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Overview

= Introduction: Silicon vertex and tracking detector technologies
= Current R&D for 2030s detectors

= Replacement options for ATLAS and CMS layers

= Smaller-scale detector systems for the 2030s

= Future collider requirements (FCC-ee and other e+e- colliders)
= Speculative remarks on FCC-hh

" Monolithic CMOS sensors in future detectors

= Low-mass service systems for silicon sensors

= Non-silicon sensors

= Conclusion and outlook
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e
Silicon vertex and tracking detector technologies

= Particle vertexing
— Exact point of origin (vertex) of a
particle within a collision event
— For identifying primary and
secondary vertices

Key; Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
""" Photon

= Particle tracking
— Reconstructing the trajectory of
a particle as it travels through a
detector
— Provides crucial information
about the particle’s momentum,
direction and charge

with Muon chambers

’d U N |
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e
Currently at the LHC - Silicon is everywhere!

Pixels Strips

Hybrid e ATLAS Pixel Detector + B-Layer e ATLAS SemiConductor Tracker
* CMS Pixel Detector  CMS Tracker
e LHCb VELO e LHCb Upstream Tracker

Monolithic ¢ ALICEITS 2

eV guard ring ATLAS Pixel Module

Type0 connector

decoupling D&
capacitors

LHCb VELO

dimensions: ~ 2 x 6.3 cm?
wler?;ﬂ(s:|gnf.29 kS
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Currently at the LHC

Process n-on-n planar
Pixel size 50 um x 400 pum
Thickness 250 um

Hybrid * ATLAS Pixel Detector + B-Layer

* CMS Pixel Detector 111D 50 Mrad
r R =1082mm ) pt* MIP p* 1 NIEL 1615 neq/sz
: 16 51& ' 1 Readout chip FE-I3 (0.25 um CMOS)
) h e
TRT< - by |4 Total area ~2 m
! L | A
9\
L:;T:: }’ ;’ ‘ Process n-on-n planar & 3D (n+, double-sided)
] resssm Vo ) Pixel size 50 um x 250 um
R =orimm ' L Thickness 200 pm “d
R =299mm e A ‘ a
i 1 TID 250 Mrad d p\at\a .
R =122.5mm ::g: NIEL 5el15 (Or 1 “‘b‘\ \S w\t“ .
"ixe‘s{ R=ssmm 20> 1 | Readout chip Ft 0 p'\‘lse X c\\\P
R=omm el Total area 3 ‘ dov |
9|0~
e v CMOS
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Cu rrently at the LHC [ Hybrid silicon strips before that ]

Process n-on-p planar
Hybrid  ATLAS Pixel Detector + B-Layer Pixel size 55 um x 55 um
: Thickness 200 um
* CMS Pixel Detector 1 TID 400 Mrad (VeloPix)
* LHCb VELO 1 NIEL 8e15 n,./cm?
Monolithic * ALICE ITS 2 Readout chip VeloPix (130 nm CMOQS)
Total area 0.12 m?

&4 UNIVERSITY OF
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Currently at the LHC

Process Monolithic CMOS (180 nm TowerlJazz)
Hybrid e ATLAS Pixel Detector + B-Layer Pixel chip Alpide (ALice Plxel DEtector)
. CMS Pixel Detect J Pixel size 30 um x 30 um
IXCTCELECLOr Thickness 50-100 pum
e LHCb VELO 1 TID 700 krad
Monolithic « ALICE ITS 2 NIEL 1e13 n,/cm’
Power consumption 50 mW/cm? MOS
S , Chip size 15 mm x 30 mm - ‘\'\Cc
[ Hybrid silicon pixels and T > \\‘-
) otal area 10 m 0“0
strips before that ] M

NWELL TRANS L 1ORS NWELL
DIODE NMOS PMOS DIODE

-
o8 I Vrst
~J
PWELL PWELL NWELL PWELL (:l‘l’l3
—— VEB
DEEP PWELL DEEP /PWELL —
] : e

M. Mager, NIM-A: 824 434-438, 2016

{
1 N € . Kant
N

ALICE ITS upgrade ITS 2 ALPIDE
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e
Transition to High Luminosity LHC

