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Outline

Operation principles of silicon sensors

Å Semiconductors 

Å p-n junction, diode characterization

Å Signal induction

Å Radiation damage

Physics applications and sensor technology

Å Tracking and vertexing: segmented sensors

Å Timing: LGADs

Å Particle ID and 4D Tracking (at the Electron-Ion Collider and the PIONEER experiment)

Silicon detectors at future colliders

Other semiconductor materials and use cases

Å Ge, SiC, CdTe

Somewhat focused on collider detectors ïmany or most points shown here can also be applied to smaller experiments J
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ñSolid-state detectorsò?

Direct interaction with and detection of primary particle or 

photon as electric charge in a solid material

Å Scintillators + photodetectors 

Å Gas detectors

Å Polymers (bubble chambers etc)

Å Metals

Å Superconducting sensors or transition edge sensors

ü Semiconducting material: most commonly, but not 

exclusively, silicon
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Semiconductor sensors

June 3, 2025J. Ott, Solid-state detectors, GRIDS2025 5



Semiconductors

Elemental semiconductors: prevalent in group IV with exactly 4 valence electrons

ÅC (diamond), Si, Ge

Component semiconductors

ÅIII -V, II -VI

ÅGaAs, GaN, CdTe, ...

ÅWhy Si?
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EC

EV

Metal Semiconductor Insulator

Semiconductors

Å In solids: atomic orbitals are joined over continuous structure of neighboring bonded atoms: energy 
bands
Å Determined by crystal structure or amorphous nature of the material 

Å Energy range without allowed energy states between valence and conduction band: band gap

Å Excitement of electron to the conduction band leaves unoccupied vacancy in the valence band: hole

Å Semiconductor: defined óband gapô of forbidden energy states between valence band and 
conduction band, EG < ~5 eV

Å Direct or indirect with respect to lattice vectors: radiative recombination, more relevant for photonics

Å E.g. silicon: indirect band gap 1.12 eV
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EC

EV

Metal Semiconductor Insulator

Semiconductors

Å Semiconductor: defined óband gapô of forbidden energy states between valence band and 
conduction band, EG < ~5 eV
Å Direct or indirect with respect to lattice vectors: radiative recombination, more relevant for photonics
Å E.g. silicon: indirect band gap 1.12 eV

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

Å Energy to produce 1 electron-hole pair with high-energy particles and photons: energy is 
dispersed in lattice phonons / heat ïin practice, larger than band gap
Å ñwork functionò
Å E.g. silicon: 3.6 eV 
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Doping of semiconductors

Å Electrical properties of semiconductors are governed by impurities altering their 
band structure

Å Aim at ultra-pure material: not sufficient in reality

Å More convenient: adjust properties by controlled doping
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p-n junction

Å Typically, material is either n- or p-doped

Å This also shifts the Fermi level
Å When layers are brought in contact to each other: p-n junction

Å Fermi levels align: bending of conduction and valence bands
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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?  
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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...
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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 

Ÿ leave behind a region with no free charge 

carriers, only fixed charge on dopant atoms
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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

Ÿ leave behind a region with no free charge 

carriers, only fixed charge on dopant atoms

Å ñdepletion regionò

Å ñspace charge regionò

N.B.: now B is associated with fixed negative 

charge, P with positive!
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Silicon sensors:  p-n junction

p-n junction óreverse-biases itselfô ïpotential barrier for diffusion of more free carriers

Ÿ at equilibrium unless conditions are changed

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

Å Depleted sensor can be approximated as parallel-plate capacitor
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Diffusion Partial depletion Full depletion Full depletion& 
higher bias
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Semiconductor sensors: contacts

The p-n junction forms a rectifying 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)
ÅExcept for leakage current

Correspondingly, for a metal-semiconductor interface: Schottky 
contact
ÅMore common for undoped compound semiconductors, also diamond

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

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

ÅCommon contact metals: Al , TiW, In, Au, Pt
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Device characterization

Current-voltage (I-V)

Å(Polarity Ÿ operation voltage)

