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Abstract

Traditional technologies for far-infrared (FIR) spectroscopy generally involve
bulky dispersive optics. Integrated filter bank spectrometers promise more compact
designs, but implementations using superconducting transmission line networks
become lossy at terahertz frequencies. We describe a novel on-chip spectrometer
architecture designed to extend this range. A filter bank spectrometer is imple-
mented using vacuum waveguide etched into a silicon wafer stack. A single trunk
line feeds an array of resonant cavities, each coupled to a kinetic inductance detector
fabricated on an adjacent wafer. We discuss the design and fabrication of a prototype
implementation, initial test results at ambient temperature, and prospects for future
development.
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1 Introduction

Spectroscopic observations at far-infrared (FIR) wavelengths (~30-1000 ym) can
offer invaluable insights into the cold and dusty universe, thanks to a rich array
of diagnostic emission and absorption features from atomic and molecular spe-
cies. Future FIR missions (e.g., [1]) will demand compact, low-noise spectrom-
eter solutions that place arrays of thousands of sensors onto the sky from above
Earth’s atmosphere. A variety of well-understood FIR spectrometer architectures
are available for achieving resolving powers R = A/AA in the 10>°~10* range;
examples from recent space missions include grating spectrometers (Herschel-
PACS [2]), Fourier transform spectrometers (FTS) (Herschel SPIRE-FTS [3]),
and Fabry-Perot etalons (ISO SWS/LWS [4, 5]). All of these require relatively
bulky dispersive optics that are challenging to scale to high pixel counts and large
fields of view within the constraints of a space mission.

Integrated filter banks are a promising architecture for compact imaging
spectrometers. In this approach, power from a single transmission line is cou-
pled to a series of tuned resonators, each delivering a specific narrow bandwidth
to a dedicated low-noise detector. Filter banks with R > 100 have been imple-
mented at 200-440 GHz using networks of superconducting microstrip or copla-
nar waveguide, notably by the SuperSpec [6-8]) and DESHIMA [9-11] teams.
Extensions of these and other superconducting spectrometer solutions (e.g., [12,
13]) to shorter FIR wavelengths are limited by loss due to quasiparticle produc-
tion above the superconducting gap energy. Nb-based designs are thus limited
to A 2 450 ym, though future development using higher-7, materials (e.g., NbN,
NbTiN, MgB,) may relax this constraint somewhat.

Hollow waveguide is widely used at microwave frequencies due to its lower
loss relative to other transmission lines at fixed surface resistance. In this paper,
we describe an implementation of a filter bank spectrometer using a vacuum
waveguide network etched into a silicon wafer. Our approach is similar to that of
WSPEC [14, 15], which employs machined metal waveguide; here we use mod-
ern micromachining techniques to extend this architecture to higher frequencies.
Here we describe development and prototyping efforts, and progress toward a
fieldable device. Further information on the detector arrays is given elsewhere in
these proceedings [16].

2 Device Concept

Our initial device concept is illustrated in Fig. 1. A rectangular trunk waveguide
is coupled to a series of circular cavities, each tuned to a different resonant fre-
quency by changes in shape and coupling. As power from a feed travels down the
trunk line, each resonator peels off power in a single narrow band and delivers it
to a dedicated low-noise kinetic inductance detector (KID). In order to ensure low
loss, we use vacuum waveguide coated with a high-conductivity metal film (e.g.
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Fig. 1 Left: Schematic drawing of a single 2.5 THz resonator, showing labeled power flows for a single
resonator. Inset shows a 5-port test device with labeled ports. Right: HFSS simulation of power flows in
this 5-channel device, showing the fraction of incident power delivered to each port. We assume a gold
surface with RRR=10, 40 nm r.m.s. roughness, and no wafer gap

gold) and operated at cryogenic temperatures. The etched assembly is bonded to
a metal-coated lid wafer to complete the waveguide boundary. A single micro-
cavity resonator of similar architecture has been demonstrated in [17] at room
temperature, with low resonant quality factors (Q) and no output channel. Our
initial development goal is a 5-channel device targeting R ~ 100 at A = 120 ym
(2.5 THz), but this design is straightforwardly scalable to a wide range of
wavelengths.