Process n-on-p planar & 3D (innermost layer)
ATLAS ITk — Pixels I;:)xoel S|z?35DO) um x 50 um (planar, 3D), 25 um x
: J Hm
CMS Pixel Detector Thickness 100-150 um (planar), 150 um (3D)
LHCb VELO TID 500 Mrad (ITkPixV1)

5 :

ALICE ITS 2 NIEL 1el6 n.eq/cm ‘(|TkPIXV1)
Readout chip ITkPixV1 (65 nm CMOQS)
Total area 13 m? (pixels), 165 m? (strips)

Hybrid

Monolithic

Pixel region (13 m?
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New challenges

=" Complete HL-LHC WG1
WG2
=" FCC-ee
— High precision Wes
. WG4
— Low mass
WG5
— Low power
WG6
= FCC-hh
— Low power WG7

— High radiation tolerance (8e17)

Monolithic silicon sensors
Hybrid silicon technologies
Extreme fluence

Simulation

Characterisation techniques

Wide bandgap and innovative sensors
materials (diamond, SiC, GaN)

Interconnections and device
fabrication

" Pile-up mitigation by ultra-fast timing in O(10-100 ps)

= Sensors with fully integrated electronics, mechanics and services

= Large area sensors at low cost
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DRD3.1 Monolithic silicon sensors

" Aim is to advance the performance of monolithic CMOS, combining
sensing and readout elements, tackling the challenges of:
— Very high spatial resolution
— Good timing performance
— High data rate
— High radiation tolerance

DRD3.1 research goals <2027

1.1 Position resolution: £3 um

1.2 Timing resolution: towards 20 ps

1.3 Readout architectures: towards 100

— Keeping an affordable cost MHz/cm2, 1 GHz/cm2 with 3D stacked

— Low mass monolithic sensors, and on-chip

— Covering large areas reconfigurability

_ Reducing power 1.4 Radiation tolerance: towards el6 neq/cm2

NIEL and 500 Mrad TID

1.5 Low-cost large-area CMOS sensors

— And ultimately combining all
these in one single device

P22 UNIVERSITY OF
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DRD3.1 project proposals

WG1/WP1 Project proposal discussion - September Session

Friday 27 Sept 2024, 14:00 — 17:10 Europe/Zurich

Yideoconference S WG1/WP1 Project proposal discussion
m —14:20 Introduction ©, = ~
Speakers: Eva Vilella Figueras (University of 3B)), Heinz Pernegger (CERN), Jerome Baudot (iPH
m — 17:10 Proposal updates and presentations Z -

Conveners: Eva Vilella Figueras (University of

= Monolithic CMOS sensors for fast-timing (without and
with gain layer for internal amplification), in several
processes

= Arcadia type sensors

= Versatile CMOS sensor for several future tracking
applications

» Thin radiation tolerant HV-CMOS sensors
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8)), Heinz Pernegger (CER!

, Jerome Baudot (IP+

Radiation hard readout architectures
Fine-pitch CMOS sensors for lepton colliders
Ultra-low mass tracking detectors

CMOS strips

New processes
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e
DRD3.2 Hybrid silicon technologies

= Aim is to advance the performance of different sensor technologies
(Tl-, AC-, invers- DJ-LGAD, 3D, etc.) for several specific applications:
- Future upgrades beyond LHC
ase-limis uée , ayers 2.1 Reduction of pixel cell size for 3D sensors
at moderate radiation levels

_ 3D sensors for timing (50 x 50 um, < 50
(1-3e15 n,,/cm?) with 10-30

ps)
um spatial resolution 2.3 LGAD for 4D tracking <10 um, <30 ps, wafer
— LHCb and FCC-hh will require 6” and 8”
>1e16 ng/cm? 2.4 RSD for ToF (Large area, <30 um, <30 ps)

— Radiation tolerance limited by
loss of gain - material engineering
or 3D possible solution at extreme fluences

deep under front electrodes

sted in 2018/19

P&’ UNIVERSITY
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e
DRD3.6 Wide bandgap and innovative sensor materials

" WBG semiconductors can be used for timing applications due to the
high carrier saturation velocity, and their radiation tolerance makes
them suitable for extreme fluence with the added advantage that
they can be operated without cooling.

