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Abstract Future space-based far-infrared astrophysical observatories will require exquis-10

itely sensitive detectors consistent with the low optical backgrounds. The PRobe far-Infrared11

Mission for Astrophysics (PRIMA) will deploy arrays of thousands of superconducting ki-12

netic inductance detectors (KIDs) sensitive to radiation between 25 and 265 µm. Here, we13

present laboratory characterization of prototype, 25 – 80 µm wavelength, low-volume, alu-14

minum KIDs designed for the low-background environment expected with PRIMA. A com-15

pact parallel plate capacitor is used to minimize the detector footprint and suppress TLS16

noise. A novel resonant absorber is designed to enhance response in the band of interest.17

We present noise and optical efficiency measurements of these detectors taken with a low-18

background cryostat and a cryogenic blackbody. A microlens-hybridized KID array is found19

to be photon noise limited down to about 50 aW with a limiting detector NEP of about20

6.5×10−19 W/Hz1/2. A fit to an NEP model shows that our optical system is well charac-21

terized and understood down to 50 aW. We discuss future plans for low-volume aluminum22

KID array development as well as the testbeds used for these measurements.23

Keywords Far-Infrared, Kinetic Inductance Detectors, Parallel Plate Capacitors, Ultra-Low24

NEP, Frequency Selective Absorber25

1 Introduction26

The PRobe far-Infrared Mission for Astrophysics (PRIMA1) is a NASA concept mission27

designed to address the far-infrared observatory needs laid out by the 2020 Astrophysics28

Decadal Survey [1, 2]. PRIMA is optimized to bridge the gap of wavelength coverage be-29

tween the Atacama Large Millimeter Array and the James Webb Space Telescope and to30

solve a wide range of contemporary problems in astrophysics. For example, PRIMA will31
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enable studies of the growth of stars and black holes over cosmic time, the rise of met-32

als and dust since cosmic noon, and the influence of cosmic magnetic fields in star and33

galaxy evolution. Over its five year lifespan, PRIMA is designed to meet the objectives of34

the Decadal Survey and to provide the far-infrared astrophysics community with a platform35

to address a diverse range of scientific topics.36

PRIMA will fly with broadband imaging and spectrometer instruments. For wavelengths37

between 25 and 80 µm, PRIMA’s imaging module (PRIMAger), will provide hyperspectral38

imaging with a spectral resolution of R = λ/∆λ = 10. At longer wavelengths, 80 – 265 µm,39

PRIMAger will be polarization sensitive and will have four sub-bands, each with a spectral40

resolution of about R = 4. PRIMA’s spectrometer module, the Far-InfraRed Enhanced Sur-41

vey Spectrometer (FIRESS), will have wavelength coverage between 25 and 240 µm and42

will have low and high spectral resolution modes. In low resolution mode, FIRESS will43

provide a spectral resolution of about R = 130 across the entire wavelength band. FIRESS’44

high resolution mode will have a a tunable spectral resolution, with a maximum of about45

R = 17,000 at λ = 25 µm and R = 4,400 at λ = 112 µm.46

Both PRIMAger and FIRESS will be outfitted with multiple kilo-pixel arrays of ultra-47

low noise superconducting kinetic inductance detectors (KIDs). A KID is a superconducting48

resonator that exhibit frequency and phase shifts when incident photons break superconduct-49

ing Cooper pairs and thereby change the kinetic inductance of the resonator [3, 4, 5]. KIDs50

are typically designed to have a high quality factors and are therefore naturally multiplexed51

in the frequency domain, with pixel counts in the thousands per octave of readout band-52

width. Different KID architectures will be employed for the different instrument modules53

and sub-bands to suit the needs of each instrument.54

In this paper, we focus on the development of parallel plate capacitor (PPC) aluminum55

(Al) KIDs for the short wavelength band (25 – 80 µm) of the FIRESS instrument. Section56

2 discusses the design of the PPC Al KID and some array-level resonator characterization.57