Achievable spectrometer performance is largely determined by the intrinsic qual-
ity factor, Q;, of the cavity resonator. For ambient temperature gold walls at 2.5 THz,
we expect Q; ~ 500 [18]. This should increase with conductivity at cryogenic tem-
peratures, limited by film quality, the anomalous skin effect [19], surface roughness,
and any loss at the boundary between lid and waveguide wafers.

We optimized our filter bank design using simulations of 1- to 5-resonator struc-
tures using Ansys HFSS. In addition to physical dimensions, these simulations
vary surface resistivity (parameterized by RRR: the residual resistance ratio rela-
tive to room temperature), surface r.m.s., and a possible gap between wafers. Proof-
of-principle simulations of a nominal structure (Fig. 1, right) indicate promising
performance. By tuning the geometries of the couplings (Q,.) between resonator,
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Fig.2 Left: Simulated electric field distribution for a resonator and waveguide driven on-resonance.
Center: Simulated power delivered to the detector port as a function of frequency (expressed relative to
the 2.53 THz design resonance) for various values of surface resistivity (ideal lossless, alongside gold
of two RRR values); powers are measured relative to that driving the waveguide (caption indicates peak
transmission). Right: Same, for varying dimensions of the neck that couples resonator to trunk
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waveguide, and detector, we can trade overall Q (and thus resolving power) against
optical efficiency (Fig. 2). Efficiencies of >20% for the resolving structure at
R 2 100 seem plausible, which should be competitive in combination with the com-
pact architecture.

Power delivered to each resonator is measured using a low-noise, low-volume,
lumped-element KID. Each KID consists of an inter-digitated capacitor coupled to a
simple loop inductor; the latter doubles as a waveguide probe to couple power to the
KID. KIDs and associated readout wiring are patterned on the lid wafer, with care to
maintain distance between the KID capacitor and lossy metals. Further information
on the detector arrays and packaging are given in [16].

3 Process Development

Waveguide structures are defined using deep reactive-ion etching (DRIE) into a sili-
con wafer. This technique produces precisely defined vertical walls, with shallow
“scalloping” associated with individual etch steps. We begin with high-resistivity
float-zone wafers, to enable wafer alignment under an infrared microscope. Etched
devices (Fig. 3) show surface r.m.s. in the 10 s of nm, <0.1% of the target wave-
length. If desired, further smoothing can be achieved using a wet oxide furnace step
and HF dip, as described in [20]. The waveguide bottom surface generally shows
modest curvature; this will be addressed in later devices by using the oxide layer of a
silicon-on-insulator (SOI) wafer to define the depth of the waveguide trench.

After etching, the waveguide walls are coated with sputtered gold at thicknesses
much greater than the skin depth (~80 nm in Au at 1 THz and 300 K). We find that
the deposited gold is thinner along vertical walls relative to horizontal surfaces. We
also find significant “beading” of the gold along the side walls, especially if the gold
is annealed after deposition. Both can be addressed with thicker gold layers and per-
haps by additional smoothing of the etched surface as described above.

We further tested several processes for deposition of the gold layer, making
sample wafers with several combinations of sputtering temperature, thickness,
adhesion layer, and a possible annealing step. For each sample, we performed
4 Kelvin DC resistance measurements as a proxy for film resistivity. The low-
est-loss gold films (RRR~ 12) were achieved with no adhesion layer and a

2.0kV 10.9mm x679 SE(

Fig.3 SEM images of a 2.7 THz resonator cavity. Left: Cavity top view, with trunk line at bottom;
Center: Cross section of cavity. Right: Corner detail, showing gold thickness (596 nm on horizontal sur-
faces, 239 nm on vertical walls) and beading
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post-sputtering annealing step, but these showed poor mechanical adhesion. A Ti
adhesion layer increased loss (RRR<3), especially after annealing, likely due to
diffusion into the gold; initial tests with a Pd adhesion layer are more promising
(RRR~ 4).

