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SRF Thin Films for Next-Generation Cavities

Today: bulk & doped Nb Future ?

A

Native oxide

Unstable upon
annealing

High purity Niobium
Optimized only for thermal
conduction

Native oxide
Not optimized for thermal

transfer \
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Protection, low secondary

" emission yield

B ———High Tc SC

S-I-S multilayers

Niobium or...not

Courtesy C. Antoine

Structure, high thermal
conductivity (Copper ?7)

Issm - External layer, optimized for

thermal transfer
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MOTIVATION

(JRecent years have seen renewed interest and activities in developing SRF cavity
materials based on thin film technologies.
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Beyond cavity applications, the developments in SRF thin film technologies find a
variety of applications in the fields of superconducting metamaterials, electronics,
sensors and quantum devices.

O Unifying theme across these technologies is that the same physics and material
properties such as extreme low loss, stability, and manufacturability are required.
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3D Cu printed ancillaries with improved cooling with ECR, HiPIMS or ALD coatings (Nb, NbTiN, Nb,Sn....)
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C. Ledford, NCSU

HOM Probe coating with Nb;SN or NbTiN
on Nb/Cu Antennas — P. Plattner, Helmoltz-Institut Mainz, TFSRF2022
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3D Cu printed ancillaries with improved cooling with ECR, HiPIMS or ALD coatings (Nb, NbTiN, Nb,Sn....)
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3D Cu printed ancillaries with improved cooling with ECR, HiPIMS or ALD coatings (Nb, NbTiN, Nb,Sn....)
3.0

2.5

&
B M ,
D » =
N

—o— Nb (degreased)
@\ —— Nb (sputtered)
= —m@— Nb(Ti)N (degreased)

—&— Nb(Ti)N (sputtered)

%

&
? 1.5
C. Ledford, NCSU
1.0
HOM Probe coating with Nb;SN or NbTiN
on Nb/Cu Antennas — P. Plattner, Helmoltz-Institut Mainz, TFSRF2022 R

HiPIMS application to Cu on stainless steel bellows
without Ni strike layer

Reliable, reproducible method, improved
aspect ratio on convolutions
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SBIR-II project, Starfire & JLab
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Radiation Hard Detectors

Chandra M Natarajan et al 2012 Supercond. Sci. Technol. 25 063001

Superconducting Nanowire
Single-Photon Detector

NbTiN

Nanowire
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Q EIC-related Detector R&D, Active Polarized Neutron Target

Concept for CLAS12, Superconducting Magnet integrated
particle detector, rapid SFQ electronics, beam loss monitors....

Q Optical communications (large mid-IR focal plane arrays of SNSPD for exoplanet transit
spectroscopy for the Origins Space Telescope. UV SNSPD are being integrated with ion trap chips
for quantum computing applications.
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Photon energy thresholds as low as ~100 meV

Timing jitter 20—40 ps easily achieved (current record 3 ps)
Reset times can be as low as 5-10 ns (potentially <1 ns)
Pixels on the order of 10x10 um?2 to 30x30 pm?

Fast, granular, high-rate pixel detector — low occupancies
Photon detection efficiencies >90%

Expected to very radiation hard (more on this later)

Can be fabricated with different geometry or pixel dimensions

Can operate on strong
magnetic fields with nearly
zero dark count

Matt Shaw, JPL
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= SNSPD patterned from 10 nm thick film
o T.=14.15+ 0.5 K
o Too thick yet to be photon sensitive

M.D, Shaw, A.D.

SNSPD Applications - Preliminary Results with crystalline NbTiN : -,
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Open the way to detection without amplification

switching current of 300 uA ( ~30 higher than usual JPL NbTiN recipe), re-trapping current of 150 UA




= QCD Experiments

High-finesse, near-concentric optical resonator enables strong
and long-range interactions among atomic spins.
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ECR Nb/Cu, 180 eV nucleation

D. Vitali, et al., Journal of Modern Optics, 54:11, 1551-1567 .(2007)

Haroche, S., Brune, M. & Raimond, J.M. Nat. Phys. 16, 243—246 (2020)
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ECR Nb Films for Studies of Highly Entangled States of Laser-Cooled Atoms _ s« o

