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Mid-Infrared Kinetic Inductance Detector and Filter 
Technology for Low-Resolution Spectral Imaging
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Background:  Galaxy Evolution Probe 
hyperspectral imager  surveys and 
photometric redshifts

!

23 mid and far-IR spectral bands to measure the redshifts of 
millions of star-forming galaxies using the prominent PAH 
emission lines and silicate absorption.

σz ~ 0.03 - 0.1
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Mid- / Far-IR Spectra of Active Galaxies
Diagnostics of star formation, radiation fields, obscured AGN
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Mid- / Far-IR Spectra of Active Galaxies
Diagnostics of star formation, radiation fields, obscured AGN
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Spectral 
models from 
Dale et al. 
2014 – models 
do not include 
MIR/FIR 
atomic fine-
structure lines

PAH 
emission 
lines

Dust associated 
with star 
formation

‘Blue’ continuum 
from AGN 
heating

Not 
accessible to 
SOFIA 
because of 
atmospheric 
absorption



Mid-IR Spectra of Galaxies Are Very Sensitive to SF and AGN
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Smith et al. (in prep)



Low-Volume, All-Aluminum 10 μm KIDs
Single polarization architecture
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Substrate
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Sheet with
Z = 1.32+1.32i Ω

for 40 nm thick Al 
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This inductor 
(absorber) is 
coupled to an 
interdigitated 
capacitor to 
form a micro-
resonator.  The 
pixel pitch is 
~300 μm, with 
the size 
dominated by 
the IDC. 

Unit cell and 
simulation set-
up.

Simulations predict broad 
absorption with 70% @ peak.



Noise and Sensitivities
Single polarization architecture
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• Still need responsivity measurements.
• Previously achieved NEPs of 1x10-17 W Hz-1/2 @ 350 μm --> more sensitive 

than we will need for an LVF instrument for SOFIA (Glenn et al. 2016).
• We expect these devices to be > 10x more sensitive: smaller volumes, 𝜏qp = 1 

ms (Fyhrie et al. 2019, Hailey-Dunsheath et al. submitted).
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Dual Polarization Architecture
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Germanium substrate to avoid Si 14 – 17 μm absorption features.
(Central plot shows mesh + substrate performance, not dielectric 
substrate losses, but the wafers are 500 μm thick and won’t have 
substantial loss from 10 to 20 μm.)

Solid: phase component
Dashed: amplitude component
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Next Steps for Mid-IR KIDs
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Solid: phase component
Dashed: amplitude component

1. Optical coupling:  Fresnel plate lenses, then Fresnel lenses if needed 
2. 30 μm implementation
3. Fabricate on Ge substrate for 10 to 20 μm (Si for 𝜆 > 20 μm).

reflection coefficients applied in the calculation !see
Table 2". When the effect of the SiO2 thin layer is
taken into account the change in the value of the
modulus of these coefficients is negligible.

Two different types of FZPL were fabricated: the
traditional ones, which consist of concentric rings
!Fig. 3, top" and an approximation of these made by
use of concentric squares !Fig. 3, bottom". Eight cir-
cular and five square FZPLs were fabricated. These
lenses vary in the number of zones that each one has:

Circular FZPLs have one to eight opaque zones,
whereas square FZPLs have one to five opaque zones.

The main functions of the zone plate are to increase
the gain of the spiral antenna and also to reduce the
energy loss that is due to guided waves in the sub-
strate by altering the boundary conditions of the di-
electric slab waveguide.12

4. Testing Procedure and Results
The test setup that we used to characterize these
FZPL-coupled detectors is shown in Fig. 4. A CO2
laser emitting infrared radiation at 10.6 #m focused
by an f!8 optical train was used. The diameter of
the beam spot that encloses 84% of the total flux is
approximately 200 #m; the power at the focal plane
was set by use of a wire-grid polarizer to 33 mW,
which gives an approximate irradiance of 88 W!cm2

at the focus.
The FZPL-coupled detectors were tested in the

transmissive configuration !as shown in Fig. 2" and in
a reflective configuration, in which the radiation
comes through the detector plane first and then re-
flects off the FZPL.

After fabricating the FZPLs we measured the ac-
tual sizes of the Fresnel zones !the measured values
are given in columns 3 and 5 of Table 1". Because of
overexposure during the fabrication process the
zones containing the metal deposition were a little
wider than predicted. For example, the metalized
zones of the squared FZPL shown in Fig. 3 had the
following widths !in micrometers": 30.9, 10.5, 8.2,
7.4, and 6.2 !the expected values were 30.4, 9.7, 7.2,
6.0, and 5.2 #m, respectively". We analyzed four
configurations, combining the transmissive and re-
flective modes of operation and the circular and
square geometry of the alternate zones. At the same
time we calculated the expected GFs for these four
configurations, using the model of operation of the
FZPL described in Section 2. We made the calcula-
tions by simulating a Gaussian beam that had the
same size as the probe beam and by using a uniform
plane-wave model. We achieved a last refinement of
the calculation by considering the actual sizes of the
zones written on the substrate !listed in columns 3
and 5 of Table 1". In Fig. 5 we have plotted the GFs
experimentally obtained for several configurations

Fig. 3. Electron-microscope photographs of two FZPLs. At the
top we present a circular FZPL with eight metalized Fresnel zones;
it belongs to a series of circular FZPLs with increasing numbers of
metalized zones. At the bottom we show a squared FZPL with
five metalized Fresnel zones; it belongs to a series of square FZPLs
with increasing numbers of metalized zones.

Fig. 4. Schematic of the experimental setup used to test the in-
frared antenna’s response. GPIB, general purpose interface bus.

