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Outline

Operation principles of silicon sensors
A Semiconductors
A p-n junction, diode characterization
A Signal induction
A Radiation damage

Physics applications and sensor technology
A Tracking and vertexing: segmented sensors
A Timing: LGADs
A Particle ID and 4D Tracking (at the Electron-lon Collider and the PIONEER experiment)

Silicon detectors at future colliders

Other semiconductor materials and use cases
A Ge, SiC, CdTe
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NSostcht e detector so?

Direct interaction with and detection of primary particle or
photon as electric charge in a solid material

A Gas detectors

A—Polymers{bubble chambers-ete)
A—Metals

: et oo

U Semiconducting material: most commonly, but not
exclusively, silicon
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Semiconductor sensors




Semiconductors

Elemental semiconductors: prevalentin g

A C (diamond), Si, Ge
Component semiconductors
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A GaAs,GaN, CdTe, ...

AWwhy Si?

roup IV with exactly 4 valence electrons

2

1 10080

Hydrogen
Nonmetal

3 7.0

Li
Lithum

11 22.989...

Sodium
Alkali Metal

19 39.0983

K

Potassium
Alkali Metal

37 85468

Rb

Rubidium
Alkali Metal

55 132.90...

Cs

Cesium
Alkali Metal

87 223.01...

Fr

Francium
Akl Metal

2
4 9012183

Beryllium
Alkaline Earth Me.

12 24305
Magnesium
20 40.08
Ca
Calcium
38 87.62
Sr
trontium
56 13733

Barium
Alkaline Earth Me..
88 226.02...

Ra

Radium
Alkaline Earth M.

21 44.95591
Sc
ndium
39 88.90584

Y

Yttrium
Transition Metal

PERIODIC TABLE OF ELEMENTS

4
22 47.867
Ti
T

40 9122

ZL

Zirconium
Transition tetal

72 17849

Hf

Hafnium
Tansition Metal

104 267.1...

Rf

Rutherfordium
Transition Metal

57 138.9055

La

Lanthanum
Lanthaide

89 227.02..

Ac

Actinium
Actinide

Chemical Group Block

mic Number |17  35.45 Atomic Mass, L

Name Chlorine -
Halogen Lher

5 6 7 8 9 10 1 12
23 509415 24 51996 255493804 26 5584 275893319 28 58693 29 6355 30 654

\/ Cr Mn Fe Co Ni Cu Zn

Vanadium  Chromium  Manganese ron Cobalt Nickel Copper Zinc

Pub@hem

15 16
5 14007 8 15999
Carbon Nitrogen Oxygen
Metalloid I Nonmeta! Nonmetal Nonmetal

13 zs.sn..l 14 28.085 ls 30973.. 16 3207
Al y si | P S
Aluminum

Silicon Phosphorus Sulfur
Post Transiton . I Wetallid Nonmetal Nonmetal

31 69.721 32 7263 |37492159 34 7897

Ga| Ge | As Se

Gallium Germanium Selenium

Transtion Metal  Transition Metal

419290637 42 9595 439690636 44 1011 451029055 46 10642 47 107.868 48 11241

Nb Mo Tc Ru Rh Pd Ag cd

Niobium  Molybdenum  Technetium Ruthenium Rhodium Palladium silver Cadmium
Transition Metal  Transition Metal

Arse

49 114&11 50 11871 '1 121760 52 1276

Inl Sn | Sb Te

Indium Tin Antimony Tellurium
Post Tansiton M. Metalloid Metaloid
L=

731809479 74 18384 75 186207 76 1902 77 19222 78 19508 7919696.. 80 20059

Ta w Re Os Ir Pt Au Hg

Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury

81 204383 82 207 8320895.. 84 208.95.