DRD3.6 research goals <2027

6.1 3D diamond detectors

6.2 Fabrication of large-area SiC and GaN detectors, improve material
quality and reduce defect levels

6.3 Improve tracking capabilities of WBG materials

6.4 Apply graphene and/or other 2D materials in radiation detectors,
understand signal formation

P22 UNIVERSITY OF
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e
Transition to High Luminosity LHC

Pixels Strips

Hybrid  ATLAS ITk — Pixels e ATLAS ITk — Strips
e CMS Pixel Detector e CMS Tracker
e LHCb VELO

Monolithic ¢ ALICE ITS 3, ALICE 3
 LHCb Mighty Tracker & UP

[ A selection ]
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Transition to High Luminosity LHC

Side View

g Magnet &
_HV -HV Magnet Stations
PMOS NMOS y

n-well p-well

Deep p-well

Deep n-well
’ "\.
Depletion )
N e 0
region ..
\4

p-substrate

7 |
* LHCb Mighty Tracker & UP

2026 — MightyPix3 (ENG RUN) |

LHCb Upgrade II

Process Monolithic CMOS (180 nm AMS, 150 Process M vic CMOS (considering a few

nm LFoundry HV) g cuﬁe“‘\

Pixel size 50 um x 150 pum Specs eﬂ\§‘°“ Y

Thickness 200 pm ““de‘ 5200 m OS
TID 40 Mrad 11D 240 Mrad AiC C

NIEL 3el14 n . /cm? NIEL 3e15 n,,/cm? 0“0\“

Total area ~12 m? (scenario not fixed yet) Total area M
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Transition to High Luminosity LHC

Side View

Magnet &
Magnet Stations

U n-well p-well U
Depletion fe v . D f‘ 80000 |- [ 1 No corrections _
regn %y |@ 2025 — MightyPix2 (ENG RUN) X~ e :
pasbaa 2026 — MightyPix3 (ENG RUN) 270000 . ;1 =64.5ns E
e 1 E X o=3.18 ns :
+ LHCb Mighty Tracker & UP = 000%0F SRR e E
so000F |nternal :

400002— o
[HCE MR Rae T © 315 timing

30000

Process Monolithic CMOS (180 nm AMS, : - luti ]
nm LFoundry HV) 20000 resolution 3
Pixel size 50 um x 150 pm 10000 E reqwrement :
Thickness 200 um E 1)

TR WSS TR (S T [T S (M M L [ Ry o
TID 40 Mrad %0 20 10 60 380 100
NIEL 3e14 n.,/cm | | NIEL 3e15 n,,/cm N\O“o“
Total area ~12 m? (scenario not fixed yet) Total area
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RD50-MPW4

= High breakdown voltage and high radiation tolerance
Multiple ring structure around the chip edge
— Substrate backside-biasing to high voltage

= Fabrication details
150 nm High Voltage CMOS LFoundry (LF15A)
P-type substrate with nominal 3 kQ-cm high resistivity
280 pum thin

= Chip contents
Pixel matrix with FE-I3 style readout
* 64 x 64 pixels
* 62 um x 62 um pixels with large collection electrode
Digital periphery (12C slow control, data transmission)

" |rradiation campaign
Neutrons - several fluence from 1e14 to 3e16 n./cm?

26.09.2024 — ECFA-UK Meeting @ Durham — Eva Vilella
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v

6.3 mm
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+—54mMmm —

W3 -

200 400 600 800
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e
Transition to High Luminosity LHC

Hybrid

Monolithic

ATLAS ITk — Pixels
CMS Pixel Detector
LHCb VELO

ALICE ITS 3, ALICE 3
LHCb Mighty Tracker & UP

1TID 10 kGy

A\
R ITS3 Lol: CERN-LHCC-2019-018 I

26.09.2024 — ECFA-UK Meeting @ Durham — Eva Vilella

Process 65 nm CMOS (TPSCo)
Pixel size
Thickness 50 um

NIEL e13 n_,/cm?

Power consumption 20 mW/cm?
Chip size 27 cm x 9 cm (chip stitching)
Total area 60 m?

