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Superconductive Nanowire SPD

> ultrathin, ~100-nm-wide superconducting strip on Si /SiN /SiC /sapphire/

diamond / substrate

\4

Current biased at a few K, operated just below it’s transition point
P J P

\4

picosecond-scale timing, and ultra-low dark counts

> Absorbed photon locally breaks Cooper pairs forming nonequilibrium

quasiparticle

» Current crowds around hotspot, exceeding the despairing current, resistive belt

Single photon triggers brief resistive state, high efficiency at telecom bands,
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‘Infroduction and Scope

RF System

FCC ete

v

~100 km double ring collider

2 1Ps with 30 mrad crossing angle

91 GeV (Z) — 365 GeV (ttbar)

Luminosity: up to 500x103 cm2s-!

Interaction
Points

Luminometers

FCC Lepton detector (CLD) based on CLICdet

SN-SPDs based Luminometer

v Sub-per mill resolution through
small angle Bhabha scattering

167 a? 1 1
o = -
s Blglin G%ax

Goal of 10 precision on
absolute luminosity

Readout at Bunch-crossing
rates with < 20ns shaping time
1.5 MGray dose at Z pole
Pile-up ~ 1E-3 / event

o(Z) ~ 40nb, o(Bhabha)~14 nb

GRS

Current project:

Develop NbN and NbTiN processing and
transition towards MgB,

Explore physical mechanisms integrating
acustic (ballistic) phonon detection and
lower effective detection threshold

Test different widths of nano-wire to
characterise high-rate capability and
recovery time
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‘Infroduction and Scope

W Absorber

Back Wafer Epoxy

>

1

IR=115-122 mmu R=114-54mm
: AINPCB,30pm M Sensor Region
1
1

ALN PCB with underlying cooling
infrastructure

Epoxy, Wafer " 60 x Tmm Rings
Bonding region :: 3.5mm W Absorber
n
R=115-114mm
Alignment Ring
No Absorber, Epoxy or AIN

1
:
: R =122 - 140 mm
:
1
1

AINPCB  EPOXY

Front Wafer

20 X 12” single wafers, 1 wafer per layer

Sensors arranged in Tracks and sectors

60 X 1Tmm wide tracks spanning the perimeter of
the wafer from 54 mmto 114 mm

1 X Alignment track at the outer edge, R=115mm
40 Sectors, each with 9° angular coverage
Radial readout corridors between sectors, Tmm
wide

Readout region active as patterned in
superconductive ring

Sensor geometry: 50 % Fill Factor

200 nm thick MgB,, Film, 2 pm wide
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2025 Test beam, 160 GeV no*

2025 period (August)

» First ever particle detection with NbTilN and MbB, films
» 2.28 K operation within the AIDA telescope in HOB area ,@\"'f9

» 100 psec timing, 6 nsec rise times with 200 x 200 pm samples

> Very successtul test period with article already submitted and under

reviews, several Conference presentations (VERTEX 2025)

Samples & conditions

> Double loop geometry with ST meandering branches

» 7 nm active layer thickness deposited on 400 pm Poly-Si substrate atop

native SiO, (1.9 nm)

> operated at 28 - 30 HA @ 9.3V (Sth metastable resistive state after Ic)

/,‘\ University of EUR®-LABS

8t Telosey
9pe Plang 24 Toescope gy

Amplltude distributions

41 Tolag
' Telescope Py
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Rise Time distributions

T T T
—SNSPD

~——LGAD Front 700
—— LGAD Back

s

ol

—— SNSPD

— LGAD Front

— LGAD Back
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Run Configuration No. of Events  I,,,(SNSPD)  Rate (Hz) 0fs 02~ 02 03 03 04 T R ‘4HiseTi§elsm] 7%
'\\('\ 0"\\‘0(\ DUT Trigger 2933 30 pA 0.000439
\\
9 DUT trigger 0
Tracing & Efficiency 6178 30pA | 0011431 ~ 3.89 %
Run, RoI Trigger 7261 30 pA 0.011578 —> Rarea trigger
7111 30 pA 0.010707
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https://indico.phy.ornl.gov/event/677/contributions/2766/