Å(Full depletion voltage Ÿminimum operation voltage)

ÅLeakage current Ÿ power consumption, signal-to-noise

ÅBreakdown voltage Ÿmaximum operation voltage

ÅRadiation damage

Capacitance-voltage (C-V)

ÅFull depletion voltage Ÿminimum operation voltage

ÅSensor capacitance Ÿ relevant for front -end electronics, noise

Å(Radiation damage)

ÅDouble feature in the C -V curve of a Si sensor: what could 
explain this?
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Signal generation



Interaction of radiation with matter

Continuous interaction along the path: linear energy transfer

Å Dependent on energy and velocity: stronger interaction close to 
the range of the particle ïBragg peak

Å Bethe-Bloch formula describing energy loss (stopping power) 
over distance for a fast charged particle:

Mechanisms: 

Å Electromagnetic interaction: ionization

Å Radiative (in the field of a nucleus): bremsstrahlung

Å 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 species and energy Ÿ minimum-ionizing particle, MIP

June 3, 2025
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Å On a larger scale: statistical process, exponential 

decrease of intensity/flux in material depending on mass 

attenuation coefficient and distance travelled in the 

medium:

╘■ ╘▄А■ //        ╘■ ╘Ὡ
А

□
□■

Å Cross-sections for processes depend on photon energy 

and absorber material

Å Mechanisms: 

Å Elastic scattering

Å Photoelectric effect

Å Compton scattering  = inelastic scattering

Å Pair production

Å (Photonuclear reactions)

Charged particles Photons



Interaction of high-energy species in silicon

Energy scales: TeV c-o-m energies at the LHC - photon and particle energies in the GeVôs

... vs laboratory: Co-60 gamma ray, 1.1 and 1.3 MeV, or Sr-90/Y-90 beta particle maximum energy, 0.6 ï2 MeV

Stopping power / attenuation length in silicon: around 4 MeV cm-1 / 0.082 cm-1
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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
ÅPhoton: 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 ïmirror charge is drawn from the circuit as the carrier approaches the electrode

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

ü Drift time / carrier mobility can be different ïmaterial-dependent
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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
ÅPhoton: 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 ïmirror charge is drawn from the circuit as the carrier approaches the electrode

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

ü Drift time / carrier mobility can be different ïmaterial-dependent
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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.

Experimental values for Si: ca. 80 (105) e/h pairs per Õm Ÿ in a 300 µm Si sensor, ca. 

24 000 e/h pairs 

How fast do they drift?

Å Depends on electric field = bias voltage. Drift velocity saturation at about 107 cm/s, 

or about 100 ɛm/nsec



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

ÅHigher mobility, less trapping in silicon ïfaster signal with higher collection efficiency

ÅWeighting field at the segmented electrode favors electron drift
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Radiation damage
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Towards the high-luminosity LHC



Radiation damage

Å Dislocation of atoms from their lattice sites

Å Introduction of charge at surfaces and interfaces

ü Introduction of new defects in the solid

Å Neutral and charged defects

Å Defect clusters

ü More charge carriers through addition of energy levels

ü Trapping and recombination of charge carriers = signal

ü Modification of existing (intentional) impurities
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Nuclear interactions: 

non-ionizing energy loss

Total Ionizing Dose



Radiation damage

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

within the band gap
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Silicon detectors for the LHC Phase-II upgrade and beyond. RD50 status report - Mandurrino, Marco - arXiv:1910.06045 

Dopants

Vacancy

interstitial

Carbon, Oxygen, ...

