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Superconducting detector architectures relying upon dielectrics

J} SuperSpec (below)
Future Physics of the Cosmos and Cosmic Origins 1 |
missions require large arrays of highly sensitive
1 millimeter-wave and submillimeter detectors,
including spectroscopic detectors:

e superconducting phased-array antennas

e superconducting spectrometers

e kinetic inductance detectors (KIDs).




Superconducting detector architectures relying upon dielectrics

43 o superconducting phased-array antennas: E.g. BICEP2, fRES Recibelow) -
Keck Array, BICEP3, and SPIDER suborbital CMB ‘
polarization receivers and the Caltech Submillimeter

1 Observatory’s MUSIC multiband camera;
/
O e superconducting spectrometers: E.g. SuperSpec

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

MUSIC phased array antenna




Superconducting detector architectures relying upon dielectrics

SuperSpec (below)

J) e 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

g bandpasses;

O

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

e kinetic inductance detectors (KIDs): use capacitors.

MUSIC phased array antenna




Fabrication idea

SOl wafer

Crystalline Si
Buried oxide (BOX)




Amorphous vs. crystalline materials

Two-level systems (TLS):
Microstrip loss excess noise in KIDs

» Dielectric loss, quantified by loss
tangent: tan o.

Superconducting detectors w/
dielectrics:

Currently, amorphous dielectrics
(SiO,, SiN,, amorphous hydrogenated
silicon (a-Si:H)) are used because
they are most convenient for
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Amorphous vs. crystalline materials

Two-level systems (TLS):

Microstrip loss excess noise in KIDs : : -
» Dielectric loss, quantified by loss

tangent: tan o.

Superconducting detectors w/
dielectrics:

Ground Plane

Currently, amorphous dielectrics
(SiO,, SiN,, amorphous hydrogenated
silicon (a-Si:H)) are used because
they are most convenient for
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Kinetic inductance detectors (KIDs)

NEP: Noise equivalent power
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Left images: O. Noroozian thesis, Caltech 2012.
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Kinetic inductance detectors (KIDs)

aluminum
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* Substrate dielectric affects noise performance.

Left images: O. Noroozian thesis, Caltech 2012.
Right image: B. Mazin thesis, Caltech 2004.



Advantages of reducing loss tangent in detectors

Phased array antenna

Detecto

Detector

e Phased-array antennas: move detectors away from antenna and shield from absorption of
unfiltered (spatial or spectral) light. Allow to simplify detector wiring >
Multiscale antennas covering a decade of spectral bandwidth possible.

e Superconducting spectrometers: improve spectral resolution limit, R.,,, ~ (1/tan &), from 103 to
2x10°>->resolved extragalactic mm/submm spectroscopy (intrinsic line widths Av/v ~ 104 to 10-3).

e 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 um
(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.



| | \ I Images from J. Zmuidzinas’ talk: https:/ /sofia.usra.edu/Science /SCF /pdf /02-19-14_Zmuidzinas.

Advantages of reducing loss tangent in detectors

odf

Layout showing inductor, capacitor and
coupling (red) + lens positions (black)

Phased-array antennas: move detectors away from antenna and shield from absorption of
unfiltered (spatial or spectral) light. Allow to simplify detector wiring >
Multiscale antennas covering a decade of spectral bandwidth possible.

Superconducting spectrometers: improve spectral resolution limit, R..,  (1/tan §), from 103 to
2x10°>->resolved extragalactic mm/submm spectroscopy (intrinsic line widths Av/v ~ 104 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 um
(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.



Fabrication

Magic -T \
Probe
J Antennas
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Photonic Chokes
Housing

% Cross over
/ TES

EHY) - rier

Back shlénrt Silicon

Membrane Detector Chip b,

.

|

Phased array antenna Employ ideas here

Detector

inspiration

Wafer 1 Wafer 2

Handle layer

SO0l wafer: deposit Nb ground plane and
BCE layer for wafer bonding

DRIE waveguide and coat with metal.

Wafer level bond of waveguide cavity
to SOI wafer device layer side

Remaove handle layer. SOI device layer functions as
the OMT membrane, TES thermal isolation membrane
and microstrip dielectric.

Complete microstrip circuitry and TES processing
on the device layer side

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



Goals

Control experiment Wafer bond experiment

Year 1: Develop control experiment to evaluate dielectric without wafer bonding.
Develop RF loss test device with device thickness of 5um then Tum using wafer bonding.

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



Control experiment: SOI loss before wafer bonding

Aluminum

Average photon number

Images from: Weber et. al., Appl. Phys. Lett. 98, 172510 (201 1); http://dx.doi.org/10.1063/1.3583449


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

Goals

Control experiment Wafer bond experiment

Goal 1: Develop control experiment to evaluate dielectric without wafer bonding.
Develop RF loss test device with device thickness of 5um then Tum using wafer bonding.