2025 Test beam, 160 GeV no*

End-to-end fully integrated simulation chain

* Propagation of fabrication related defects to DFT approach

Energy Deposition
(GEANT 4)
AE to Q(x,y,z,t)

6" Geant4

~~

Material Properties

dmmmm) (QuantumATK, full DFT) “

Electronics/ phonon
properties, defect impact

SYNOPSYS'

Device Fabrication
(Sentaurus Process - Slitho)
Parametrization of J, R, A, D
(diffusion)

GEANT4 integration for energy deposition simulation
Effective detection threshold extraction from TDGL approach

Superconductivity Aware

nanoscale simulation
(FEnICS)
* 2-temperature model
* quasiparticle diffusion /
recombination
* time-dependent Ginzburg -
Landau model for hotspot

g
e ——

Electronics
(LTSpice)
R(t, L(t))

(Ispice

' 4
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Geant4 set-up

Pion beam simulation

1.75 4 —— Double-Gaussian fit g 0.5um  0.5um 0.5um  0.5um
Core component o Lisnil 2 1 :
L Tl compenent . Parameter Symbol  Value g e M L
1.50 H=1.269 + 0.110 mm
I Data (32 bins) o1 = 4,990 + 0.199
02 = 15.894 + 2,100 141 [ .
L5 ] o off = 10244 Beam composition T I:1 4
9 100 Mean momentum po 160 GeV/c
c
3
<]
9}
i 0 hitmap
0.75 Momentum spread (rms)  op/ p, 1 % : o
M 2733
0.50 - M:::; 438.2
‘ Beam spot (rms) OXx, Oy 10.2 mm, 13.7 mm . {Supevx 1292
e‘ty ¥
0.25 1 : .
Angular divergence p (0, 0, 1) (parallel)
0.00 4
1 SPS Pion Beam Profile (Normalized Double Gaussian) piOI‘ll
—— Gaussian isointensity . .
=1 Trigger window —— Double-Gaussian fit
40 Core component
10 == Tail component ,
oy i ot
“an
5 &
7%y 0, -
= e’?a ‘/l'e ’,. S
£ o Parameter Value /J'% e
Spill duration 4.2s
=5
W =-0.995 £ 0.278 mm Supercycle length 45s
01 = 5.988 + 0.442
10 02 = 23.299 + 9.263 _
-40 o_eff = 13.689 Spills per super-cycle 2
-15 8 . 000 025 050 075 100 125 150 175 Particles per spill 1.8x10°
LT Counts
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Geant4 set-up

Geometry, Materials, Physics Lists

Phys ios L
EM Physics: Sts

 G4EmStandardPhysics_optiond4 (global)
* G4PAIModel (NbTiN film only)

Component Material Thickness - Hadronic Physics:
Al window Aluminum (G4_Al) 40um * G4HadronPhysicsFTFP_BERT -- Inelastic
NbTiN Film Nby gTig ., alloy!! 7 nm  G4HadronElasticPhysicsXS -- elastic
o Poly-Si substrate Si (G4_Si) 500 um . Decays:
AIN support AIN (custom) [2] 750 um . Gé.LDec ayPhysics:
Forward
- * Pion and secondaries decay (negligible)
ront 40 um
Alfoll DUT Planes
Bai\kllf‘gilum Back window * Other SettingS:
* GA4StepLimiterPhysics -- discretization limiter
 G4Region
NbTiN+ .
Si02 Poly-Si AlN
beam -
[1] SpringerMaterials, NbTiN data (Inorganic Solid Phases), Springer Nature, 2025.
[2] Slack, G. A.: J. Phys. Chem. Solids 34 (1973) 321.
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Geant4 Simulation

