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» Motivation

BIVERVARVE

= SRF cavities approach thermodynamic limit of niobium ~ 45 MV/Im
= Superconductor-Insulator-Superconductor (SIS) w
multilayers

» Theory shows potential to enhance E,.. and achieve lower rf losses
= SIS coating of cavities creates new challenges
» Experimental realization

» Material properties of thin multilayer systems
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» Motivation

NIVARVARVE

= SRF cavities approach thermodynamic limit of niobium ~70-MV/m
2\
= Superconducto
multilayers Magnetic Characterization Study| —
- Theoryshod = comprehensively investigate s
* SIS coating of ¢ the magnetic properties of
> Experiment SIS Iayers S d
uperconductor
> Material properties of thin multilayer systems cibeiats

ii
Universitat Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

TFSRF2024 | Characterization of PEALD Coated Thin Films for SRF Cavity Research | Lea Preece 3



Thin Films and Screening Currents

= Gurevich: Vortices are energetically
supressed in SC thin films for d < A,

‘Pancake’ Vortex

Vortex
dissipation
becomes
energetically
unfavourable

= |nsulator as vortex barrier so that global
vortex penetration is prevented
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References:
A. Gurevich, APL 88 (2006),
T. Kubo, SUST 30 (2017)

= Kubo: Vortex penetration shifts to Hg,>Hc,

through “counter current” at interfaces
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[Asaduzzaman M. etal., Direct measurement of the Meissner screening profile in
superconductor-superconductor bilayers using low-energy muon spin rotation (2023)]




SIS Multilayer Theory

= Top superconductor sees majority of rf field
— Surface resistance improves

= |nsulating layer creates more interfaces
— More counter currents

= Layers must be thinner than A_ 1,
— RF field is affected by counter currents

— Optimal layer thickness ds depends oniA, and H¢;
of the used bulk and layer materials
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Niobium
(9.27 K) AIN as insulator

Reference:
T. Kubo, SUST 30 (2017)

Theoretical maximum surface field a SIS

coated cavity can withstand:

. % R 1
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Sample Preparation

Plasma-Enhanced Atomic Layer
Deposition (PEALD)

Precursors:
TMA (AIN), TDMAT (TiN), TBTDEN (NbN)

c__ ]
&) precursor

‘ metal

O ligand
®® co-reactant

plasma

Plasma mix of H, and N,
n
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Post-Deposition Annealing to improve
Tcand He,

» Recrystallisation and degas of impurities

(3)30 _—'I—As-debosite'd ‘

s Ao HoHcy = 15mT
820! HoHc1 =81 mT
,§15- NbTiN I‘IOHC]. = 98 mT

210t
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e
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Temperature (K)

MoHc1 puk = 33 mT

[Gonzalez.l. et al., J. Appl. Phys. 134, 159902 (2023), 035301 (2023)]

900 °C annealing for 1 hour with controlled

heating and cooling rates




Characterization Measurements

" See also Md Asaduzzaman'’s talk
on ,,Depth-resolved characterization
> of superconductor-superconductor
bilayer properties beneficial for

Low Energy Muon Spin Rotation (LE-uSR) measurement = SRF applications “ealier today

» Determine the London penetration depth A,

Tc measurements
» Contactless Inductive T, measurement on Nb
» Physical properties measurements on Si (electrical transport, VSM)

See also Daniel Turner's talk on
»,Enhancement of magnetic flux

> Measure flux expulsion (and T¢) exi?ulstiog in multilayer structures®
ealier today
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Magnetic Flux Lens (MFL) measurement
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A_and the Estimation of Hg,

H H H Hmax opt

Meissner Screening Profile . . o

(2) (hm) - SS bl'layer N b/NbTI N Hmax
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NBTIN Nb/NbTIN SS b|'|ayer 0.0 0.5 1.0 dl;‘i 2.0 75 3.0
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sol d5=3d1.7j—.2.6 nm i Fit Literature
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° 5 o s Nb 27 C28[56]> 35[65] 0.82 (nocalc.) 200[65] 196

m
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[Credits to Ryan McFadden]
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Clean limit of A,



(B) (E)