Tl Pb Bi Po

Thallium Lead Bismuth Polonium
2 i Metaloid

Transition Metal  Transition Metal

1052681.. 106 269.1.. 1072701. 108269.1. 109277.1.. 1102821.. 111282.1.. 112 2861

Db Sg Bh Hs Mt Ds R Cn

bnium  Seaborgium Bohrium Hassium Meitnerium ~ Darmstadtium Roentgenium  Copernicium

1132861 1142901. 1152901. 1162932

Nh Fl Mc Lv

Nihonium Flerovium  Moscovium  Livermorium

Transition Metal  Transition Metal

58 140116 5914090.. 60 14424 6114491.. 62 1504 63 151964 64 1572 65 158.92..

Ce Pr Nd Pm Sm Eu Gd Tb

Cerium  Praseodymium  Neodymium  Promethium  Samarium Europium  Gadolinium Terbium
Lanthanide Lanthanide Lantharide Lanthanide Lanthanide Lanthanide Lanthanide Lanthanide

90 232038 9123103.. 922380289 93237.04.. 9424406.. 95243.06.. 96 247.07.. 97 247.07..

Th Pa U Np Pu Am Cm Bk

Thorium  Protactinium  Uranium Neptunium  Plutonium  Americium Curium Berkelium
Actinide Actnide Actiide Actinide Actinide Actinide Actinide Actinide

66 162500 6716493.. 68 16726 69 168.93..

Dy Ho Er Tm

Dysprosium ~ Holmium Erbium Thulium
Lanthanide Lanthanide Lanthanide Lanthanide

98 251.07.. 992520830 100 257.0.. 101 258.0.

Ccf Es Fm Md

Californium ~ Einsteinium Fermium  Mendelevium
Actinide Actinide Actinide

17
9 18.9984.

F

Fiuorine
Halogen

17 3545

cl

Chiorine
Halogen

35 7990

Br

Bromine
Halogen

53 126.9045

lodine.
Halogen

85 209.98

At

Astatine
Halogen
117 2942

Ts

Tennessine
Halogen

70 17305

Yb

Yeterbium
Lanthanide

102 259.1.

No

Nobelium
Actinide

18
2 400260

He

Helium
Noble Gas

10 20.180

Ne

Neon
Noble Gas

18 399

Ar

Argon
Noble Gas

36 83.80

Kr

Krypton
Noble Gas

54 13129

Xe

Xenon
Noble Gas

86 222.01.
Rn
Radon

118 295.2...
Og

Oganesson
Hoble Gas

71 174.9668

Lu

Lutetium
Lanthanide
103 266.1...

Lr

Lawrencium
Actinide

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025

6



Semiconductors

A In solids: atomic orbitals are joined over continuous structure of neighboring bonded atoms: energy

bands
A Determined by crystal structure or amorphous nature of the material

A Energy range without allowed energy states between valence and conduction band: band gap
A Excitement of electron to the conduction band leaves unoccupied vacancy in the valence band: hole

A Semiconductor: defined O6band gapd of forbidden energy s
conduction band, E; <~5eV
A Direct or indirect with respect to lattice vectors: radiative recombination, more relevant for photonics

A E.g. silicon: indirect band gap 1.12 eV

Metal Semiconductor Insulator o oo

June 3, 2025
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Semiconductors

A Semi conductor: defined 6band gapd of forbidden en
conduction band, Eg < ~5eV
A Direct or indirect with respect to lattice vectors: radiative recombination, more relevant for photonics

A E.g. silicon: indirect band gap 1.12 eV

A Transfer of energy > E to an electron: excited to conduction band, leaving behind a hole in the
valence band

A Energy to produce 1 electron-hole pair with high-energy particles and photons: energy is
dispersed in lattice phonons / heat T in practice, larger than band gap

A Awork functionbo

A E.g. silicon: 3.6 eV

j———

Metal Semiconductor Insulator o oo
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Doping of semiconductors

A Electrical properties of semiconductors are governed by impurities altering their
band structure
A Aim at ultra-pure material: not sufficient in reality