Table 2. Coefficients of Transmission and Reflection for the Alternate
Zones Involved in the Fabricated FZPL

Type of Zone

Coefficient

t r

Deposited zone !metal–wafer" 0 0.9834 exp!i3.0432"
Blank zone !air–wafer" 0.4523 0.5477

6070 APPLIED OPTICS ! Vol. 43, No. 33 ! 20 November 2004

2D Fresnel plate lenses 
demonstrated for 10 μm by 
Gonzalez et al. (2004)

 

(a)  (b)  

(c) 

Original Dose Pattern Checkerboard pixel pattern
(pixels shown larger than actual)

- could add more “colors”

X

Exposure Sequence
first

second

 

(d)  (e)  

Figure 5.  (a) “Cross” pattern of anomalous exposure depth in diffractive lens, (b) AFM scan showing cross 
region is deeper than desired, (c) checkerboard exposure scheme, (d) comparison lens exposed at 60 nA with 
standard exposure (no checkerboarding), (e) comparison lens exposed at 60 nA with checkerboard scheme. 
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3D Fresnel lenses (Wilson et 
al. 2005)



Spectrometer Architecture Comparison
Tailored to SOFIA (and over-simplified – apologies!)
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Architecture Advantages Disadvantages Comments

Heterodyne 
Receiver

Ultra-high R Limited mapping 
speed

Ex:  GREAT

Diffraction 
Grating

Moderate or high 
spectral R, dispersion 
of background

Limited mapping 
speed (higher with 
IFU / long slits)

Ex:  EXES, 
FIFI-LS, 
HIRMES

Fourier 
Transform

Moderate to high 
spectral R, limited 
mapping capability

Limited field of view, 
no reduction of 
background

Ex:
Herschel
SPIRE

Fabry-Perot High R, limited 
mapping capability

Limited field of view Ex: 
HIRMES

Linear-
Variable 
Filter

Rapid hyperspectral 
mapping, extremely 
compact and simple

Limited R and 
dispersion of 
background

Suited to 
extended 
objects



Linear-Variable Filter Spectrometer 
Simple!  Compact!
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Lens or
Telescope

Focal Plane 
Linear Variable Filter

Short-wave
transmission

Long-wave
transmission

x

• Viavi Solutions is starting a design study aimed for 10 – 16 and 16– 26 μm
for GEP. 

• Perhaps 8.5 – 13.5 μm and 17 – 27 μm or slightly wider (metal mesh) would 
be appropriate for SOFIA.



Metal-Mesh Linear-Variable Filter Concept
Simple fall-back solution from dielectric filters.
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Top Left:  Unit cell of bandpass filter.  Pink – wafer 
substrate.  Green – gold film.

Bottom:  Ansys HFSS simulated transmission profiles.  
Stacked filters and smaller features can increase R.

GEP would require Ge for 14 – 17 μm because of 
absorption, but SOFIA would not.



Notional SOFIA Mid- / Far-IR Hyperspectral Imager
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aCould use Si:As and Si:SB for 𝜆 < 40 μm if restricted to this waveband; otherwise 
two detector technologies would be required (not recommended).

Instrument Parameter Technology Comments

Waveband: 8.5 – 13.5 μm
Resolution: R ≥ 8
(R = 20 ideally?)

KIDs & dielectric or 
metal mesh LVF

TESs could work alsoa

Waveband:  17 – 27 μm
Resolution:  R ≥ 8

KIDs & dielectric or 
metal mesh LVF

TES alsoa

Retain R for PAHs for very 
bright z ~ 1 galaxies

Waveband:  27 – 370 μm
Resolution: R = 3

KIDs & 10 Cardiff 
bandpass filters

TESs also

Pixel sizes:  300 μm x 300 μm
FOV:  from 2’ x 2’ to ~8’ x 8’

100 x 100 array of KIDs Focal plane ~30 mm on a 
side

Angular resolution:  ≥ 1.25”
@ 10 μm

Set by detector size Diffraction limit:  ~1” @ 10 
μm

Rapid hyperspectral scans Scanning mirror?



Extra Slides
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Solid: phase component
Dashed: amplitude component



Disentangling Star-Formation 
and SMBH-Accretion Rates

!

Star formation & AGN can be separated with R = 8 mid/far-IR 
bands (plot for GEP).  AGN indicators:
Ø Warm dust dominant (‘blue’ mid-IR spectrum)
Ø Low PAH-to-continuum ratio

Jeremy Darling
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• PAHs carry 5-10% of IR 
luminosity

• 6.2, 7.7, 11.3 μm
luminosities correlate 
with SFRs with similar 
scatter to H 
recombination lines 
(Shipley et al. 2016)

• PAH-derived SFRs depend 
on gas-phase metallicity

• PAH lines swamped by 
mid-IR AGN continuum

Diagnostics from PAH Lines
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– Star formation 
– AGN



Spectral 
models from 
Dale et al. 
2014 – models 
do not include 
MIR/FIR 
atomic fine-
structure lines

C-H 
stretch 
3.3 μm

C-C stretch 
6.2 & 7.7 μm

C-H in-plane 
bend 8.6 μm

C-H out-of-plane 
bend 11.3 & 
13.5 μm

Molecular Bending-Mode Origins of PAH 
Emission Lines

Transient heating by UV photons
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– Star formation 
– AGN



Adapted 
from 
Moorwood 
199910                                           100

Wavelength (μm)

Circinus Seyfert 2 
Galaxy

[C II]

[O III]

[O I]

[S III], [Si II]

[Ne II]
[Ne V], 
[O IV]

!

FIR Fine-Structure Lines
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