4 Filter Bank Test Device

In order to test basic stack assembly and waveguide performance, we constructed
and tested a simple 4-port test device (Fig. 4). Two resonators tap off from a sin-
gle trunk line crossing the wafer, with all ports coupled to free space using simple
H-plane planar sectoral horns for ease of fabrication. The lid wafer is gold-coated
but unpatterned. The resonators are weakly coupled (Q. ~ 2000) to better isolate
the resonator performance (Q ~ Q;). The stack is aligned with two dowel pins
and clamped together by a spring assembly. This device was scaled to ~0.9 THz
to enable characterization at room temperature with a vector network analyzer
(VNA) at Maynooth University.

Initial test results for the 4-port device are shown in Fig. 4. Both resonators
are clearly visible, with peak frequencies within < 3 GHz (< 0.4%) of design tar-
gets and Q-values near 100. Exact power normalizations are difficult to interpret,
however, due to the difficulty of achieving precise alignments between the device
ports and the VNA’s tiny WR1.0 probes. Results are consistent with a model with
reduced (by ~50x) conductivity along the side walls due to poor lid coupling;
device performance was indeed highly sensitive to the applied clamping force on
the structure. These results nonetheless suggest that R ~ 100 resolutions are feasi-
ble and are expected to improve with cryogenic temperatures and improved wafer
clamping (or bonding).
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Fig.4 Left: Four-port test device mask, with through ports at top and bottom, resonator ports to left and
right, and sectoral horns on all ports. Center: Photograph of the completed test wafer, without lid. Right:
Measured test device transmissions from input to all three output ports (straight waveguide and two reso-
nator spurs), and between the bare VNA probes. The normalization of the overlaid whole-device model
is adjusted slightly to match data, due to coupling uncertainty
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Fig.5 Left: Combined 5-channel test device masks, showing etched waveguide (orange), KID and read-
out lines (blue), and gold coverage on the lid (white). Center: Representative KID, showing inductor/
antenna loop at left, inter-digitated capacitor at right. Right: Completed KID wafer mounted in housing
(waveguide wafer removed); wafer is ~14 mm across

5 Cryogenic Test Devices

The design of the first 5-resonator KID-coupled prototype is shown in Fig. 5 (left).
The KIDs and readout lines are patterned onto the lid wafer, with coupling loops
extending over each resonator; simulations indicate that high absorption efficiencies
(60-95%) can be achieved throughout a 35% bandwidth [16]. The lid wafer is sput-
tered with gold over the waveguides, but left bare elsewhere (gray) to limit dissi-
pative coupling between the KIDs and normal metal films. Wafer alignment at the
necessary few-um level has been demonstrated using a pin-and-hole scheme and
an infrared microscope. This prototype KID assembly was tested with a black body
optical load in a dilution refrigerator test stand at the University of Chicago. All
5 KID resonances were detected and responded to blackbody temperature changes.
Spectral measurements will be made with a cryogenic FTS, which is nearly com-
plete. See [16] for further detail on the refinement and testing of these devices.

6 Discussion

We have proposed a novel on-chip spectrometer design scalable to THz frequencies,
which are largely inaccessible to existing designs. We have demonstrated Q ~ 100
structures operating at 0.9 THz at room temperature, and all core fabrication and
assembly steps have been demonstrated. Process development and fabrication are in
progress for second-generation test devices.

While the initial test structures shown here were optimized for ease of fabrication
and testing, with deep etching on only one wafer and simple sectoral horns, a wide
variety of designs are possible within this general architecture. In particular, future
work will explore designs that incorporate improved feeds and divide the waveguide
channel between the two wafers, avoiding the suboptimal “corner split” employed
here; this should be feasible given the alignment demonstrated in this initial work.

Acknowledgements This work is supported by NASA under grant 80NSSC20K1359, issued through
the Astrophysics Research and Analysis (APRA) program of the Science Mission Directorate. E.B.

@ Springer



414 Journal of Low Temperature Physics (2024) 216:408-416

acknowledges support from the National Science Foundation through the Graduate Research Fellow-
ship Program (GRFP). This work was carried out in part in the Materials Research Laboratory Central
Research Facilities at the University of Illinois; at the Micro-Nano-Mechanical Systems Cleanroom Lab-
oratory in the Mechanical Science & Engineering Department at the University of Illinois; and at the
Pritzker Nanofabrication Facility at the University of Chicago. The authors sadly note the untimely pass-
ing of Dr. Erik Shirokoff, a respected collaborator and key driver of this effort.

