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 superconducting phased-array antennas

 superconducting spectrometers

 kinetic inductance detectors (KIDs).

Superconducting detector architectures relying upon dielectrics
SuperSpec (below)

Future Physics of the Cosmos and Cosmic Origins 
missions require large arrays of highly sensitive 
millimeter-wave and submillimeter detectors, 
including spectroscopic detectors: 



 superconducting phased-array antennas: E.g. BICEP2, 
Keck Array, BICEP3, and SPIDER suborbital CMB 
polarization receivers and the Caltech Submillimeter 
Observatory’s MUSIC multiband camera; 

 superconducting spectrometers: E.g. SuperSpec

 kinetic inductance detectors (KIDs): E.g. MAKO, 
MUSIC. 

Superconducting detector architectures relying upon dielectrics

MUSIC phased array antenna
KID interdigitated capacitor

SuperSpec (below)



 superconducting phased-array antennas: rely on 
superconductor-dielectric-superconductor microstrip
transmission line to coherently sum radiation received by 
arrays of slot dipole antennas and to define spectral 
bandpasses; 

 superconducting spectrometers: uses superconducting 
microstrip to route optical power to detectors and to define 
spectral channels; 

 kinetic inductance detectors (KIDs): use capacitors. 

Superconducting detector architectures relying upon dielectrics
SuperSpec (below)

MUSIC phased array antenna
KID interdigitated capacitor



Fabrication idea



• Dielectric loss, quantified by loss 
tangent: tan .

Superconducting detectors w/ 
dielectrics:

• Currently, amorphous dielectrics 
(SiO2, SiNx, amorphous hydrogenated 
silicon (a-Si:H)) are used because 
they are most convenient for 
fabrication. They have tan  ~ 10-3.

• Crystalline Si:  tan  < 5x10-6.

Significant loss in 

clever antennas

Microstrip loss

Amorphous vs. crystalline materials
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NEP:  Noise equivalent power

Left images:  O. Noroozian thesis, Caltech 2012. 

Right image:  B. Mazin thesis, Caltech 2004.

Kinetic inductance detectors (KIDs)



Left images:  O. Noroozian thesis, Caltech 2012. 

Right image:  B. Mazin thesis, Caltech 2004.

Kinetic inductance detectors (KIDs)

• Substrate dielectric affects noise performance.



 Phased-array antennas:  move detectors away from antenna and shield from absorption of 
unfiltered (spatial or spectral) light.  Allow to simplify detector wiring  X long wiring busses. 

Multiscale antennas covering a decade of spectral bandwidth possible. 

 Superconducting spectrometers:  improve spectral resolution limit, Rmax  (1/tan ), from 103 to 
2x105

resolved extragalactic mm/submm spectroscopy (intrinsic line widths ∆/ ~ 10-4 to 10-3). 

 KIDs:  interdigitated capacitors (IDC) replaced by parallel-plate capacitors 40 times smaller in area. 
Currently, IDCs can be an appreciable fraction of focal plane area. E.g. In KIDs for imaging at 350 µm 
(MAKO), it has been necessary to introduce the complexity of a microlens arrays to focus incoming 
light on the small active region of the detectors. 

Advantages of reducing loss tangent in detectors

Phased array antenna

Detector Detector

Multi-scale antenna



 Phased-array antennas:  move detectors away from antenna and shield from absorption of 
unfiltered (spatial or spectral) light.  Allow to simplify detector wiring  X long wiring busses. 

Multiscale antennas covering a decade of spectral bandwidth possible. 

 Superconducting spectrometers:  improve spectral resolution limit, Rmax  (1/tan ), from 103 to 
2x105

resolved extragalactic mm/submm spectroscopy (intrinsic line widths ∆/ ~ 10-4 to 10-3). 

 KIDs:  interdigitated capacitors (IDC) replaced by parallel-plate capacitors 40 times smaller in area. 
Currently, IDCs can be an appreciable fraction of focal plane area. E.g. In KIDs for imaging at 350 µm 
(MAKO), it has been necessary to introduce the complexity of a microlens arrays to focus incoming 
light on the small active region of the detectors. 

Advantages of reducing loss tangent in detectors
Images from J. Zmuidzinas’ talk: https://sofia.usra.edu/Science/SCF/pdf/02-19-14_Zmuidzinas.pdf 



Fabrication inspiration

Top left, right images from Denis et. al. AIP Conference Proceedings 1185, 371 (2009); doi: 10.1063/1.3292355

Employ ideas herePhased array antenna

Detector



Control experiment Wafer bond experiment

Goals

Year 1:  Develop control experiment to evaluate dielectric without wafer bonding.

Develop RF loss test device with device thickness of 5um then 1um using wafer bonding. 

Year 2: Develop mm-wave loss test device with device thickness of 5um then 1um with wafer bonding.



Control experiment:  SOI loss before wafer bonding

Images from: Weber et. al., Appl. Phys. Lett. 98, 172510 (2011); http://dx.doi.org/10.1063/1.3583449

http://dx.doi.org/10.1063/1.3583449
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Control Experiment analysis



Control Experiment analysis



Control Experiment analysis



We get Fδ0 =1-2 x 10-5.

Weber et. al., Appl. Phys. Lett. 98, 

172510 (2011); http://dx.doi.org

/10.1063/1.3583449

Control Experiment analysis

http://dx.doi.org/10.1063/1.3583449


Control Experiment analysis



Control experiment Wafer bond experiment

Goals

Goal 1:  Develop control experiment to evaluate dielectric without wafer bonding.

Develop RF loss test device with device thickness of 5um then 1um using wafer bonding. 

Goal 2: Develop mm-wave loss test device with device thickness of 5um then 1um with wafer bonding.



Alpha test structures:
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Dielectric test structures:

L

C
C

Feed line

LC resonator test structure

Direct 

determination of 

a from f0.

a is the kinetic 
inductance 
fraction:

a =Lki/(Lki+Lm).

Multiple CPW 
geometries 
allow one to 
determine a.

Allows for 

determination of 

RF loss and 

measure of e/d 

(e: dielectric 

constant, d: 
thickness).

Goal 1 RF test structure



Metal loss test structures:
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Dielectric test structures:

Goal 1 RF test structure

TLS noise at high readout power  KIDs typical operation.  
Resonator frequency shift is less sensitive to readout power 

best measure of the zero-power loss tangent.  Reflects the 
intrinsic properties of the dielectric and also best predicts the 
mm-wave loss tangent. 



RF Wafer Bonded Device Experiment analysis

Device alive, and 

undergoing testing.



Conclusions

• Low loss confirmed in control test experiments, although factor of 3-6x best in literature.

• Successfully fabricated RF test structure using wafer bonding.  More robust fab. process. 

Undergoing testing.



Year 1 RF test structure

Readout line E.g.  Capacitor for RF test

Grounds strapped together