Section 3 discusses the design of the frequency selective aluminum absorber, and presents58

measurements of its absorption efficiency. Section 4 presents optical noise equivalent power59

(NEP) measurements and the associated response and noise characterization methods. These60

measurements demonstrate that our detector design can achieve photon limited performance61

down to an absorbed optical loading of about 50 aW, corresponding to an optical NEP of62

about 6.5×10−19 W/Hz1/2. In Section 5, we conclude and discuss the next steps for prepar-63

ing these devices for PRIMA and FIRESS. For measurements of the quasiparticle lifetimes64

of our PPC Al KIDs, we refer the reader to [6]. For optical NEP measurements of the long65

wavelength band FIRESS detectors, we refer the reader to [7].66

2 Parallel Plate Capacitor Kinetic Inductance Detectors67

The motivation for using PPCs with KIDs is to reduce the capacitor footprint, reduce the68

electromagnetic crosstalk between resonators from fringing fields, and to suppress TLS69

noise by enabling larger electric fields between electrodes. Photographs in Figure 1 illus-70

trate the lumped-element design of our PPC Al KIDs. Images are shown of a prototype71

44 pixel array on a 900 µm pitch that was optically tested by back illuminating the KIDs72

through a matching silicon microlens array, which was fabricated on a separate substrate73

and glued to the backside of the KID array [8]. For the devices presented here, the detec-74

tor fabrication and optical measurements took place at NASA Jet Propulsion Laboratory75

(JPL). Similarly, the microlens fabrication and the microlens-detector array hybridization76

took place at NASA Goddard Space Flight Center (GSFC).77
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Fig. 1 Top: A photograph of a prototype 44 pixel array of PPC Al KIDs installed in a cryogenic, microwave
characterization package. The microwave feedline runs horizontally through the center of the array, with the
KIDs capacitively coupled along its length. Bottom Left: A microscope image of a handful of PPC Al KIDs,
illustrating the pixel layout. Aluminum absorbers are surrounded by a pair of PPCs, which are capacitively
coupled to the feedline with another pair of PPCs. The PPC’s lower electrode, dielectric, and upper electrodes
consist of Al, a-Si:H, and Nb, respectively. Bottom Right: A photograph of a prototype 44 pixel silicon
microlens array that has been anti-reflection coated and hybridized to a matching Al PPC KID array to back-
illuminate the detectors. This hybridized array was used for the optical response and NEP measurements
presented in Section 4.

Each KID consists of an absorber/inductor and a PPC, and is capacitively coupled to a78

single microwave feedline with another PPC. The 70 µm diameter, 30 nm thick sputtered Al79

inductor/absorber consists of a meandered array of strips with resonant periodic structures,80

tuned to selectively absorb radiation near 25 µm wavelengths in both polarizations. The Al81

absorber design and characterization are described in detail in Section 3. Each end of the82

absorber is connected to a PPC, such that two PPCs in series form the resonator capacitor.83

The lower electrode of each PPC is constructed with the same Al layer as the absorber. 60084

nm thick hydrogenated amorphous silicon (a-Si:H) is deposited via ICP-PECVD across the85

array, serving as the dielectric of the PPCs and as a passivation layer for the Al absorbers86

and the Al center feedline. Just prior to the a-Si:H deposition (in the same vacuum), the87

aluminum is cleaned of oxidation using a Fluorine-based plasma etch. The upper electrode88

of the PPC is a 300 nm thick layer of sputtered niobium (Nb), which also serves as the89

ground plane of the array. While the absorber of each KID is identical, the resonator capac-90

itors are varied to set the microwave frequency of the resonator. A second pair of smaller91

PPCs, constructed with the same layer stack, serve as the coupling capacitors, connecting the92

lumped-element KID to the feedline. The coupling capacitor varies for each KID, tracking93

the resonator capacitance in order to keep a constant coupling quality factor, Qc ∼ 40,00094