Author’s Contribution RN designed (with JF and PB) and fabricated the spectrometer. EB designed
(with ES and PB), fabricated, and tested the detectors. DM and ST (with MZ) developed the cryogenic
calibration tools. MG and NT performed room-temperature VNA testing. JF was principal investigator
and wrote the main manuscript text. All authors contributed to technical discussions and reviewed the
manuscript.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

1. M. Meixner, A. Cooray, D. Leisawitz, J. Staguhn, L. Armus, C. Battersby, J. Bauer, E. Bergin, C.M.
Bradford, K. Ennico-Smith, J. Fortney, T. Kataria, G. Melnick, S. Milam, D. Narayanan, D. Padgett,
K. Pontoppidan, A. Pope, T. Roellig, K. Sandstrom, K. Stevenson, K. Su, J. Vieira, E. Wright, J.
Zmuidzinas, K. Sheth, D. Benford, E.E. Mamajek, S. Neff, E. De Beck, M. Gerin, F. Helmich, 1.
Sakon, D. Scott, R. Vavrek, M. Wiedner, S. Carey, D. Burgarella, S.H. Moseley, E. Amatucci, R.C.
Carter, M. DiPirro, C. Wu, B. Beaman, P. Beltran, J. Bolognese, D. Bradley, J. Corsetti, T. D’Asto,
K. Denis, C. Derkacz, C.P. Earle, L.G. Fantano, D. Folta, B. Gavares, J. Generie, L. Hilliard, J.M.
Howard, A. Jamil, T. Jamison, C. Lynch, G. Martins, S. Petro, D. Ramspacher, A. Rao, C. Sandin,
E. Stoneking, S. Tompkins, C. Webster, Origins Space Telescope Mission Concept Study Report.
arXiv e-prints, 1912-06213 (2019) https://doi.org/10.48550/arXiv.1912.06213arXiv:1912.06213
[astro-ph.IM]

2. A. Poglitsch, C. Waelkens, N. Geis, H. Feuchtgruber, B. Vandenbussche, L. Rodriguez, O. Krause,
E. Renotte, C. van Hoof, P. Saraceno, J. Cepa, F. Kerschbaum, P. Agnese, B. Ali, B. Altieri, P.
Andreani, J.-L. Augueres, Z. Balog, L. Barl, O.H. Bauer, N. Belbachir, M. Benedettini, N. Billot,
O. Boulade, H. Bischof, J. Blommaert, E. Callut, C. Cara, R. Cerulli, D. Cesarsky, A. Contursi, Y.
Creten, W. De Meester, V. Doublier, E. Doumayrou, L. Duband, K. Exter, R. Genzel, J.-M. Gillis,
U. Grozinger, T. Henning, J. Herreros, R. Huygen, M. Inguscio, G. Jakob, C. Jamar, C. Jean, J. de
Jong, R. Katterloher, C. Kiss, U. Klaas, D. Lemke, D. Lutz, S. Madden, B. Marquet, J. Martignac,
A. Mazy, P. Merken, F. Montfort, L. Morbidelli, T. Miiller, M. Nielbock, K. Okumura, R. Orfei,
R. Ottensamer, S. Pezzuto, P. Popesso, J. Putzeys, S. Regibo, V. Reveret, P. Royer, M. Sauvage,
J. Schreiber, J. Stegmaier, D. Schmitt, J. Schubert, E. Sturm, M. Thiel, G. Tofani, R. Vavrek, M.
Wetzstein, E. Wieprecht, E. Wiezorrek, The photodetector array camera and spectrometer (PACS)
on the Herschel space observatory. Astron. Astrophys. 518, 2 (2010). https://doi.org/10.1051/0004-
6361/201014535. arXiv:1005.1487 [astro-ph.IM]

3. M. Griffin, A. Abergel, A. Abreu, P.A.R. Ade, P. André, J.-L. Augueres, T. Babbedge, Y. Bae, T.
Baillie, J.-P. Baluteau, M.J. Barlow, G. Bendo, D. Benielli, J.J. Bock, P. Bonhomme, D. Brisbin,