lonization: Em_option4 vs PAl Model

B DUT1 Energy deposition per event e "
09(\0(\ gy dep P EdepSpec_DUT1 w\‘1\0“" DUT1 Energy deposition per event
Q/ - . Entries 9986 ? EdepSpec_DUT1
12
" MeaS 0.004732 Entries 34764
1500F- Std Dev 0.000009 . Mean 0.1193
4000F- 10 Std Dev  0.2024
3500
3000 10°E
2500F— -
2000F- -
= 10—
1500 -
1000/ B
500 s
OE ) | . . . ) ) | ) . . | ) ) ‘ |x10-3 :\ 1| 1 I 1| 11 I [l |I“’I‘||\| I||I 1 | |I 1 Il I 1 1 ‘I |\ I 11 1 1 ||\|I
4.7 472 474 476 4t 0 0.5 1 15 2 2:5 3 > £, fkev]
dep e
100% particles deposit energy, with same value. 3.4% particles deposit energy, with all different values
Verbose output: Verbose output:
GAWTO > ----- PRIMARY TRACK: pi+ (E = 158.763 GeV) ----- GAWT1 > 1is now defined in terms Momentum: 160.456GeV/c
G4WTO > Film Edep = 0.677272 eV Proc = SteplLimiter GAWT1 > Film Edep = 11.0641 eV Proc = SteplLimiter
G4WTO > Film Edep = 0.677272 eV Proc = SteplLimiter GAWT1 > Film Edep = 40.2854 eV Proc = SteplLimiter
G4WTO > Film Edep = 0.677272 eV Proc = StepLimiter
G4WTO > Film Edep = 0.677272 eV Proc = StepLimiter
8/ 7/ 2026 E. L. Gkougkousis



Geant4 Simulation

Total 10”6 events:

Primary vs Secondary

- ,\st DU‘ Energy deposition for DUT 1
S — All Tracks
omm - 10° — P|On Only
2]
o
Q 2
() 10°E
o g
> B
o0 10—
= =
(¢h) -
c B
L E
k 0 1 1.5 2 25 3 35 4
Edep [keV]
Momentum at entry for DUT 1
/~ £ [—AlTracks
© 103; — Pion Only
(@] i
>3 10
Q g
d -
1S
: 10—
|
©
(o
1
ST (N N I NN VT AT NAVENTSVONN I VIO | MY
20 40 60 80 100 120 140 160
\ Momentum [GeV]

Pirmaries/total: 93.3%
Secondaries/total: 6.7%

co

2nd DUT

Counts

10

-

~35,000 hits on each DUT
~9.5 days exposure test

Energy deposition for DUT 2

— All Tracks
—— Pion Only

0.5 1 15 2 25 3 3.5 4
Edep [keV]
Momentum at entry for DUT 2
- [—AilTracks
B — Pion Only
307 I 1 I 1 I N B
20 40 60 80 100 120 140 160

Momentum [GeV]

Pirmaries/total.: 93.3%
Secondaries/total: 6.7%

~ 3.5% pions deposit energy.

3\'d DUT Energy deposition for DUT 3
— All Tracks
10° —— Pion Only
10°E
10}
1
0 0.5 1 1.5 2 25 3 3.5 4
Edep [keV]
Momentum at entry for DUT 3
2 F
§ " |—All Tracks
10’k |— Pion Only
10°-
10)-
1
N 11 T |
20 40 60 80 100 120 140 160
Momentum [GeV]

Pirmaries/total: 93.4%
Secondaries/total: 6.6%
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Geant4 Simulation

Model, Process & Provenance

LoVt _ . .
A DUT 1: Energy deposition by particle (0-4 keV)

) 0\)‘

\\

©

DUT 2: Energy deposition by particle (0-4 keV)

‘

DUT 3: Energy deposition by particle (0-4 keV)

o 0\)

— — =7
— —e "~ Bther
—p Other Y
Other —p —e
— Total — Total —_— }Ij'otal
”IIIII"'J L|III Iéﬂllalslllt4
2.5 3 3.5Edep [ke\/f . EdEp [ke\/]
Physics Model %Q o
\ nc
Moller - Bhabha 0.1 % 4 prove™?
PAlModel  99.9% Momentum direction P
ot oce?’s Forward hit 95.34% [ Back - Scattered Particle Composition
lonisation Breakdown -+
Back scatter 4.66% e’ | 90.67%
Process DUT1 DUT2 DUT3 p | 3.80%
e’* 6.34% 6.32 % 6.160% a+/n— | 0.06%
Hadrons | 93.62% 93.57 % 93.760% Other | 5.46%
lons 0.04% 0.01% 0.002%
8/ 7/ 2026 E. L. Gkougkousis 11