Replacing the 3 innermost layers with new
ultra-light, truly cylindrical layers
* Reduced material budget bv r~
water cooling, circii+
mechanical C
* Closer to th.

Improved vel A \a¥

reduct

K&’ UNIVERSITY OF
UK Research e
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https://cds.cern.ch/record/2703140/

e
Transition to High Luminosity LHC

I MLR1 (Multi-Layer Reticle 1): first MAPS in
‘ TPSCo 65 nm
« Successfully qualified the 65 nm process for |

ITS3 (and much beyond) Rt Al e 1
‘ ER1 (Engineering run 1): first stitched MAPS s Bl A B
2023« | grge design “exercise”, stitching was new |
* Test campaign
ER2 (Engineering run 2): first ITS3 prototype

2022

2024
I e Further ITS3 ER planned (20257)
2025 Multi-Project Reticles (MPR2, 3 and 4) _ HEER
V2 (tobeshared s o  g@me  _ _ LSS wos  puos USRS
. PWELL NWELL --------- = : % i
Wlth the DEEP PWELL ?, -[j ‘\PWELL‘“__/ ___________________________
commun Ity) LOW DOSE N-TYPE IMPLANT LOW DOSE N-TYPE IMPLANT
, " - DEPLETION DEPLETION
\ ! BOUNDARY BOUNDARY
\‘ DEPLETED ZONE ',‘l . QEPLETED ZONE o o DEPLETED ZONE o
Standard process Modified process Modified process with gap
ESEETRXACEAYER i P= EPITAXIAL LAYER P= EPITAXIAL LAYER

Wi N XRE RS T Y 0 F
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e
Transition to High Luminosity LHC

l%g‘ - 103
Digital Pixel Test Structure (DPTS) 957 110! _ (S Detection eidency
* 32 x 32 pixel matrix = Lt 1 | vereaov
« Asynchronous digital readout with é ol - b N % By
Time- over-Threshold information g | 41\ ] | oot B nina 2003 1650 _12 - g
 Pitch: 15 um g 4 Imadiated DPTS q ° §
 Only ‘modified with gap’ process o $i & | ; A=
° P - | 5 | A | i | v | b | c f’d—iRr“i—é‘s.!ernevt':'ews UV'THHYW?-"IO‘3
75 100 125 150 175 200 225 250 275 300 325 350
Threshold (via V¢asp) (€7)
Analogue Pixel Test Structure (APTS) Nor gt
* 6 x 6 pixel matrix ;mg"g{“
Ipiasa = 150 pA

* Direct analogue readout of central
4 x 4 pixels
* Two types of output drivers:
» Source follower (APTS-SF) T T A
 Fast OpAmp (APTS-OA) roy onedon 3 Har20z oy

Modified

e Pitch: 10, 15, 20 and 25 um . - Modied with gap

Association window radius: 75 pum. Plotting for thresholds above 3 xnoise RMS.
50 100 150 200 250 300 350
Threshold (e™)

Ipias3 = 200 pA
3 Viocet = 500 mV

LN Vowen = Vsup=-1.2 V
N T=20°C

85 1

80

Detection efficiency (%)

Wi N XRE RS T Y 0 F
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Transition to High Luminosity LHC

2 Monolithic CMOS using stitching (TPSCo 65 nm)
Flavours:
Prototype also with * ‘MOSS’ |
LFoundry 150 nm * 14 mm x 259 mm (6.72 Mpixels)
* 22.5umx22.5umand 18 um x 18 um

* ‘MOST’

(for large area

3
dd=¥: 3 "
,
: §
i g B
detectors) . el HL_ L3
2.5 mm x 259 mm (0.9 Mpixels) T
3 %
e 18 umx 18 1001 1 0.
Ll X Ler1 4 El o= i
ch =
LEFT ENOCAP HALF STITCHED UNIT (1 of 20, BOTTOM) T ; i :
L -
REGION 0 REGION 1 REGION 2 REGION 3 4 4 ;: g B
e ] e o | eem] om| e o e < E g
:
wom - - =
é g g (= g
MATRIX MATRIX MATRIX MATRIX 8
(20x20) x (16x16) PIXELS § (20x20) x (16x16) PIXELS é (20x20) x (16x16) PIXELS § (20x20) x (16x16) PIXELS § Endcap I'
‘