High-finesse measurements in near-confocal Fabry—Perot geometry
enable strong and long-range interactions among atomic spins
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e 90.83710 GHz X 90.83751GHz X %b
«  94.26480 GHz X 94.26525 GHz (%)
104 * 97.69215GHz X 97.69249 GHz 3
e 101.11940 GHz X 101.11983 GHz =
e 104.54662 GHz X 104.54704 GHz 10°4 >
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requency [GHz)
Plate temnperature (K]
S Center . - :
Polarization frequency! (GHz) Linewidth (kHz) Q Finesse
s 107.97381668(2)  2.3(1) 46.9(2.0) M 1.49(6) M
p 107.97422315(5)  2.15(20) 50(5) M 1.59(15) M

At 4.2 K, TEMO0O modes improved with frequency, suggesting limitation by diffractive loss.
At 700 mK, TEMOO modes barely improved, modest improvement for higher frequency ones
Best modes : 2 orthogonal polarizations of TEM(31, 0, 0) at 107.974 MHz, with Q ~ 5x 107
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{ Metamaterials Developments

Hyperbolic character of Al/Al,O, multilayers

Meta-materials for functional surfaces AT —
Ellipsometry Polarization reflectometry
Nature Scientific Reports 6, Article number: 34140 (2016) S 100
100 .
(X8 s
12 50 et 16 layers, 15 nmilayer g osof :353'
L g o085t
5 5 owmf
=100; E 075} <E
; + measured i 2
150 o {0 3 o7l * prolrizdRat288ev }:.
platinum " e X (| : calcilstad Baseicr & e m;:::ig‘;:x “g-
“ | -200 p + Al volume fraction 085F s polarized R at 207 &V ~
(8 SRS TR SR S S S T R R R R
Energy (eV) Angle (degree)
gold * &1 (inplane) < 0 £ =747 =
i plane ) . = -7.17 and &, = 1.56, at 2.07 eV (600 nm)
. glass ) * goodagreement with calculated . - 5 15and ¢, = 1.30 at 2.88 eV (430 nm)
el 4 L e eI 5 values based on Al volume fraction
aie i+ gl =0 . : i e 1 Al/ALO,
thermal evaporation of metamaterial
a, followed by 1 hour oxidation in air

Effect of the number of layers on T, of the Al/Al,O,
hyperbolic metamaterial samples

forming Al203 (1-2 nm)

thickness of Al and
Fermi surface number of layers were varied

13 nm/layer o

8.5 nmflayer ] 08

/
06 /
.. .. , E | it f
Applications: compact RF resonator application, THz SIS Receivers, RF- el Toad M A e o
SQUID arrays, MRI (magnetic resonance imaging) and near field imaging T
For example, Metamaterials on MgB, could get superconducting structures e e R T
T® bulk Al: T, = 1.2 K T
at LN, temperatures _ —
Materials Research Foundations 132 (2022) 194-210 Metamaterial (multilayer) is needed for T, enhancement
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Metamaterials based on NbTiN

Meta-materials for functional surfaces

« Multilayer structure of NbTiN = 3.6/3/2 nm and AIN = 2/1.5/1 nm.
N bilayers deposited on NbTiN/MgO

Size Spot
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Scan fov | STEM Mag | Pixel size 192 x 455




Effect of Number of Layers on Critical Temperature
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Superconducting Digital Logic ‘umec . Jefferdon Lab
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Fabrication Stackup + JSRAM Schematic = Memory Unit Qell
400M JJ/cm? BW ww WR'

CMOS Superconducting T
7nm 30 nm ! ! I
Speed |4 GHz 17x L N O—n e O
Cor e @
Memory 500 MB/em? (SRAM) 0.01x ‘ — « 50nm CD - - ’ Q
200 nm ! !
Device density IT devices/cm? 0.1x et
YRR Y L |
? 3 routing layers
Interconnects 1.6 Gblline @ | p)/bit 120x, 1000x o : } 1layer for fl ntalztion
Power efficiency | TOPS/W 50x i : } 1.75um x 1.1 um
. i | 5 MB/cm?
1 ! |
1 |

NN TREkness L] Courtesy Q. Herr, imec
. Herr,

» Fabrication stackup for digital logic with 16 superconducting NbTiN layers, ACTIVE CONTROL AT THE EDGE HAS SEVERAL APPLICATIONS
self-shunted a-silicon barrier Josephson Junctions (JJs), and low loss, high-k
tunable HZO capacitors to enable 400 MJJ/cm? device density