Geant4 Simulation

Understanding the spectrum

DUT 1: Pion per-step deposition DUT 1 eMinus
g 10°E 2 [
| i - c
g0 Pion per-step dE 3 [ “Nb:M43d32
Delta birth E —I M5 3d5/2
10°EA 47Ti: L1 2s

1071 Nb: M4 3d3/2 ' L2 2p1/2

: M5 3d5/2 -ty L32p3/2
/ - ||i w 4INb: M1 3s
101 H \i
1 — 1__
IIIIIIIIIIII :IIIIIIIIIIIIII 1 "”’”N\||‘|I
0 02 04 06 08 1 12 14 16 1.8 2 0 05 1 15 2 25 3 35 4
Edep [kEV] Edep [ke\/]
* A cut-off at ~1keV in Energy deposition by pions * Peaks in spectrum
* A transition cut between soft ionization and * Shell details in materials
delta electron production. * G4 use SandiaMix to mix the coefficients, the peaks
in spectrum are sum of individual atom spectrums
Element K1s L12s  L22p1/2  L32p3/2  M13s _ M23p1/2 M33p3/2 M43d3/2 M53d5/2  N14s _ N24pl/2  N34p3/2
22Ti 4966 560.9 460.2 453.8 58.7 32.6 32.6
41Nb 18986 2698 2465 2371 466.6 376.1 360.6 205.0 202.3 56.4 32.6 30.8
8/ 7/ 2026 E. L. Gkougkousis
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TDGL Simulation

Model and Solver Consideration
* TDGL equations:

2
o q h* q
[ =—+ i— = V-i—A —ay — 2
k((% A P)= oo e A) ¥ - =Bl
Time evolution Kinetic (vortex) Local potential _
3D challenging
4mo, (10A 1ve)s 2miesh WY — PV 4me? w2 I7 v /I/
— - — — =V XV X
. C c Ot amn.c mec P .
Normal Current Super Current Total current
pyTDGL Hodge decomposition method Blair & Hampshire Model 3D Model used in superconductive
RF Cavities simulation

* 2D Finite Element Method * 2D Finite Element Method * 2D finite difference Crank- e Fully 3D Finite Element Method

* Triangular meshing * Backward Euler time stepping Nicolson algorithm *  Gmesh for meshing, FEniCS 3D

*  Well defined functions *  Semi-implicit update * Semi-implicit update FEM simulation(?]

* Gauge invariant meshing * Lorentz Gauge * Temporal Gauge * Temporal Gauge, but degeneracy

removed, curl curl stable in 3D[4
Not extendable to 3D Probably overkill for simple smooth ~ Rectangular grid (unflexible) Numerical expensive
rectangles Degeneracy in A solve Source code sample specific
1. B.Liand Z. Zhang, arXiv:1410.3746 (2014)
2. A. L Blair and D. P. Hampshire, IEEE Trans. Appl. Supercond. 28, 8000205 (2018)
3. Harbick & Transtrum, Phys. Rev. B, (2025), doi:10.1103/q9h5-83fy
4. Gao, Sun, SIAM J. Sci. Comput (2016), doi:10.1137/15M 1022744 _
8/ 7/ 2026 E. L. Gkougkousis 13



TDGL Simulation

FENICS TDGL Simulation: 2D run E-field Drive

* Geometry and meshing (2¢ triangular mesh):

e Event simulation

o

Meshing
Superconducting Region 2 ¢
Periodic boundary condition in x
No symmetry settings (for voltage)

!

Current Drive
* Phase vector drive
* Electric field drive
*  Source-drain drive

!