A More convenient: adjust properties by controlled doping

Donor. energy state clos
to conduction band

Acceptor energy state
close to valence band

E,

S2025
June 3, 2025
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P-N junction

A Typically, material is either n- or p-doped
A This also shifts the Fermi level

A When layers are brought in contact to each other: p-n junction
A Fermi levels align: bending of conduction and valence bands

Potential barrier!
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Silicon sensors: p-n junction

Example case (modern planar Si sensor): high-resistivity p-type bulk with Boron doping, n+(+) electrode
implanted with Phosphorus

Doping concentration of the bulk in high-res Si: ~1012 cm-3

Doping concentration of the n++ electrode?

Insulator (? C’ (? C?Q Oe

O GXideE U metal Q

n** p-stop <9
: N / o ¢

n_i n_p J. Ott, Solid-state detectors, GRIDS2025
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Silicon sensors: p-n junction

Additional electrons from P and holes from B
diffuse at the immediate p-n interface and
neutralize...

&
¢ o €&
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Silicon sensors: p-n junction

Additional electrons from P and holes from B
diffuse at the immediate p-n interface and
neutralize

Y |l eave behind a region
carriers, only fixed charge on dopant atoms

e (o
Re LS
o 0 ©
e @2
S S P
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Silicon sensors: p-n junction

Additional electrons from P and holes from B
diffuse at the immediate p-n interface and
neutralize

Y |l eave behind a region
carriers, only fixed charge on dopant atoms
A fidepletion regionbo
A ispace charge regionbo

N.B.: now B is associated with fixed negative
charge, P with positive!

| C?%Q’
/
o}

o e cp

g
&2

o @&
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Silicon sensors: p-n junction

p-nj unct i onbida ssevsd pateatiatbarfied for diffusion of more free carriers

Y at equilibrium unless conditions are changed

In high-quality silicon sensors, you likely observe signal even without external bias!

) ’ E(x) ® ®

(%)  (X)

\ 4
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
June 3, 2025
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Silicon sensors: p-n junction

Widening the depletion zone until it extends through the full sensor by applying and external bias voltage!
A Depleted sensor can be approximated as parallel-plate capacitor

T L, T

-V, <Y, -V, >V,
- Diffusion Partial depletion Full depletlon Full cepletion&
(x) . . N . higher bias
//_s\\\\ II \\\\ " \\\\

!
/
v
\
/
v
!
s

v
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Semiconductor sensors: contacts

The p-n junction forms arectifying contact, diode: high current
flows only in one direction (forward bias), in the other a potential
barrier prevents flow of majority carriers and depletes the junction
(reverse bias)

A Except for leakage current

Correspondingly, for a metal-semiconductor interface: Schottky
contact

A More common for undoped compound semiconductors, also diamond

As opposed to an Ohmic contact, which is linearly conductive in
both directions

U Depends on work function of the metal and band energy
levels of the semiconductor

A Common contact metals: Al , TiW, In, Au, Pt

v

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Device characterization

Current-voltage (I-V)

A (Polarity Y operation voltage)

A (Full depletion voltage Y minimum operation voltage)
A Leakage currentY power consumption, signal-to-noise
A Breakdown voltage Y maximum operation voltage

A Radiation damage

Capacitance-voltage (C-V)

A Full depletion voltage Y minimum operation voltage

A Sensor capacitanceY relevant for front -end electronics, noise
A (Radiation damage)

A Double feature in the C -V curve of a Si sensor: what could
explain this?