Pads 1 Peripheral circuits

S = = e
/ANALOG BIASING DACS ANALOG BIASING DACS ANALOG BIASING DACS ANALOG BIASING DACS 1l i 1 i I
I Il = il ] 3
COLUMN STEERING CCOLUMN STEERING COLUMN STEERING COLUMN STEERING I I . 1 H
e | e e s | s e B  EEEE o U
el o] B o] ] S o] o] W |l forer] ] R =
: _ i
CONTROL INTERFACE 'UNIT CONTROL. O PEADOUT m 1
Control i === s M ——
coumUmCATION CHED \CKBONE i
/1ﬁ mm . . . 1.5 mm
«—— 25.5 mm — Pperipheral circuits Pads

Readout I
Supplyl I ControlI Readout l t ISuppIy
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L
Transition to High Luminosity LHC ALICE 3 Lol: CERN-LHCC2022.009

TOF

Superconducting pgicH

m it

Hybrid  ATLAS ITk — Pixels
e CMS Pixel Detector
e LHCb VELO

Monolithic ¢ ALICE ITS 3, ALICE 3
 LHCb Mighty Tracker & UP

absorber
Process 65 nm CMOS (TPSCo) LU
Spatial resolution ~2.5 um (vertex), 10 um
(tracker)
Low material budget 0.1% (vetex), 1% * 3 layers of wafer-size, ultra-thin, curved, CMOS MAPS inside
(tracker) per layer the beam pipe in secondary vacuum
TID 300 Mrad e Retractable configuration thanks to movable petals: distance
NIEL el6 neq/cm2 of 5 mm from beam axis for data taking and 16 mm at beam
Power consumption ' mW/cm? injection
Total area 60 m?

Wi N XRE RS T Y 0 F
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https://cds.cern.ch/record/2803563

Non-LHC — EIC ePIC detector

" Requirements for its silicon vertex and
tracking detectors
— Pixel size ~10 um
— Material budget 0.05% X/X0 per layer
— Time resolution O(100 ns)
— Fake-hit rate <e-7
— Radiation tolerance ~el5 n.,/cm? at 20 °C

In line with ALICE ITS3 sensor specifications
(+ similar timeline)

EIC detector based on ITS3 65 nm CMOS
sensor (with stitched staves)

26.09.2024 — ECFA-UK Meeting @ Durham — Eva Vilella
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Other non-LHC experiments

" Mu3e Phase I: first application of
monolithic HV-CMOS in an experiment
— Low material 50 um
— Good time resolution < 20 ns (for pixels)
— Fine segmentation 80 um x 80 um

" Mu3e Phase Il:
— Will require much improved timing

= KOTO-II at JPARC (flavour physics at fixed
target programme):
— Plans to develop and deliver novel silicon
detectors for its tracker
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e
FCC-ee

" Requirements for its silicon vertex and
tracking detectors
— Small pixel size for high precision
— Low mass
— Low power
— Moderate radiation tolerance
— Large area coverage

* Other e+e- colliders
— Similar technology requirements

L& 4
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FCC-hh

How will technology
look like in 50 years
time?

" FCC-hh will require even
more advanced radiation
tolerant detectors than the
LHC experiments.
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Wide Bandgap materials

S

" Input from

4H-SiC
— RD42 scamens 1 Diamond
_ RD50 Ererey (]
— DRD3-WG6

* Diamond

— Well established
— Used at LHC (ATLAS, CMS)

" SiC
— Very attractive developments in
RD50/DRD3

= GaN
— At an early stage

Breakdown Electric

Field [V/cm]
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CVD diamond — Development goals

= Removal of surface defects -
— few per cm? = < 1 per cm? -
= Wafer charge collection distance (d) in d ; ;
pCVD ..
— 400 pm = 500 pm —
= Size of wafers = 15 cm (6 inch) diameter e or e
state-of-art fixed by microwave R A A A B R A AR
frequency (not expected to change) it S Y A g _
= Wafer uniformity i; .......................................................... = 5
— 5% => 2% across whole wafer E 5|
= Price per cm? §_ ____________________________________________________________________________________________ =
— ~1500 USD/cm? = 800 USD/cm? 20 >8 5z
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3D diamond detectors — Possible FCC devices

