optimization. The instrument
design prioritizes high efficiency and couples both polarizations,
resulting in a per-pixel loading of 2–10 aW when viewing
low-zodiacal sightlines such as the ecliptic poles. The KIDs
can be designed for higher loadings (e.g., for larger spectral
bandwidth as designed for PRIMA’s imager PRIMAger) simply
by increasing the volume of the inductor. This will reduce the
detector’s responsivity but increase the maximum optical load
under which the detector remains photon noise limited.

To understand the capability of PRIMA KIDs to measure very
bright sources, we use our detector model to extrapolate the
detector frequency and Qr response to higher loadings than the
maximum power of 300 aW probed here. In Fig. 15, we show a
set of modeled detector transmission profiles under increasing
optical load. To estimate the NEP at each loading value, we
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Fig. 16. Modeled 10 Hz NEP as a function of optical loading. The detector
is predicted to be photon noise limited above ≈5 aW of loading, and remain so
until ≈20 fW, at which point the amplifier noise becomes dominant. The photon
noise curve applies to λ = 210μm. At PRIMA’s shorter wavelengths there is
more shot noise for a given optical load, and we anticipate the short wavelength
detectors may remain photon noise limited to yet higher power.

scale each component in the noise budget following the scalings
described in [29]. We assume that the detector is biased with a
drive power and tone frequency appropriate for operation in the
low loading limit. Importantly, the noise scaling accounts for the
fact that the probe tone frequency becomes progressively further
detuned from the resonance frequency as the optical loading
increases. The modeled noise budget is shown in Fig. 16. The
detector becomes photon noise limited at an absorbed power of
≈5 aW, consistent with the measurements presented in Fig. 9.
This model predicts that the detector will remain photon noise
limited until a loading of ≈20 fW. At this point the resonator be-
comes significantly detuned (see Fig. 15), and a given fractional
frequency shift will have a decreasing impact on the microwave
transmission. As the amplifier noise adds to the microwave
signal, this noise term begins to dominate. For reference to
astronomical sources, PRIMA’s FIRESS spectrometer at λ =
100μm has a conversion of 10 milli-Janskys per aW, so the 20 fW
power at which amplifier noise becomes dominant corresponds
to 200 Jy.

Even larger signals can be accommodated by the PRIMA
KIDs. One approach is to simply incur the amplifier noise
penalty shown in Fig. 16. Alternatively, to recover shot noise
limited performance, the readout frequencies can be retuned
to more closely match the loaded condition (see Fig. 15) —
this is envisioned for PRIMA when viewing bright sources. The
ultimate limitation for KIDs when retuning is employed is the
reduced resonator quality factor and the associated resonator
crosstalk, which slowly degrades yield. These are aspects that
are under consideration in our array optimization.

VI. CONCLUSION

We describe the design, fabrication, and measurement of a
far-IR kinetic inductance detector optimized to work at 210 μm.
At low optical loading, this detector achieves a NEP of9 × 10−20

W Hz−1/2, meeting the sensitivity target for moderate resolution
spectroscopy with the proposed PRIMA space mission. The
measurements presented here suggest this detector will remain

photon noise limited in the 0.005–20 fW loading range, offering
the capability of measuring bright astronomical sources. As
companion papers describe [5], [12], [33], we are proceeding
to fabricate kilo-pixel arrays based on this detector design, with
initial results indicating high yield and success in bonding with
lens arrays.
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