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48550/arXiv.1912.06213
http://arxiv.org/abs/1912.06213
https://doi.org/10.1051/0004-6361/201014535
https://doi.org/10.1051/0004-6361/201014535
http://arxiv.org/abs/1005.1487

Journal of Low Temperature Physics (2024) 216:408-416 415

C. Brockley-Blatt, M. Caldwell, C. Cara, N. Castro-Rodriguez, R. Cerulli, P. Chanial, S. Chen, E.
Clark, D.L. Clements, L. Clerc, J. Coker, D. Communal, L. Conversi, P. Cox, D. Crumb, C. Cun-
ningham, F. Daly, G.R. Davis, P. de Antoni, J. Delderfield, N. Devin, A. di Giorgio, I. Didschuns,
K. Dohlen, M. Donati, A. Dowell, C.D. Dowell, L. Duband, L. Dumaye, R.J. Emery, M. Ferlet,
D. Ferrand, J. Fontignie, M. Fox, A. Franceschini, M. Frerking, T. Fulton, J. Garcia, R. Gastaud,
W.K. Gear, J. Glenn, A. Goizel, D.K. Griffin, T. Grundy, S. Guest, L. Guillemet, P.C. Hargrave, M.
Harwit, P. Hastings, E. Hatziminaoglou, M. Herman, B. Hinde, V. Hristov, M. Huang, P. Imhof,
K.J. Tsaak, U. Israelsson, R.J. Ivison, D. Jennings, B. Kiernan, K.J. King, A.E. Lange, W. Latter,
G. Laurent, P. Laurent, S.J. Leeks, E. Lellouch, L. Levenson, B. Li, J. Li, J. Lilienthal, T. Lim, S.J.
Liu, N. Lu, S. Madden, G. Mainetti, P. Marliani, D. McKay, K. Mercier, S. Molinari, H. Morris, H.
Moseley, J. Mulder, M. Mur, D.A. Naylor, H. Nguyen, B. O’Halloran, S. Oliver, G. Olofsson, H.-G.
Olofsson, R. Orfei, M.J. Page, 1. Pain, P. Panuzzo, A. Papageorgiou, G. Parks, P. Parr-Burman, A.
Pearce, C. Pearson, 1. Pérez-Fournon, F. Pinsard, G. Pisano, J. Podosek, M. Pohlen, E.T. Polehamp-
ton, D. Pouliquen, D. Rigopoulou, D. Rizzo, I.G. Roseboom, H. Roussel, M. Rowan-Robinson, B.
Rownd, P. Saraceno, M. Sauvage, R. Savage, G. Savini, E. Sawyer, C. Scharmberg, D. Schmitt, N.
Schneider, B. Schulz, A. Schwartz, R. Shafer, D.L. Shupe, B. Sibthorpe, S. Sidher, A. Smith, A.J.
Smith, D. Smith, L. Spencer, B. Stobie, R. Sudiwala, K. Sukhatme, C. Surace, J.A. Stevens, B.M.
Swinyard, M. Trichas, T. Tourette, H. Triou, S. Tseng, C. Tucker, A. Turner, M. Vaccari, I. Valtch-
anov, L. Vigroux, E. Virique, G. Voellmer, H. Walker, R. Ward, T. Waskett, M. Weilert, R. Wesson,
G.J. White, N. Whitehouse, C.D. Wilson, B. Winter, A.L. Woodcraft, G.S. Wright, C.K. Xu, A.
Zavagno, M. Zemcov, L. Zhang, E. Zonca, The Herschel-SPIRE instrument and its in-flight per-
formance. Astron. Astrophys. 518, 3 (2010). https://doi.org/10.1051/0004-6361/201014519. arXiv:
1005.5123 [astro-ph.IM]