(design). The connections between the absorber and the lower PPC electrodes are galvan-95

ically interrupted by a small strip of Nb, which traps quasiparticles inside the Al absorber96



4 N. F. Cothard1 et al.

15

10

5

0

M
ag

(S
21

) [
dB

]

250 500 750 1000 1250 1500
Frequency [MHz]

104

105

106

Qu
al

ity
 F

ac
to

r [
-]

Internal Quality Factor
Coupling Quality Factor

Fig. 2 Top: VNA S21 measurement of prototype Al PPC KID array, showing a yield of 43 of 44 resonators.
Bottom: Coupling and internal quality factors of the 43 yielded resonators. The coupling quality factors, are
reasonably constant with a median value fo about 45,000. The internal quality factors are roughly ≳ 100,000.

due to its higher gap energy. The Al feedline is covered with a-Si:H and has Nb ground97

plane cross-overs a regular intervals along its length. Lastly, alignment marks are etched on98

the backside of the silicon substrate, enabling alignment with a silicon microlens die.99

The absorber and the capacitors are designed to place the resonator frequencies in the100

span of 250 – 1500 MHz with logarithmic frequency spacing. Figure 2 shows a measure-101

ments of the 44 pixel prototype array. The VNA measurement indicates an detector yield of102

43 resonators and that the resonant frequencies are roughly in the expected span. A scatter103

plot shows the coupling and internal quality factors, Qi and Qc respectively, as a function of104

resonator frequency. The median Qc is around 45,000, which is close to the expectation. Qi105

decreases with frequency, indicative of TLS-limited internal quality factors [4, 9].106

3 Aluminum Far-IR Resonant Absorber107

For a typical mesh-grid style absorber, the low sheet resistance of aluminum films neces-108

sitates extremely narrow line widths on the order of a couple tens of nanometers. To work109

around this while maintaining high absorption efficiency of our PPC KIDs, we use a fre-110

quency selective, resonant absorber design, enabling line widths of a couple hundreds of111

nanometers. As shown in Figure 3 Left, the 70 µm diameter consists of a meandered alu-112

minum trace. Periodically along the meandered path, the trace is interrupted with a notch-113

shaped structure that resembles a “hairpin”. The geometry of the hairpin structures (includ-114

ing their pitch, length, and width) control the resonant frequency of the absorber and it’s115

spectral width. The orthogonal geometry of the hairpins with respect to the meandered path116

also makes the absorber sensitive in both polarizations of incident radiation. The resonant117

structure is simulated and optimized prior to fabrication using Ansys HFSS.118

An initial design of the absorber was created to have a peak absorption of 25 µm. To test119

the design, a 1-inch square silicon die was patterned uniformly with the aluminum hairpin120

structure and meandered trace. The sample was cooled to 5 K and its far-infrared trans-121

mission was measured with a Fourier transform spectrometer. Figure 3 Top Right shows the122

measured transmission in both polarizations. Reflections inside the silicon-substrate’s cavity123

cause Fabry-Perot fringing, which is seen throughout the transmission spectra. By looking124

at the peaks and troughs of the fringes and comparing them to those of a blank silicon sam-125

ple, we estimate the absorption of the design, as shown in Figure 3 Bottom Right. The peak126
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Fig. 3 Left: A scanning electron microscope image of a 70 µm diameter aluminum resonant absorber. A ver-
tically meandered aluminum trace is periodically interrupted by a “hairpin” structure, making the absorber
sensitive to both polarizations. The geometry of the hairpin structure sets the spectral width and center fre-
quency of the absorption resonance. Top Right: Polarized Fourier transform spectrometer (FTS) data of a
silicon sample covered with the absorber structure, which was cooled to 5 K during measurements. Fabry-
Perot fringing from the reflections inside the silicon wafer are visible. The transmission of the fringes is
reduced near 12 THz (25 µm), demonstrating the frequency-selective absorption. Bottom Right: Absorption
spectra extracted from the FTS transmission measurements.