Split-step simulation
Remove hotspot, converge to initial
state

View Results
Save xdmf file and view in Paraview

8/ 7/ 2026
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Fabrication Run

Full wafer layout (BETTY)

Layout information:

= 160 unigque SNSPDs

= 47 SNSPDdie and 18 test structures

» 7 duplicates with variable relative positions
= 50pumdicing lines

= 50pum marker width

Key differences:

= Bigger chips with 8 SNSPDs instead of 1

» |Less photolithography required

Silicon wafer:

» Monocrystalline Fz Si

» <100>o0r<111=>orientation
» 4" diameter

n 525um thickness

» Double sided polish

» P-type boron doping

s TOKOhm.cm
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Fabrication Run

T

wwso'y

Second SNSPD
layout for
pixels <500um

8/ 7/ 2026 E. L. Gkougkousis 16



Fabrication Run

Simplified Process flow CM[

MICI'ONG Eplc[

Ce
n nt,
O@("’HO/GrOf
OQJ/
Step 1: Creation of the dicing lines Step 2: Thin film deposition (NbMN, NBTiN)

using magnetron sputtering

Step 3: SNSPD patterning though 2 steps Step 4: Gold deposition through Step 5: Lift-off and cleaning
of e-Beam lithography (Coarse + evaporation on lift-off resist
Fine)

Next steps: After fabrication, the wafer can be dice into single SNSPD die.
SEM/AFM pictures of each sample and, for the future, the samples can be bonded at CMi.

8/ 7/ 2026 E. L. Gkougkousis 17



Process Simulations

Synposys, lithography and topo

WaferCreatio slitho sprocess | NbNEtching LiftOff

Example simulation in SWB

The workflow of any fabrication process is defined in the

Sentaurus workbench (SWB)

Each step of the process flow can be defined with the different

tools; this simulation will use:
= SProcess and SDE for wafer manipulation

= STopography for wafer and material topography changes

= SlLitho for lithographic steps
= SnMesh for mesh corrections
= SVisual for pictures and SEM simulation

1 math coord.ucs

2

3 line x location=0 spacing=0.5 tag=front
4 line x location=3 spacing=0.5 tag=back

5 line y location=0  spacing=0.05

6 line y location=5 spacing=0.2

7

8 region Silicon xlo=front xhi=back

9 init concentration=1el5 field=Boron wafer.orient=100 slice.angle=[CutLine2D @ 0 0.01 0,0]
10

11 file mkdir Results

12 struct tdr=Si_init

13 struct smesh=Results/Wafer !FullD

14

15 line x location=0 spacing=0.5 tag=front

16 line x location=0.1 spacing=0.5 tag=back

17 line y location=0 spacing=0.05

18 line y location=0.5 spacing=0.2

Still wnder
constructlon

19 line z location=0 spacing=0.5
20 line z location=0.5 spacing=1
21

22 # Create 3D silicon block

23 region Silicon xlo=front xhi=back

24 init concentration=1el5 field=Boron wafer.orient=100 slice.angle=[CutLine2D ® ® ©.01 0.0]
25

26 struct smesh=Results/Wafer3D !FullD

Example of a silicon wafer made with SProcess

8/ 7/ 2026
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Process Simulations

Lithographic steps g Current state:

|
Resist & ARCs Composition |

4 |

7 &, Etching

Q. | & Development -

o =5 Post Exposure Bake

§ A Exposure
(7p) (@) Resist Spin On

Marker creation in SLitho “Alignment marker” .
g SNSPD “wires”
Step Process Description Pros and cons:
No.

o

— 1 Resist coating Resist AZ 10xT . . . .

Y . . Synopsys is a very in-depth simulation package that

3 2 Photoresist softbake  110°C for 120s allows the modification of every parameter for every

O 3 Photolithography 375nm, 130mJ/cm2 procedure

8 4 Development AZ400K:Water 1:3.5 ratio, 50s

5 DRIE 2 um depth Currently, lift-off cannot be done in Synopsys
a B 6 Resist removal Tepla + wet remover because of the way the physics model is implemented

Marker creation in the Process flow

8/ 7/ 2026 E. L. Gkougkousis 14



Sample Characterization

Electrical Characterization — R(T)
= dR/dT fit done with an asymmetric Gauss + Gumbel distribution.