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
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ü Mid-gap energy levels 

lead to increased 

current generation

ü Deep levels trap signal 

charges

ü óShallowô defects 

increase, compensate, 

or deactivate doping

Higher-order 

effects



Tracking detectors
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The Large Hadron Collider
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Circumference: 27 km

Primarily proton-proton (p-p) collisions: 

center-of-mass energy 13 TeV

Luminosity: 2x1034 cm-2s-1

Collision frequency: 40 MHz = 25 ns



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

June 3, 2025
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Detection of particles!
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The ATLAS Experiment
Multiple layers of specialized detector technology: tracking, 

calorimetry, spectrometers
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Particle tracking

Objective: determine the ópathô of a particle, calculate its momentum - generate a measurable 

signal, but do not impact energy measurement nor cause excessive scattering 

Å Multiple layers 

Å Thin sensors

Å Light material

Å Capable of detecting small signal

Å High spatial resolution = fine segmentation

ü Semiconductor detectors ïsilicon

ü Gaseous detectors
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Interactions of different species

Photons: minute probability of scattering 

Neutral hadrons: small probability of non-ionizing interaction 

ü 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
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Segmented sensors

Precise spatial resolution is needed for tracking

Å Typically one electrode is segmented into strips or pixels, that are all read out through 

their own channel

Å Weighting field becomes very significant

Resolution in 2D: strips                  Resolution in 3D: pixels
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F. Hartmann, Evolution of Silicon Sensor Technology in Particle Physics, 2nd Edition, Springer 2017



Position reconstruction

Clustering: summing of signals in adjacent pixels

Center-of-gravity: reconstruction of position by weighting their signal amplitudes

Geometric position resolution: pitch/ ρς
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Planar segmented sensors

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

Ÿ lower drift distance for charge carriers!

Ÿ faster drift ïgood timing resolution

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
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The High-Luminosity LHC

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

and transition to High-Luminosity LHC

Å Collision center-of-mass energy 14 TeV

Å Luminosity up to 7x1034 cm-2s-1 (LHC: 2x1034 cm-2s-1 )

Å Up to 200 p-p collisions per bunch crossing (òpile-upò)

Å Fluence, i.e. radiation dose, to the innermost silicon detector layers: 2x1016 neq

cm-2

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

Å Total number of channels: 1 924 M
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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
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ATLAS ITk Pixel detector

The US has committed to provide a standalone inner unit of the pixel tracker ïthe 

Inner System

ÅModules, electronics, mechanics, cooling, services, data transmission, ...

ÅInterfacing with international ITk project
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Pixel module testing
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Areas with disconnected bumps 

identified with Sr-90 source scan 



Example: ATLAS Inner Tracker pixels
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50 x 50 µm



Particle tracking and vertexing
Several collisions per bunch crossing:

Ÿvertexing: point / associate a track to the original interaction point
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Timing
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Precision timing

At the HL-LHC, the number 

of interactions per bunch 

crossing, i.e. pile-up 

increases from ~50 to ~200

Timing resolution of 30-60 

ps is needed to associated 

tracks to primary vertex 

(and improves many 

analyses performances)
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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
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CMS

- Barrel and endcap region with 

different technologies: barrel 

scintillators + SiPM, endcap with 

fast silicon detectors ïLGADs 

ATLAS

- Timing detectors only in the 

endcap region, with LGADs

CMS MTD Technical Design report
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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
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CMS

- Barrel and endcap region with 

different technologies: barrel 

scintillators + SiPM, endcap with 

fast silicon detectors ïLGADs 

ATLAS

- Timing detectors only in the 

endcap region, with LGADs

1.3 mm

June 3, 2025

15x15 pad prototype 

LGAD sensor for HGTD



Low-gain avalanche diodes

Thin sensors, typical active thickness 50 µm ïshorter drift time, higher electric field, less Landau 
fluctuations! 
ÅMechanical support wafer 150-400 µm!

Low to moderate gain (5-50) provided by p+ multiplication layer

Timing resolution down to ca. 20 ps

Good radiation hardness up to 1015 neq/cm2
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H. F.-W. Sadrozinski et al, 4D tracking with ultra-fast silicon detectors, Reports on Progress in Physics 2018, 81, 026101

CMS Collaboration, A MIP Timing Detector for the CMS Phase-2 Upgrade, CERN-LHCC-2019-003, 2019
ATLAS Collaboration, A High-Granularity Timing Detector for the ATLAS Phase-II Upgrade, CERN-LHCC-2018-023, 2018
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