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



Goals

Control experiment Wafer bond experiment

Goal 1: ' Develop control experiment to evaluate dielectric without wafer bonding.
Develop RF loss test device with device thickness of 5um then Tum using wafer bonding.

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



Control Experiment analysis
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Control Experiment analysis
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Control Experiment analysis
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Control Experiment analysis
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FIG. 3. (Color) Internal quality factor of aluminum resonators between 4
and 5 GHz. Devices which had the native oxide stoipped from the top of the
device layer (black) exhibited loower losses than devices with the native
surface oxide present (blue). Black symbals {4 ., correspond  to
o M ( 297)=44.90223 405102491246} GHz resonat respectively, Blue
symbols  comrespond w0 o/ (27 ={4.96406,5.02214,4.47342} GHz
resonalors.

Weber et. al., Appl. Phys. Lett. 98,
172510 (2011); http://dx.doi.org
/10.1063/1.3583449
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Control Experiment analysis
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Goals

Control experiment Wafer bond experiment

Goal 1: Develop control experiment to evaluate dielectric without wafer bonding.
Develop RF loss test device with device thickness of 5um then Tum using wafer bonding,

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



Goal 1 RF test structure

Alpha test structures:

Direct

determination of

o from f,
( ) o is the kinetic
(@ inductance
) fraction:

a =L/(Lg+Lln).

Multiple CPW
geometries

allow one to
determine a.
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RF loss and
measure of g/d

(e: dielectric
constant, d:
thickness).

LC resonator test structure



Goal 1 RF test structure

Metal loss test structures:

Direct

determinatior of
o from f,

( ) o is the kinetic
(@ indu<tance

) fraction:

o =LI/4/(Lk'i+Lm)-
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LC resonator test structure



Goal 1 RF test structure

TLS noise at high readout power - KIDs typical operation.
Resonator frequency shift is less sensitive to readout powern -
best measure of the zero-power loss tangent. Reflects the

intrinsic properties of the dielectric and also best predicts the
mm-wave loss tangent.

300

T (mK)



RF Wafer Bonded Device Experiment analysis

data taken on 160819 at 4K

Device alive, and
undergoing testing.

27 275

Frequency [GHz]




Conclusions
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* 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




Next to last process step:

Sputter or electroplate gold to link ground planes.
Needs to connect

through 5um via, but doesn’t have to be 5um thick - Nb
(can sputter for example).

Au

crystal Si

BCB

handle Si

Si02

DRIE last. SiO2 (or Au) used as a stop to keep from going through crystalline Si under CPWs.

DRIE last processing step. With DRIE photoresist still in place, etch away the SiO2 or Au stop before removing
DRIE photoresist mask.




bonding

Room temperaturs
up to 400 “C

Low to moderate
bond pressure

+ high bond strength
+ low bond temperature
+ works practically with any
substrate material includi
glecironic wafers
— ni» hermetic bonds
— limited temperatures stability

MEMS, Sensor
packaging,
AD-1Cs,
temporary bonds

LE I. Commonly used wafer bonding techniques (Refs. 1-15)

Wafer bonding
technique

Direct bonding

Anodic bonding

Solder bonding

Eutectic bonding

Thermocompression
bonding and

direct meta

metal bonding

Ultrasonic bonding

Low-temperature

melting glass
bonding

Adhesive bonding

Typical bonding
conditions

6001200 °C
Room-temperature
schemes have been
reported

Small or no bond
pressure

150-500 °C
2001500 V
No bond pressure

150-450 °C
Low bond pressure

200-400 °C
Low to moderate
bond pressure

350-600 °C
100-800 MPa
(high bond
pressure)

Room temperature
up to 250 °C
High bond
pressure

400-1100°C
Low to moderate
bond pressure

Room temperature
up to 400 °C

Low to moderate
bond pressure

Advantages and disadvantages

+ high bond strength
+ hermetic
+ resistant to high temperatures
high surface flatness required
high bond temperatures not always
compatible with electronic wafers

+ high bond strength
+ hermetic

resistant to high temperature
— bond temperatures in combination
with voltage not always compatible
with electronic wafers

+ high bond strength

+ hermetic

+ compatible with electronic wafers
solder flux

high bond strength
+ hermetic
+ compatible with electronic wafers
— sensitive to native oxides at
surfaces

+ hermetic
+ compatible with electronic wafers
very high net forces for full wafer
bonding required
high surface flatness required

+ compatible with electronic wafers
only demonstrated for small bond
areas

+ high bond strength

+ hermetic

— bond temperatures not always
compatible with electronic wafers

+ high bond strength
+ low bond temperature
+ works practically with any
substrate material including
electronic wafers
- no hermetic bonds

limited temperatu

Application
areas

Ol wafer
fabrication

Sensor
packaging

Bump and flip-
chip bonding

Hermetic
packaging
Bump and flip-
chip bonding

Wire bonding
Bump and flip-
chip bonding,
e.g. 3D-ICs

Wire bonding

Sensor
packaging

MEMS, Sensor
packaging,
3D-ICs,
temporary bonds