= 3D seems to be a viable option to enhance
radiation tolerance

= Radiation hardness requirement and resulting
Schubweg dictate cell size

= Cell size determined by wire-diameter (1 mm)
and cell capacitance

= (25mm)? or even below seems feasible
— Loss of efficiency small at 1017 peq
— 25 + 2 x /2 = 18 mm drift path vs A = 18
mm
Leakage current not an issue

= Main technological challenge for large scale -
application is the scaling of wire production
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SiC status
Physical Parameter | Si_ | 4HSIiC_ |

Band gap energy [eV] 1.12 3.26

Thermal conductivity [W/K-cm] 1.5 4.9

Breakdown field [MV/cm] 0.3 3.0

Electron saturation drift velocity (cm/s) 1x107 2x107 s |
Hole saturation drift velocity (cm/s) 0.6x107 1.8x107 s
Mean ionization energy for e/h pair (eV) 3.6 7.8 Cipcamen - Damend
Atomic shift threshold energy(eV) 13 22

Band Gap [¢V]

Breakdown Electric
Field [V/em]

Electron Saturation Velocity [cm/s]
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SiC status: radiation tolerance

CCE vs. ®gy
= CCE follows a power law (< ©©°), even | Fovored s
H H ’ :\"- [ |
for different bias voltages 5 . cs0v
NSNS CCE = ®_2° W 800V
RO ASUE RBE ¥ 1000V
= CCE>10% for 1 - 1016 neq/Cm2 Syl ::\:‘*s.\ -k- 62.4 MeV p*
30% - \\‘j TSI -m- UVLASER
= More work needed to increase radiation T TNl
hardness of SiC: rhad B SR S
- I © \\\"\ \\\::\*:\\"s\
Annealing N S|
— Defect engineering IR NG,
10% - \\\ RN |
T
5% T y —— T ‘ - y T " ——
5x 1014 1x10%° 5x 1013 1x 10
®q [cm™2]

Wi N PRNEE B S:) Y 0 F
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SiC status: planar 4H-SiC wafer-run

= |n collaboration with CNM

" 3Xx50um & 2 x 100 pum active thickness

= Design at HEPHY, processing at CNM

= £ L
= First samples are being tested 7o, 0
" |ncludes:
— Pad & strip detectors, resistive detectors
— Diodes for edge-TCT - : =
— Pixel array = 2 =

— MOSCAPs & MOSFETs (various forms and sizes)
— Gate controlled diodes Erne 10!t
— Test structures (van der Pauw, Kelvin-bridge...) R e e .

Wi N: PXFE R S:) TR Y
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Conclusion

= Solid-state sensors are everywhere in physics experiments

" Many cutting-edge technologies developed already fit for present
experiments

= Several challenges ahead in view of future experiments
— High spatial resolution
— High radiation tolerance
— /Zero mass
— Fully integrated with electronics, mechanics, services
— Large area sensors at low cost

= R&D programme to develop new technologies and get us there
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Back up slides
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e
Longer term LHC schedule Run 1 =2011-12

Run 2 =2015-18

202 202 202 2024 2025 202 2027 2028 202
JIFIMAM ]| ] [ASIOND| ] FIMA[M 1|1 (A|ISIONID](FMAM I|]AISOND I (FIMAM | ] AISOND LI FIMAM I (A SIOND I FIMAM I JASOND I (FIMAM | AISOND I (FIMAM ] AISIONDIFIMAM I| ] AISIOND
"Run3 | {Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038
JIFMAM I JASIONIDI | FIMAIM I [ASIOND ]| FMAM J(IAIS|OIN[DY ] (FIMAMI|JA[SIO[NID{ | FMAM I [AISIOND] | FMAM J{]IASIOND | FIMAM 1| AISIOND ]| FMAM I ]AISIONDI(FMAMI|JASIOND
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Longer term ALICE schedule
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