Capacitance [F]

IIeak

1.6E-10
1.4E-10
1.2E-10
1.0E-10
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Interaction of radiation with matter

Charged particles

Continuous interaction along the path: linear energy transfer

A Dependent on energy and velocity: stronger interaction close to

the range of the particle i Bragg peak

A Bethe-Bloch formula describing energy loss (stopping power)

over distance for a fast charged particle:

(2 - () [u(2E) -]
de /| me.c® B2 \4reg I-(1-p2)

Mechanisms:
A Electromagnetic interaction: ionization
A Radiative (in the field of a nucleus): bremsstrahlung

A Nuclear / hadronic interaction: nuclear collisions, nuclear
reactions, knock-on effect of atoms in a solid-state lattice

At high energies: deposited energy small, ~independent of

particle speci ersinirmumdonizingepargoje, MIP

T>

T> T T T T I

Photons

On a larger scale: statistical process, exponential
decrease of intensity/flux in material depending on mass
attenuation coefficient and distance travelled in the

medium:
A

T R/ SR R

Cross-sections for processes depend on photon energy
and absorber material

Mechanisms:
Elastic scattering
Photoelectric effect
Compton scattering = inelastic scattering
Pair production
(Photonuclear reactions)

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Interaction of high-energy species in silicon

Energy scales: TeV c-0-m energies atthe LHC-phot on and particle energies in the
... Vs laboratory: Co-60 gamma ray, 1.1 and 1.3 MeV, or Sr-90/Y-90 beta particle maximum energy, 0.6 i 2 MeV

Stopping power / attenuation length in silicon: around 4 MeV cm1/0.082 cm

Proton stopping power in Si Photon attenuation in Si
1000 . . 10000
Density of Si: ;
100 2.34gcm3 100 ¥
; '
10 ¥ 1y
E — s
2 2 0.01 §
£ £ ]
© o 00001 ¢
> 0.1 4 = é S
S i 0000001 § o Theal
0.01 Y e N i S
; 1E-08 4 T PSS S B DENU I
e = = E Coherent scattering . Ts<_
0.001 F Flectiom. 1E-10 _% --------- Incoherent scattering Seeo
F Nuclear ! ————— Photoelectric absorption
0.0001 + E Pair prod. in nucl. Field
Total 1E-12 ¥ Pair prod. in el. Field
. | ’ Total
0.00001 A—iobohbis bbbt 1E-14 Fr i g gl gy
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000 100000
Energy (MeV) Energy (MeV)
https://www.physics.nist.gov/PhysRefData/Star/Text/PSTAR.html https://physics.nist.gov/PhysRefData/Xcom/html/xcoml1.html
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Signal induction

A traversing particle generates electron-hole pairs, which are attracted to and drift to the electrode of the opposite

polarity

A Photon: otherwise similar, but point -like energy deposit for a single photon, with exponential absorption of the beam as function of
depth (statistically)

Shockley-Ramo theorem: signal is generated as induced current on the electrode by the drift of charge carries in the

electric field: charge and energy are conserved 1 mirror charge is drawn from the circuit as the carrier approaches the electrode

u The signal rise time begins instantaneously, signal ends when the carriers have reached the electrode

u Drift time / carrier mobility can be different i material-dependent

-

[+ | —
r,::.\-« U=

1 =quv-E,

v
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Signal induction

A traversing particle generates electron-hole pairs, which are attracted to and drift to the electrode of the opposite
polarity

A Photon: otherwise similar, but point -like energy deposit for a single photon, with exponential absorption of the beam as function of
depth (statistically)

Shockley-Ramo theorem: signal is generated as induced current on the electrode by the drift of charge carries in the
electric field: charge and energy are conserved 1 mirror charge is drawn from the circuit as the carrier approaches the electrode
u The signal rise time begins instantaneously, signal ends when the carriers have reached the electrode

u Drift time / carrier mobility can be different i material-dependent

. L U= ﬁ-’ie,hE
How many electron-hole pairs are generated by a MIP in silicon?
Energy loss (cf. Bethe-Bloch!) = charge carrier generation is described by a Landau ,
distribution: mean and most probable value are not identical. l=qguv- Ew

Experi mental values for Si:: ina3®0um&Dsensdrx&) e/ h pairs per
24 000 e/h pairs

How fast do they drift?

A Depends on electric field = bias voltage. Drift velocity saturation at about 107 cm/s,
or about 100 € nnsec

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Why p-type SI?