= Energy efficiency, high computational density, and high interconnect bandwidth.
= Uniquely enable real-time Al training models and improved security by distributing to
edge systems compute power that currently must be deployed in a centralized data il st i B

fleecinpur today, ro-crain far cs X and re-train for process B
Center -+ Optimize car’s local coneral next 2 hours weather, incidents, etc. in next 1 howrs

Potential to provide a sustainable solution for large-scale compute st
applications positioned between mature CMOS and long-horizon i
quantum computing. Courtesy Q. Herr, imec
BT SR
—20% .ggtggon Lab

+ Personalized medicine

(planning of car charging, balancing production vs consumption)




2 metal layers with 50 nm
critical dimension.
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Courtesy A. Herr, imec
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@ MetalsNoTiN

B Metals/TiN

B Nitrides/Si3N4_PECVD
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Courtesy K. Nowack, Cornell U.
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) . il Superconducting 0 & e, ’
showing vortex location. e g
20 mm strip fabricated from a 100 nm Temperature [K] 2 Wideh [nr] b Frequency[GH] 9
thick film cooled in 12 -14 uT fields. 7::=12.5 K jc=110 mA/um2 @4.2K
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SUPERCONDUCTING QUANTUM
Exploit JLab high quality films deposited by ECR for qubit optimization MATERIALS & SYSTEMS CENTER

= Optimization of Nb/Al,O, films in the thickness range of 150-200 nm specific for qubits
=  Development and optimization of Nb/Si 2D SQMS R&D Qubit Chip — v1
= Investigation of other superconducting materials =

= Optimization of transmon & flux qubits coherence time
= Optimization of 2D and 3D design concepts

Standardized qubit chip
8 fixed frequency uncoupled transmons ~ 4 — 5 GHz

4 w/ double capacitive pads (for statistics)

2 w/ interdigitated capacitive pads (most sensitive)

2 w/ concentric capacitive pads (most insensitive)
Anharmonicity ~ 220 MHz

Readout resonators ~ 6 — 8 GHz

Frequency multiplexing on single feedline

g ey | (@)

p—

E-field distribution of different transmon geometries

SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER

el
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£ High quality Nb films for Qubits

150 - 200 nm ECR Nb films nucleated at 304 eV, subsequent growth at 64 eV
Nb/ Al,05(0001) Nb/ Al,05(1-120) Nb/ Al,05(10-10) Nb/ fused silica

= )

AIZO3 Fused Silica
R, [nm]| (11-20) " (0001) (1-120) (10-10)ceramic
2um | 154 028 103 1.35 1.81
5um | 152 034 1 131 1.86
10um| 15 047 089 117 1.84
50um| 095 055 066 046 1.69

[ | J—

T.[KI| 933 933 932 928 929 | 9.24
AT [K]| 0.07 006 0.04 0.05 0.06 | 0.26
RRR | 75.60 79.00 83.00 68.00 39.00 | 14.00

Preliminary work : collaboration with JLab, FNAL, Ames Lab, Temple University

-S@MS -

. SRF :
\L/ 2023 SRF 2023 - SRF Thin Films: Not just for Cavities seercomnucrnvcquavtn — _Jafferson Lab

= MATERIALS & SYSTEMS CENTER




High quality Nb films for Qubits

Jefferson Lab

ECRNDb-aAlI203-193b

R. Prozorov et al (Ames)

4K ZFO @ 80 O ]
8 ~S@MS--

Jefferson Lab SUPERCONDUCTING QUANTUM
ECRNDb-aAl203-193b Nb-110-AlI203-110 DC Nb High power MATERIALS & SYSTEMS CENTER

AKFC & 320 Oe

Magneto-optical Measurements



SUMMARY

Many Applications of SRF Thin Films beyond Cavities :
Ancillaries, Metamaterials, Novel Electronics and Sensors, Quantum Devices

Developments of high performing, low-loss SRF Thin Films

O Truly synergistic with benefits for both SRF and Applications
O Allow more in-depth studies or out-of-the box developments
[ Potential for transformational developments with benefits for society at large

SRF 2023 - SRF Thin Films: Not just for Cavities Jefferson Lab
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