absorption has a maximum value of around 70 – 75 %, close to the maximum possible ab-127

sorption without a backshort. The absorption is maximized near 12 THz (25 µm), indicating128

that the design is working roughly as expected.129

For the initial design presented in this paper, the absorption peak was found to have130

slightly different resonant frequencies for each polarization. This may be caused by dif-131

ferences between the patterned and designed geometry. Further, the spectral width of the132

absorption resonance is slightly different in each polarization. The spectral width can be133

tuned by adjusting the Al trace width and so in a future iteration, the trace width along one134

direction of the pattern (corresponding to one of the polarizations) will be adjusted. A re-135

optimization of the resonant absorber design is underway to match the resonant frequencies136

and spectral widths in both polarizations.137

4 Optical Characterization138

A 44 pixel microlens-hybridized Al PPC KID array was optically characterized using cryo-139

genic infrared radiation sources at JPL. The hybridized detector array was cooled to 150140

mK and housed in a light-tight box-within-a-box configuration [10], with a cryogenic high-141

permeability magnetic shield. The detectors were illuminated through a pinhole aperture142

using one of two far-infrared radiation sources. The first source was a well-characterized143

cryogenic blackbody that can stably achieve temperatures of up to 100 K. The second source144

was a micro-electromechanical system (MEMS) source that can be rapidly modulated from145

low temperature to above 200 K. Mounted on the 3 K and 0.7 K stages of the cryostat were146

the pinhole aperture, a Newport ND10-10 neutral density (ND) filter and a stack of band-147

defining far-infrared filters from Cardiff. The far-infrared transmission of the ND filter and148

Cardiff filters were cryogenically characterized with an FTS at NASA GSFC. The band-149

pass of the full stack of filters is between 22 and 29 µm and the ND filter has an average150

transmission of 10% within the Cardiff filter band. The absorbed power of the detectors151

is calculated using the source temperature, cryogenic filter stack transmission, illumination152

geometry, microlens efficiency, and the absorber efficiency.153
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Fig. 4 Top: Fractional frequency shift noise spectra of one PPC Al KID as a function of audio frequency,
which demonstrates a very white spectrum with minimal 1/f noise contributions. Bottom Left: Responsivity
measurements as a function of absorbed power and model fit. Bottom Right: Optical NEP measurement at
10 Hz as a function of absorber power compared to photon shot noise, showing photon limited performance
down to about 50 aW, with a limiting NEP of about 6.5× 10−19 W/Hz1/2. Data points with the ◀ symbol
indicate measurements with the blackbody infrared source turned off, such that the true absorbed power of
these data points is many orders of magnitude lower than plotted and are meant to illustrate the performance
in the limit of zero absorbed power.

To measure the detector responsivity, VNA measurements of the resonators were taken154

at many far-infrared source settings. First, data were taken for a variety of cryogenic black-155

body powers over the course of many hours. At very low powers, a time-dependent mono-156

tonic exponentially decaying drift was found in the resonator frequencies. This suggested a157

light leak or slowly-cooling component in the cryogenic optical system. Response measure-158

ments were then taken with the MEMS source, which was calibrated using the high power159

blackbody response measurements. Figure 4 Bottom Left shows a compilation of response160

measurements as a function of absorbed power. The measurements fit well to the model161

R = dx
dPabs

= A(1+Pabs/B)1/2 where x = ( f − f0)/ f0 is the fractional frequency shift of the162

resonator from it’s zero loading resonant frequency, and Pabs is the power absorbed in the163