Earlier, not available as high-purity and high-resistivity substrate compared to n-type

Si: nowadays high resistivities are available; active sensor may be grown by chemical
vapor epitaxy

Higher radiation hardness in some aspect*

Electrode which forms the p-n junction with the bulk ( = where the depletion starts,
and electric field peaks) attracts electrons

A Higher mobility, less trapping in silicon i faster signal with higher collection efficiency
A Weighting field at the segmented electrode favors electron drift




r [cm]

Radiation damage

Si 1 MeV neutron equivalent fluence [cm?/fb™)

Fluence [crn'zl

1MeV neutron equivalent in Silicon, 3000 fb™'

1e+17
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1e+14
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Towards the high-luminosity LHC
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Radiation damage

. _ _ _ _ Nuclear interactions:
A Dislocation of atoms from their lattice sites non-ionizing energy loss

A Introduction of charge at surfaces and interfaces Total lonizing Dose

U Introduction of new defects in the solid
A Neutral and charged defects
A Defect clusters

U More charge carriers through addition of energy levels
U Trapping and recombination of charge carriers = signal
U Modification of existing (intentional) impurities

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Radiation damage

Effect of radiation-induced defects depends on their charge, and their energy level
within the band gap

A ————

—— E30(0/+)
VO(-/0) 20
CiCs(-/0) S ") BD(01++) Vacancy
Vi) — e —
BiOi(0/+) E205a(-/0) E4(=1-)
Dopants Vy(-/0)  s— L(0F) s/ (-/0) Interstitial
H152(0/-
(07) Carbon, Oxygen, ...
CiOHH/0 ) HMT@ e H116(0/-)
B(0/-)

!a!ence !an! M.Moll [001)
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https://cds.cern.ch/record/2697243?ln=en
https://cds.cern.ch/search?f=author&p=Mandurrino, Marco&ln=en
https://cds.cern.ch/search?f=author&p=Mandurrino, Marco&ln=en

Radiation damage

Effect of radiation-induced defects depends on their charge, and their energy level

within the band gap

U Mid-gap energy levels
lead to increased
current generation

U Deep levels trap signal
charges

U 6Shall owo
increase, compensate,
or deactivate doping

Leakage current
Increase of
current
generation

Trapping
Reduced charge

collection
efficiency

Depletion
voltage, space
charge

Creation of
charged defects

Depletion
voltage, space
charge
Deactivation of
acceptors

def ect s

Shockley-Read-Hall statistics

Higher-order
effects

J. Ott, Solid-state detectors, GRIDS2025
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Tracking detectors




The Large Hadron Collider

Circumference: 27 km

Primarily proton-proton (p-p) collisions:
center-of-mass energy 13 TeV

Luminosity: 2x1034 cm-2st

Collision frequency: 40 MHz = 25 ns

June 3, 2025
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Physics at collider experiments

Precision measurements of the Standard Model of particle physics
- Top quark, W/Z bosons

- Higgs boson(s)

Search for physics Beyond the Standard Model

- Self-coupling of Higgs boson

- Dark matter candidates

- Supersymmetry

Heavy ion physics

-  Extremely dense medium

J. Ott, Solid-state detectors, GRIDS2025
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The ATLAS Experiment

Multiple layers of specialized detector technology: tracking,
calorimetry, spectrometers

