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Superconducting Devices for Dark Matter Experiments

• SRF Cavities
• Qubits
• JJ based Single Photon Counters
• Quantum Limited Amplifiers
• Microwave Kinetic Inductance Detectors (MKIDs)
• Transition Edge Sensors
•

A. Romanenko et al, PRL 130, 261801 (2023)

R. Cervantes et al, arXiv:2208.03183 (2022)
L. Balembois et al, arXiv:2307.03614 (2023) A. V. Dixit et al, PRL 126, 141302 (2021)
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Lossy elements with known Estored /Etotal

Other channels 
(e.g. radiative decay)

Qubit frequency Loss tangent

Total decay rate 1,2,3

Each channel 
bounds T1:

Looking for changes 
channel-by-channel:

Participation ratio Estored /Etotal

MS: Metal-Substrate | SA: Substrate-Air | MA: Metal-Air | MM: Metal-Metal

Al

Decoherence channels in 2D superconducting qubits:
two-level systems, bulk substrate losses, quasiparticles, …

NbOx

Nb10nm
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SQMS innovative approaches quantum materials and devices 
characterization

Cryogenic TEM, AFM, MFM

Cryo XRD, XRR

Atom Probe Tomography
Cryogenic TOF-SIMS

β-NMR, μSR
• Leveraging DOE and SQMS academic 

partners user facilities capabilities to 
identify sources of decoherence

Dissecting and studying fragments 
of characterized devices

THz spectroscopy
Magneto Optical 
Imaging

A. A. Murthy et al, ACS Nano 16, 17257 (2022)



M. Bal | Erice 2023

Novel Surface Encapsulation as Mitigation 
Strategy to eliminate Nb2O5

Ta Encapsulation TiN Encapsulation Al Encapsulation

• Avoid niobium oxidation by stable surface encapsulating layer
– Thin (~5-10 nm) => small contribution to conductive losses
– But TLS-hosting dissipative surface Nb2O5 is absent => reduction of the TLS dielectric 

losses => better coherence 



Sapphire

Substrate Preparation
• Solvent Clean
• RCA SC-1 Clean

Sapphire

Film Deposition
• Sputter Nb film
• Deposit 5-10 nm encapsulation layer

• Ta & Al  encapsulation in situ 
(sputter)

• TiN encapsulation ex situ (ALD)

Sapphire

Patterning Film
• Photolithography
• Dry Etch

Process Flow to Define Qubit Circuitry on Sapphire



• Al/AlOx/Al Junctions are deposited at +22 / -22 degree angles relative to 
the normal of the substrate.

• 2’15” (45”/45”/45” at +60/0/-60 degree) Ar ion milling to remove oxide on 
Nb.

• Bottom/Top electrode thicknesses are 40 nm/90 nm.
• The Oxidation is 20 mBar for 12 minutes (Ar/O2 (85/15) mixture)
• Typical Junction area is approximately 200 nm x 200 nm

Josephson Junction Fabrication

7.5 mm

20 µm
500 nm
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Qubit Coherence Results

Group Best T1
(μs)

Freq. 
(GHz)

Substrate Primary 
Material

Publication 
Year

Yu 503 3.8-4.7 Sapphire Ta, dry etch 2022

SQMS 451 4.5-5 Silicon Ta/Nb, dry etch 2023

Houck 360 3.1-5.5 Sapphire
Ta, wet etch

2021

IBM 340 ~4 Silicon
Nb, dry etch

2022

IBM 234 3.808 Silicon
Al, dry etch

2021

SQMS 198 4.5-5 Sapphire Ta/Nb, dry etch 2023

M. Bal et al, arXiv:2304.13257 (2023) 

Sapphire Si
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Elimination of Surface Losses Critical for T1  beyond ms time scales
 Explore novel surface encapsulations (Au, PdAu, NbN,…)

• Nb/Au – 181 +/- 15 us
 Different SC materials (Ta, TiN, NbTiN,…)
 Reduce bulk dielectric losses (Annealing, impurities,…)

S. Ganjam et al, arXiv:2308.15539 (2023) 
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Qubits for Dark Matter Search

A. V. Dixit et al, PRL 126, 141302 (2021) L. Balembois et al, arXiv:2307.03614 (2023) 

Experiments to use these 
devices for Axion search.
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MKIDs

Noise Sources:
• TLS noise
• Shot noise from the generation and 

recombination of quasiparticles
• Amplifier noise P. K. Day et al, Nature 425, 817 (2003)

Applications include:
• Observational Astronomy
• Dark Matter Search
• Neutrino Detection
• QIS
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Effectiveness of Passivation

9/14/202313
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Design parameters and device layout

14pH, Sapphire=10.0



M. Bal | Erice 2023

T1 variation due to TLS

0 20 40 60 80 100 120 140 160 180 200

Meas. Count(#)

0

20

40

60

80

100

120

140

160

180

200

T1
(

S)

Selected T1 vs. Materials

Nb/Ta

Nb/TiN

Nb/Al

Nb

Average T1 vs. Standard variation T1

Assume variation due to number of TLS

X. You, et al., Phys. Rev. Appl. 18, 044026 (2022)



Shadow evaporation with tilt,  “Dolan bridge” –
Single pattern step, single pumpdown
1) Pattern, deposit 1st layer, oxidize, tilt, 

deposit 2nd layer

Overlap junction - 2 patterns, pumpdowns

100nm

M. Steffen et. al, PRL97, 050502 (2006)

X. Wu, et. al APL (2017)

“Manhattan style” – shadow evaporation
Use rotation between the two depostions and 
oxidation

J M Kreikebaum et al 2020 Supercond. Sci. Technol. 33 06LT02F. Lecocq et al Nanotechnology (2011)

1) Pattern 
pumpdown
LO BE

2) Pattern
pump down
mill BE & oxidize 
LO TE

“Bridgeless” – shadow evaporatioin high aspect tilt

Liftoff Process to Fabricate Submicron Al/AlOx/Al Junctions



• Aluminum oxidation is conformal,  ~ 1.8 nm  thick Al/AlOx/Al
• Thickness variations with exponential dependence of current

– Less than 10% of total barrier active  
– Strong inhomogeneity of tunnel current across junction

• Amorphous materials are lossy – make junctions small

9/14/2023 17

Zeng, J. Phys. D: Appl. Phys. 48 (2015) 395308

Cross-section TEM

20 nm

Josephson junctions - sensitive to atomic-level defects



θ2

t1

t2

m1cos(θ1)

θ1

b

m2cos(θ2)

t1: thickness of 1st resist layer
t2: thickness of 2nd resist layer
m1: 1st metal deposition thickness
m2: 2nd metal deposition thickness
θ1 : 1st deposition angle
θ2 : 2nd deposition angle
b: bridge width

Overlap gap1gap2

Dolan Bridge Double Angle Shadow Evaporation

Raith EBPG5200 E-Beam lithography system (100 kV)
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