KID. This model was derived from expressions for the effective quasiparticle time constant164

and the optical response of the resonator [4].165

Detector noise measurements were also taken at a variety of blackbody and MEMS166

source powers. For the blackbody noise measurements, the temperature of the blackbody167

was allowed to stabilize for a few hours before collecting data. For the MEMS noise mea-168

surements, the MEMS source was flashed at 0.5 Hz, and a portion of the “MEMS-on” data169

was sampled, averaged, and used to compute the noise spectra. Figure 4 Upper shows a170

compilation of noise measurements in fractional frequency shift units for one resonator. The171

spectra have very low 1/ f contributions at low frequencies. The low frequency and TLS172

behavior of these and other far-infrared aluminum devices is discussed further in [7]. Be-173

tween 1 and 100 Hz, the spectra appear to be fairly white even at very low absorbed powers,174

suggesting the possibility of a light leak in the testbed.175
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The detector NEP is calculated using the measured noise (at 10 Hz) and responsivity,176

NEPdet =
√

Sxx/R, as a function of absorbed power. The amplifier noise contribution, esti-177

mated at 50 kHz, is subtracted. Figure 4 Bottom Right shows the measured detector NEP178

and the theoretical photon fluctuation noise, NEPγ(P) =
√

2Phν(1/ηsys +n) ≈
√

2Pabshν179

where ηsys is the system optical efficiency, which has been built into our calculation of Pabs,180

and n is the photon occupation number (small for our wavelengths). We fit to the model181

NEP2
m = NEP2

c +(NEPγ(P)2 +NEPGR(P)2)/η (1)

where NEPc is a constant representing the limiting device NEP, NEPGR(P) =
√

2Pabs∆/ηpb182

is the generation-recombination NEP [11, 12], and η represents any unaccounted for optical183

efficiencies. For NEPGR, we use a critical temperature of Tc = 1.36 K and a quasiparticle pair184

breaking efficiency of ηpb = 0.13, as measured in [6]. This pair breaking efficiency was mea-185

sured via near-infrared single photon events and so is a conservative lower bound. NEPGR is186

already sub-dominant to NEPshot and higher values of ηpb would suggest that we are closer187

to the photon noise limit. The best fit model yields NEPc = (6.5±0.5)×10−19 W/Hz1/2 and188

η = 1.02±0.03. Down to about 50 aW of absorbed power, the fit suggests that the detector189

is photon limited and that our system optical efficiency is understood very well.190

Upcoming improvements to the detector design and the testbed design to reduce poten-191

tial light leaks are expected to result in lower limiting NEPs. Quasiparticle recombination192

times for this device, measured via cosmic ray pulse decay fitting, indicate time constants193

around 0.15 ms [6]. Similar Al KIDs recently fabricated at JPL designed for 200 µm radia-194

tion time constants around 1 ms [6]. New 25 µm devices are being fabricated using some of195

the fabrication methods from the 200 µm devices, which will improve the aluminum trace196

surface quality and increase the quasiparticle lifetime. Increasing the lifetime from 0.15 to 1197

ms could decrease the detector NEP to around 1×10−19 W/Hz1/2. Additionally, the initial198

design used 200 nm wide Al traces and fabrication processes are currently being developed199

such that future iterations of the absorber will have 100 nm wide lines. This will reduce the200

volume of the KID and further boost its sensitivity.201

5 Conclusion and Next Steps202

We have presented the performance of prototype Al PPC KIDs with resonant absorbers. The203

successful implementation of our PPC design shows good 1/f performance and low TLS204

noise. FTS transmission measurements of our initial Al resonant absorber demonstrated205

the effectiveness of the design and suggests a path forward for the next iteration of the206

design. Optical characterization of a microlens-hybridized Al PPC KID array shows good207

responsivity and noise performance. An optical NEP of 6.5× 10−19 W/Hz1/2 is measured,208

likely limited by the short quasiparticle lifetime of this array and possible light-leaks in the209

optical characterization testbed. A fit of the NEP data shows that the detector, down to at210

least 50 aW, is photon noise limited and that our optical system is well characterized and211

understood. Fabrication of the next iteration of 25 µm detectors for PRIMA FIRESS is212

underway. Improvements to the KID quasiparticle lifetime and the optical characterization213

testbed are expected to substantially lower the detector NEP further.214
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