4. T. de Graauw, L.N. Haser, D.A. Beintema, P.R. Roelfsema, H. van Agthoven, L. Barl, O.H. Bauer,
H.E.G. Bekenkamp, A.-J. Boonstra, D.R. Boxhoorn, J. Cote, P. de Groene, C. van Dijkhuizen, S.
Drapatz, J. Evers, H. Feuchtgruber, M. Frericks, R. Genzel, G. Haerendel, A.M. Heras, K.A. van
der Hucht, T. van der Hulst, R. Huygen, H. Jacobs, G. Jakob, T. Kamperman, R.O. Katterloher,
D.J.M. Kester, D. Kunze, D. Kussendrager, F. Lahuis, H.J.G.L.M. Lamers, K. Leech, S. van der
Lei, R. van der Linden, W. Luinge, D. Lutz, F. Melzner, P.W. Morris, D. van Nguyen, G. Ploeger, S.
Price, A. Salama, S.G. Schaeidt, N. Sijm, C. Smoorenburg, J. Spakman, H. Spoon, M. Steinmayer, J.
Stoecker, E.A. Valentijn, B. Vandenbussche, H. Visser, C. Waelkens, L.B.F.M. Waters, J. Wensink,
P.R. Wesselius, E. Wiezorrek, E. Wieprecht, J.J. Wijnbergen, K.J. Wildeman, E. Young, Observing
with the ISO short-wavelength spectrometer. Astron. Astrophys. 315, 49-54 (1996)

5. PE. Clegg, PAR. Ade, C. Armand, J.-P. Baluteau, M.J. Barlow, M.A. Buckley, J.-C. Berges, M.
Burgdorf, E. Caux, C. Ceccarelli, R. Cerulli, S.E. Church, F. Cotin, P. Cox, P. Cruvellier, J.L. Cul-
hane, G.R. Davis, A. di Giorgio, B.R. Diplock, D.L. Drummond, R.J. Emery, J.D. Ewart, J. Fischer,
I. Furniss, W.M. Glencross, M.A. Greenhouse, M.J. Griffin, C. Gry, A.S. Harwood, A.S. Hazell,
M. Joubert, K.J. King, T. Lim, R. Liseau, J.A. Long, D. Lorenzetti, S. Molinari, A.G. Murray, D.A.
Naylor, B. Nisini, K. Norman, A. Omont, R. Orfei, T.J. Patrick, D. Pequignot, D. Pouliquen, M.C.
Price, Rogers AJ. Nguyen-Q-Rieu, F.D. Robinson, M. Saisse, P. Saraceno, G. Serra, S.D. Sidher,
A.F. Smith, H.A. Smith, L. Spinoglio, B.M. Swinyard, D. Texier, W.A. Towlson, N.R. Trams, S.J.
Unger, G.J. White, The ISO Long-Wavelength Spectrometer. Astron. Astrophys. 315, 38-42 (1996)

6. A. Kovacs, P.S. Barry, C.M. Bradford, G. Chattopadhyay, P. Day, S. Doyle, S. Hailey-Dunsheath, M.
Hollister, C. McKenney, H.G. LeDuc, N. Llombart, D.P. Marrone, P. Mauskopf, R.C. O’Brient, S.
Padin, L.J. Swenson, J. Zmuidzinas, SuperSpec: design concept and circuit simulations. in Millim-
eter, Submillimeter, and Far-Infrared Detectors and Instrumentation for Astronomy VI. Proceedings
of the SPIE, vol. 8452, p. 84522 (2012). https://doi.org/10.1117/12.927160

7. J. Redford, J. Wheeler, K. Karkare, S. Hailey-Dunsheath, C.M. Bradford, E. Shirokoff, P.S. Barry,
G. Che, J. Glenn, H.G. Leduc, P. Mauskopf, R. McGeehan, T. Reck, J. Zmuidzinas, The design and
characterization of a 300 channel, optimized full-band millimeter filterbank for science with Super-
Spec. in Millimeter, Submillimeter, and Far-Infrared Detectors and Instrumentation for Astron-
omy IX. Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, ed. by J.
Zmuidzinas, J.-R. Gao, vol. 10708, p. 107081 (2018). https://doi.org/10.1117/12.2313666

8. K.S. Karkare, P.S. Barry, C.M. Bradford, S. Chapman, S. Doyle, J. Glenn, S. Gordon, S. Hailey-
Dunsheath, R.M.J. Janssen, A. Kovéacs, H.G. LeDuc, P. Mauskopf, R. McGeehan, J. Redford, E.
Shirokoff, C. Tucker, J. Wheeler, J. Zmuidzinas, Full-array noise performance of deployment-grade
SuperSpec mm-wave on-chip spectrometers. J. Low Temp. Phys. 199(3—4), 849-857 (2020). https://
doi.org/10.1007/s10909-020-02407-4. arXiv:2002.04542 [astro-ph.IM]

@ Springer


https://doi.org/10.1051/0004-6361/201014519
http://arxiv.org/abs/1005.5123
http://arxiv.org/abs/1005.5123
https://doi.org/10.1117/12.927160
https://doi.org/10.1117/12.2313666
https://doi.org/10.1007/s10909-020-02407-4
https://doi.org/10.1007/s10909-020-02407-4
http://arxiv.org/abs/2002.04542

416

Journal of Low Temperature Physics (2024) 216:408-416

9.