R(T) measurement

T 1 sample f,_g..-—__;m—m-v- = [umbel used to describe the high temperature tail.
120
%1: = = Mathematically, a Gumbel distribution models the distribution of maxima
g - events in a series of distributions.
% ol ) = Physically, the influence of local non uniformities |ead to out of order local
2o ) superconducting breakdown, which the Gumbel distribution captures
0 e S . correctly.
2 4 6 8 10 12 14
Temperature (K)
dR/dT
—— Gaussian + Gumbel piecewise fit
400 A +  dR/dT Sample 1
o0, | The values we need for afterwards are the
o I\ Critical temperature and FWHM:
g 200 ¥ |
5 Sample number T, AT
=4
“ 100, | 773K 0.23K
2 181K 0.3K

2 4 6 8 10 12 14
Temperature (K)
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Sample Characterization

Electrical Characterization — 1(T)

x10-3 Critical current v Temperature for NbTiN &= -~ =

Sample 1 IV curve _ ‘ ‘ -
,_}, NbTiN Run 1 x10-3 - Normalized differential resistivity
14 15 51.2
121 < ° ;Eais—
10 F*_‘ g j: ge 6
g % ) 0.4
E 81 s Ee.z
3 -10 -5 [} 5 10 EG'G’ -
6 Voltage (V) = 15 -1 -5 0 5 10 15
Current (A) %1073
41 *':,4 = Fach point on the graph corresponds to the critical current
e defined from the IV curve at that temperature point (combination
2 - .
o of positive and negative | ).
2 3 4 5 6 7 8 = | is extracted using a Gumbel to the normalized ditferential
Temperature(K) L
resistivity
= |Vs measured in PPMS with a 120 s wait time between branches to
allow for temperature stabilization
= Hysteresis current not determined due to sample self-heating
positive feedback and insufficient cooling power
8/ 7/ 2026 E. L. Gkougkousis 21



Electronics

Single Event FFT «
1E+02 ¢ : 2 e
; ! —Signal + Noise ?‘e\'\‘(\é\g\
I ' —Sidepand Noise o® R2 Ri L1
1E+01 i - o .
i i el —J _F VC,_
- 1 C
0 1E+00 . |1 1 a ” by 22 .
'g E | (L m 11 ERPC2035 Conn_Coaxial_Small
%_ A Conn_Coaxia Elil 1 (E) Egczgjﬁ
E 1E-01 o - GND
o
< " R3 R5
1802 ¢ 100 MHz ] 6no [] " i
i ; WR_FLAG
1E-03 I I I I . I I I I I I I I I :t.:] GND
0 0.1 0.2 0.3
Frequency (GHz)
Target
e o = & g * Use of discrete High Electron Mobility Transistor
e 2-st volt mplifier = ~
. 9 ; I?ge ° ?ge ampfifie ‘ k!? Q} Q‘!) 5 " (HEMT) for cryogenic applications (2.2K)
) operat!on % J L' * Based onIndium Phosphate transitors
* Integrated bias Te_e . ’!) “’\1 ~*+ Simulations under way for appropriate packaging
(SNSPD current biasing) w7 4 choice implementation
* AIN substrate PCB with SMP connectors t‘] G * Bare die packaging, good high frequency (> 6 GhZ
* 16 readout channels (o7 8\ &N performance
« <10 mV heat dissipation total r \J) @ 1@ Ly -, * SiGe sin-crystallization options under consideration

(~0.6 mV/channel)

8/ 7/ 2026 E. L. Gkougkousis ‘ 22



Conclusions & Outlook

» First Test of NDTiN and Nb N samplers in test beam
proved operating principal

» Efficiency understood with GEANT4 simulations

» First in-house production run design completed

» Synopsys simulations on-going for process optimization
» Electronics design based on High Electron Mobility

Transistors

» Time Dependent Ginzburg Landau Simulations for
optimization of effective detection threshold

» Test beam foreseen for this year at end of July 2026

testing in-house runs

8/ 7/ 2026 E. L. Gkougkousis
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