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks

y
il are invisible to
Neutrino
e 4
’
%

the detector

Electromagnetic
Calorimeter

Solenoid magnet ¢

Transition
' Radiation
Trqckn‘]g Trccker

Pixel/SCT detector

J. Ott, Solid-state detectors, GRIDS2025
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Particle tracking

Objective: determine the OOpat hoé ofgeneratpamebsumablee, ¢
signal, but do not impact energy measurement nor cause excessive scatterinad
y& NN “~ ryx SN - .yn ,_:\\*\\
A Multiple layers SN S\ N\
. — _,...,\\‘ % \ --....a..\\“‘ % \ -..\* \‘\ \
A T.hln sensors ~ W\ ~ N\ ~ AN\
A Light material R R Sect %N Sy AN
S\ i "
A Capable of detecting small signal *\ *\ *\
A High spatial resolution = fine segmentatiol. " PUst. T
dp /’ “0.3B12
FL_EZQFKB ( pT:l‘S—
i ey \ ’ s
Semiconductor detectors i silicon Seee?
Gaseous detectors “stob

etectors, GRIDS2025
June 3, 2025
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Interactions of different species

Photons: minute probability of scattering
Neutral hadrons: small probability of non-ionizing interaction

U Not detected in the tracker on the level of individual particles, but notable for the sensor
In the long run...

Neutrino: no interaction, not detected

Electron, muon: track of minimum-ionization
Charged hadrons: track of minimum-ionization

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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“stub’. pass fail

=

<4 mm

Segmented sensors N

~———e

Precise spatial resolution is needed for tracking

A Typically one electrode is segmented into strips or pixels, that are all read out through
their own channel

A / [ / e U= .Ue,hE

l Edrift E.» Edrift 10% et
w 5%
5% E
W
Vdnﬂ) 0.1%
/
W (L 1%
x [
Strip width = 1/8 drift depth Pixel diameter = 1/8 drift depth

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Position reconstruction

Clustering: summing of signals in adjacent pixels
Center-of-gravity: reconstruction of position by weighting their signal amplitudes

Geometric position resolution: pitch//p ¢

A (B.) Penetration

- (A.) Penetration : ; (C.) Penertration

_-E; though one strip between two strips in the middle

5}

=

3 A

=

a2

@

| =

=

@ | | Threshold

(due to noise)

. J L L L

n="1 n=0.28 n=05

F. Hartmann, Evolution of Silicon Sensor Technology in Particle Physics, 2nd Edition, Springer 2017
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Planar segmented sensors

Resolution in 2D: strips Resolution in 3D: pixels
Read out via wirebonds Interconnection via bump bonding

\&&!

HIP—HH 2@14

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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3D sensors

p- and n-electrodes not implemented as patterned sheets on the surfaces of the silicon surface, but as channels through
the bulk

Y |l ower drift distance for charge carriers!

Y f ast &gooddimingfresolution

Efficiency before radiation dose is lower than for planar Si sensors, but radiation tolerance is better: 3D sensors
to be used in innermost layers of CMS and ATLAS Tracker upgrades

SINTEF
$i0, ®
<20 pm! p-stop ‘
8pm o
5 2 Jax o HRRZSilicon
W
S © & ptype
3 p+ Pt p>SKQom
<20 E: :
| S C.Da Via 2012 |

E. Curras 2019 _
J. Ott, Solid-state detectors, GRIDS2025
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The High-Luminosity LHC

A

To T I

To I

Long shutdown in years 2024-2026 2029: installation of Phase Il upgrades

and transition to High-Luminosity LHC
Collision center-of-mass energy 14 TeV

Luminosity up to 7x103* cm2s1 (LHC: 2x1034 cm2s1)

Upto200pp col I 1 si ons

per -ubpuon)c h

Cr oss.|

Fluence, I.e. radiation dose, to the innermost silicon detector layers: 2x10% n,,

cm2

In the pixel tracker: ~ 140 000 pixels / chip (as compared to present 4160)

Total number of channels: 1 924 M

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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ATLAS ITk

Phase-2 Upgrade for the ATLAS Experiment towards the HL-LHC features a new Inner
Tracker detector: all-silicon, inner tracker with pixel sensors, outer region with strips

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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ATLAS ITk Pixel detector

The US has committed to provide a standalone inner unit of the pixel tracker i the
Inner System

A Modules, electronics, mechanics, cooling, services, data transmission, ...
A Interfacing with international 1Tk project