10.

11.

12.

13.

15.

17.

18.
19.

20.

A. Endo, K. Karatsu, A.P. Laguna, B. Mirzaei, R. Huiting, D.J. Thoen, V. Murugesan, S.J.C. Yates,
J. Bueno, N.V. Marrewijk, S. Bosma, O. Yurduseven, N. Llombart, J. Suzuki, M. Naruse, PJ. de
Visser, P.P. van der Werf, T.M. Klapwijk, J.J.A. Baselmans, Wideband on-chip terahertz spectrome-
ter based on a superconducting filterbank. J. Astron. Telesc. Instrum. Syst. 5, 035004 (2019). https://
doi.org/10.1117/1.JATIS.5.3.035004. arXiv:1901.06934 [astro-ph.IM]

A. Endo, K. Karatsu, Y. Tamura, T. Oshima, A. Taniguchi, T. Takekoshi, S. Asayama, T.J.L.C.
Bakx, S. Bosma, J. Bueno, K.W. Chin, Y. Fujii, K. Fujita, R. Huiting, S. Ikarashi, T. Ishida, S.
Ishii, R. Kawabe, T.M. Klapwijk, K. Kohno, A. Kouchi, N. Llombart, J. Maekawa, V. Murugesan, S.
Nakatsubo, M. Naruse, K. Ohtawara, Laguna A. Pascual, J. Suzuki, K. Suzuki, D.J. Thoen, T. Tsuk-
agoshi, T. Ueda, P.J. de Visser, P.P. van der Werf, S.J.C. Yates, Y. Yoshimura, O. Yurduseven, J.J.A.
Baselmans, First light demonstration of the integrated superconducting spectrometer. Nat. Astron. 3,
989-996 (2019) https://doi.org/10.1038/s41550-019-0850-8arXiv:1906.10216 [astro-ph.IM]

A. Taniguchi, T.J.L.C. Bakx, J.J.A. Baselmans, R. Huiting, K. Karatsu, N. Llombart, M. Rybak, T.
Takekoshi, Y. Tamura, H. Akamatsu, S. Brackenhoff, J. Bueno, B.T. Buijtendorp, S.O. Dabiron-
ezare, A.-K. Doing, Y. Fujii, K. Fujita, M. Gouwerok, S. Hihnle, T. Ishida, S. Ishii, R. Kawabe, T.
Kitayama, K. Kohno, A. Kouchi, J. Maekawa, K. Matsuda, V. Murugesan, S. Nakatsubo, T. Oshima,
Laguna A. Pascual, D.J. Thoen, P.P. van der Werf, S.J.C. Yates, A. Endo, DESHIMA 2.0: develop-
ment of an integrated superconducting spectrometer for science-grade astronomical observations. J.
Low Temp. Phys. 209(3—4), 278-286 (2022). https://doi.org/10.1007/s10909-022-02888-5. arXiv:
2110.14656 [astro-ph.IM]

C.G. Volpert, E.M. Barrentine, M. Mirzaei, A. Barlis, A.D. Bolatto, B.T. Bulcha, G. Cataldo, J.A.
Connors, N. Costen, N. Ehsan, T. Essinger-Hileman, J. Glenn, J.P. Hays-Wehle, L.A. Hess, A.J.
Kogut, H. Moseley, J. Mugge-Durum, O. Noroozian, T.M. Oxholm, M. Rahmani, T. Stevenson, E.R.
Switzer, J. Watson, E.J. Wollack, Developing a new generation of integrated micro-spec far-infrared
spectrometers for the experiment for cryogenic large-aperture intensity mapping (EXCLAIM). in
Space Telescopes and Instrumentation 2022: Optical, Infrared, and Millimeter Wave. Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, ed. by L.E. Coyle, S. Matsu-
ura, M.D. Perrin, vol. 12180, p. 121804 (2022). https://doi.org/10.1117/12.2629502