Discussion on Meissner Profile and H, .,

Meissner Screening Profile

(z) (nm)
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°
R PV o......Normal state (20.K) |
200
150}
Meissner state (2.7 K)
100}
NbTiN
Bapplied = 25.14 = 0.05 mT
sol |ds=317+2.6 nm
A1 =171+26 nm
Ay =27 £2nm
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[
[Credits to Ryan McFadden]

. . . Hmax,opt

H,.x €stimate visualizes Hinex
Kubo’s prediction 450

> Hmax > HSh,Nb 400

» SIS multilayers 350 /\

needed! §3oo
71571 0 Y1_1Hsh.s
Kubo’s counter current T e
model suitable to 2°° e P
H 150 #*  Hmax(ds =36nm)=207mT

determlne AL 0.0 0.5 1.0 1.5 2.0 2.5 3.0

ds/As

Estimate based on Meissner Fit — improvable!

lllustrates principle of field enhancement in an SS bi-layer



T- Measurements on SiI Substrate

Si/AIN/NBTIN not annealed

80 : Sample Ref. to Measurement T /K AT /K
c0 | Si/AIN/NbTIN DESY_3_1 Electr. Transport | 8.402 + 0.271 0.931
not annealed DESY 5 1
i Tc 5.1 —
a2 Electr. Transport ((15.960 + 1.952 ) 0.106
& — Highest
g . 25 5.0 75 10.0 125 15.0 175 20.0 Si/AIN/NbTIN ngzigii '\~ Valgu e
] Si/AIN/NDTIN annealed annealed T VSM 15.566 + 0.242 | 0.666 m red
%] L
'g 6 F‘ easure
o i~
‘4 \ Si/NbTiN DESY 2 2 VSM ((14.948 + 0.409 ) 0.384
‘ annealed DESY 6 _2 Not the
2 ‘ Tc 6.2 same for
ol — A : , — ‘ Si/AIN/NDbN DESY 4 2 | Electr. Transport | 2.732+ 0.070 | 0.880 Nb
2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Temperature /K annealed substrate!

= T, can be clearly assigned to the SC thin film
» Highest T for Si/AIN/NbTiN in both measurement modes

= Measurement of an SIS Si/AIN/NbN sample — very low T
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T- Measurements on Nb Substrate

208 T. measurements on Nb (CERN) le-s T. measurements on Nb (CERN)
= As-deposited: T not 1O T SNt amened T
. SIS NbTiN NOT annealed
higher than 7 to 8 K R =l
= Annealed SS with NbTiN £ r
— —~ 06
behaves similar as 5 | 5
unannealed samples | Zos
|
> TC - TC Nb 02 J_\ L}/ 0 — zw‘c’sNth;rTlir‘lNaannr;e:al?edd
! = - : o Tenn=927K
» Two transitions? B ek 0 80 0 Hemperature /¢ °
[Measurement Courtesy of Erwan Reches, CERN cryolab]
= Only annealed SIS with Sample | Structure Te)/K ATeq)/K Ter) /K ATy 5 /K G sl Darlal
- e (5] Nb/NbTiN 9.339 + 6.890 0.032 - - p
NDTiIN Turner‘s talk on
not annealed
—, shows clear stepwise |51 | NoANNOTIN | 9.259+6.998 | 0.023 = - ~Enhancement of
P - — magnetic flux
transition Tc 6.2 | No/NbTiN 9.276 +10.663 | 0.044 9340+ 0.326 | 0.033 eXPIU_I'S'O“ In
i annealed multilayer
R e — @ g
reaches h Igh Te Tc_52 | ND/AIN/NDTIN [9.343+1.407 [0.0144 (14196 +0.014)| 0.835 structures” ealier
annealed today
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Tc Measurements with MFL

1.0} B R Warm-up - DESY 3 2
= Annealed Nb SIS and SS samples 2 V|| i e o 8
g B SIS T ] Tenn=9.27K
. . 2
— shows stepwise transition E sl
- 0) : 1
— reaches high T, 87 Stepwise
€ 0.2} Transition
o
= No double transition or = &b A O [ N, = SRS o e
significant increase in T, for L R B L. TN, » B I
- SS Nb/NbTIN [Credits to Daniel Tumer]
— SIS Nb/AIN/NbN 21'0 —T T rrrrr Warm-up - DESY 2.2 | 21‘0 N [— Warm-up - DESY_4_2
%0'8 i1 SS Tow=927K : %0‘3 Tow=92TK
= All T, measurements deliver NbB/NBTIN e . sIs
04 . | Boa
matching results! Contintlous s, NB/AIN/NbN
s transition s
oot | Se—— \ 000 e e