— 450 T T T — T T -

E 100 ATLAS ~ Simulation Pre]irﬁinary Tk Layout: 230003 =

= - n=1.0 n=2.0 [l Fiat Barrel B Barrel Rings [l End-cap Rings|

350? *;

= =3.0 o

300 M\MM T I I B

<\ M 2 LAV |

Barrel = © \ RoN—7 ) 4 = 1 =

b o i — RmESintegrating 150 | | ___%__E\_I_l_l l_______l___l__l___I ______ =

7 P o R Quarter Shell Structure ? , =4.0

TRy wo ST T e

Staves 50 '! Il 1] ] : __]l
00‘ 500 1000 1500 J. 2008blid-stat@B8@ctors, CRONH2025 3500

June 3, 20%5[mm]
42



Pixel module testing

Areas with disconnected bumps
identified with Sr-90 source scan

Occupancy
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-400
-384 0 384

Row

Hit



Example: ATLAS Inner Tracker pixels
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] w2
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Particle tracking and vertexing

Several collisions per bunch crossing:
Yvertexing: point / associate a track to t he

GEUE N | Run 0432, 21241
http://atlas.ch mi section: 4

GATLAS [IRS

1886

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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Timing




Precision timing

LHC initial: 10* cm® s LHC initial: 10* cm® s™
At the HL-LHC, the number = | ;
of interactions per bunch : i | B
crossing, i.e. pile-up | i SR
increases from ~50to~200 = - - B | | — =
/

Timing resolution of 30-60
pPsS is needed to associated
tracks to primary vertex
(and improves many
analyses performances)

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Precision timing

CMS and ATLAS experiments will install dedicated MIP timing detector layers in the
Phase-2 upgrades, between tracking systems and calorimeters

BTL: L(Y)SO bars + SiPM readout:
« TK/ECAL interface ~ 45 mm thick

CMS + In<1.45 and p,>0.7 GeV

- Barrel and endcap region with anml o

different technologies: barrel
scintillators + SiPM, endcap with
fast silicon detectors i LGADs

ATLAS
- Timing detectors only in the

endcap region, with LGADs ETL: Si with internal gain (LGAD):
* Onthe HGC nose ~ 65 mm thick
« 1.6<|n/<3.0

. ) e Thin layer between tracker and calorimeter
* Active area ~14 m? ~8.5M channels «  mIP sensitivity with time resolution of ~30 ps

*  Fluence at 3 ab": up to 2x10'%n, /cm? ®  Hermetic coverage for |n|<3

CMS MTD Technical Design report

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Precision timing

CMS and ATLAS experiments will install dedicated MIP timing detector layers in the
Phase-2 upgrades, between tracking systems and calorimeters

CMS

- Barrel and endcap region with
different technologies: barrel
scintillators + SiPM, endcap with
fast silicon detectors i LGADs

ATLAS
- Timing detectors only in the
endcap region, with LGADs

15x15 pad prototype BRI et
LGAD sensor for HGTD S A

J. Ott, Solid-state detectors, GRIDS2025
June 3, 2025
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Low-gain avalanche diodes

Thin sensors, typical active thickness 50 um i shorter drift time, higher electric field, less Landau
fluctuations!

A Mechanical support wafer 150-400 um!

Low to moderate gain (5-50) provided by p* multiplication layer
Timing resolution down to ca. 20 ps
Good radiation hardness up to 10> ny,/cm?

. . : . .. . . J. Ott, Solid-state detectors, GRIDS2025
H. F.-W. Sadrozinski et al, 4D tracking with ultra-fast silicon detectors, Reports on Progress in Physics 2018, 81, 026101 June 3, 2025

CMS Collaboration, A MIP Timing Detector for the CMS Phadé¢pgrade CERN.HC€019003, 2019 50
ATLAS CollaboratioA,HighGranularity Timing Detector for the ATLAS PHaEpgrade CERN.HC€018023, 2018