R. Basu Thakur, A. Steiger, S. Shu, F. Faramarzi, N. Klimovich, P.K. Day, E. Shirokoff, P.D.
Mauskopf, P.S. Barry, Development of superconducting on-chip fourier transform spectrometers. J.
Low Temp. Phys. 211(5-6), 227-236 (2023). https://doi.org/10.1007/s10909-022-02920-8. arXiv:
2111.06558 [astro-ph.IM]

G. Che, S. Bryan, M. Underhill, P. Mauskopf, C. Groppi, G. Jones, B. Johnson, H. McCarrick, D.
Flanigan, P. Day, WSPEC: A Waveguide Filter Bank Spectrometer. ArXiv e-prints 1503.06528
(2015) arXiv:1503.06528 [astro-ph.IM]

S. Bryan, J. Aguirre, G. Che, S. Doyle, D. Flanigan, C. Groppi, B. Johnson, G. Jones, P. Mauskopf,
H. McCarrick, A. Monfardini, T. Mroczkowski, WSPEC: a waveguide filter-bank focal plane array
spectrometer for millimeter wave astronomy and cosmology. J. Low Temp. Phys. 184, 114-122
(2016). https://doi.org/10.1007/s10909-015-1396-5. arXiv:1509.04658 [astro-ph.IM]

E. Brooks, P. Barry, R. Nie, E. Shirokoff, J.P. Filippini, J. Connors, M. Gradziel, D. Mercado, L.
Spencer, S. Tramm, N. Trappe, M. Zemcov, Development of microwave kinetic inductance detectors
for a thz on-chip spectrometer. J. Low Temp. Phys. 214, 230-237 (2024). https://doi.org/10.1007/
$10909-023-03043-4

P.A. George, C. Manolatou, F. Rana, A.L. Bingham, D.R. Grischkowsky, Integrated waveguide-cou-
pled terahertz microcavity resonators. Appl. Phys. Lett. 91(19), 191122 (2007). https://doi.org/10.
1063/1.2809608

D.M. Pozar, Microwave Engineering, 4th edn. (John Wiley & Sons, Hoboken, NJ, 2011)

D.C. Mattis, J. Bardeen, Theory of the anomalous skin effect in normal and superconducting metals.
Phys. Rev. 111, 412-417 (1958). https://doi.org/10.1103/PhysRev.111.412

Z.A.S. Mohammed, M. Olimpo, D. Poenar, S. Aditya, Smoothening of scalloped drie trench walls.
Mater. Sci. Semicond. Process. 63, 83-89 (2017)

@ Springer


https://doi.org/10.1117/1.JATIS.5.3.035004
https://doi.org/10.1117/1.JATIS.5.3.035004
http://arxiv.org/abs/1901.06934
https://doi.org/10.1038/s41550-019-0850-8
http://arxiv.org/abs/1906.10216
https://doi.org/10.1007/s10909-022-02888-5
http://arxiv.org/abs/2110.14656
http://arxiv.org/abs/2110.14656
https://doi.org/10.1117/12.2629502
https://doi.org/10.1007/s10909-022-02920-8
http://arxiv.org/abs/2111.06558
http://arxiv.org/abs/2111.06558
http://arxiv.org/abs/1503.06528
http://arxiv.org/abs/1503.06528
https://doi.org/10.1007/s10909-015-1396-5
http://arxiv.org/abs/1509.04658
https://doi.org/10.1007/s10909-023-03043-4
https://doi.org/10.1007/s10909-023-03043-4
https://doi.org/10.1063/1.2809608
https://doi.org/10.1063/1.2809608
https://doi.org/10.1103/PhysRev.111.412

	A Vacuum Waveguide Filter Bank Spectrometer for Far-Infrared Astrophysics
	Abstract
	1 Introduction
	2 Device Concept
	3 Process Development
	4 Filter Bank Test Device
	5 Cryogenic Test Devices
	6 Discussion
	Acknowledgements 
	References