4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
er:, CERN Temperature Inner /K Temperature Inner /K
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Magnetic Flux Expulsion

See also Daniel Turner‘s talk on ,Enhancement of
magnetic flux expulsion in multilayer structures” ealier today

As-deposited SIS and SS thin films
« ER(Nb@900 °C) > ER(Nb@800 °C)

= Limited spatial thermal gradient

w
o

Bsc/Bnc

Annealed SS thin films

ER =

= Much higher flux expulsion

- gt N
Annealed SS samples -"""’

Nb/NbTIN post-depostion anneal (800°C initial anneal)
Nb/NbTIN post-depostion anneal (900°C initial anneal)

‘\,tf‘- o*
/ As-deposited and bare samples
4 < Nb (800°C initial anneal)
Nb (900°C initial anneal)

> Nb/NbTiIN
X Nb/AIN/NbTIN
XX ND/AIN/NBN 800 °C initial anneal
@® Nb/AIN/NBTIN
©  Nb/AIN/NbN
bl

o
Ut Bor)
<>
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2.5 5.0 7:5 10.0 12'5; 15.0 17:5 20.0
V T=dT/dx [K/m] [Credits to Daniel Turner]
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Discussion on T and Flux Expulsion

= Better flux expulsion for 900 °C initial anneal
» Increase in grain size with higher T, el
» Reduction in pinning sites

= Post-deposition annealing enhances flux expulsion i

Pinning Site

» Even for SS Nb/NDbTIN if no high T is achieved

f

Normal state

» Assumption: Pancake effect adding additional force

that counteracts pinning force
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Discussion on T and Flux Expulsion

= High-T annealing required to activate the thin film and achieve high T¢

= |nsulating layer on Nb required to ensure increase in T¢
»> Barrier layer prevents oxygen from diffusing into NbTiN layer

» XRD of NbTiN on Si confirm high-T¢ §-phase formation for SS sample

SIS multilayer SS bi-layer

As-deposited ) Annealed
As-deposited ) Annealed

NbTiN 50-100nm
amorphous NbTiN 50-100nm o o
crystalline phase NbTIN 50-100nm o ® -
amorphous © NbTIN 50-100nm
Nb oxides 3-5nm o unknown phase Intermediate
oxygen layer

AIN 15nm
Nb oxides 3-5nm AIN 15nn
O O O O 5
O O
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Conclusion

= Unclear if reduction of T implies reduction of H¢
» Experimental determination required =

Soon: NbTiN H,

measurement @ KEK!

I

» Useful comparison with estimation of H,,,, following Kubo’s model

Effective He1 [mT)
e

220~
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NbN thickness [nm]

Ito, H. et al. [arXiv: 1907.03410] (2019)

= Findings on oxygen diffusion allow new considerations on ySR data analysis

» Intermediate layer in the SS bi-layer Nb/NbTiN?

» Electron Microscopy probably shows oxygen-enriched phase with
varying stoichiometry (Ongoing TEM studies with EPFL)

= 900 °C annealing of SIS Nb/AIN/NbN
» Does not form intended high-T. §-phase
» Ti as stabiliser of the cubic high-T. §-phase
» NbN excluded from SIS studies
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Temperature (°C)

Atomic Percent Nitrogen
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Summary

= Further improvement of Nb SRF cavity performance Contact

neccessary... and possible with PEALD coated SIS multilayer!
Lea Preece

> Coating thin high-T¢ superconducting and insulating layers PhD Student

Universitat Hamburg
Institute for
Experimental Physics
Luruper Chaussee 149
22761 Hamburg

» Pushing the field of first flux penetration Hg;,

= Further characterization and experimental testing of the SIS

theory required
Room 045, Bldg. 30

SIS is a promising approach towards new technologies +49 40 8998-2394
and improved future applications in SRF research! lea.preece@desy.de
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