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INTRODUCTION

The aim of these lectures is to give to the audience a general overview on 
Silicon Detectors mainly from an experimental point of view:
the focus will be mainly on possible application, assembling and testing 
procedure, facility description etc.. , while links will be provided for more detailed 
description of semiconductors theory description.

Due to the amplitude of this field only few topics and examples will be described 
in more detail, while many other relevant topics will be skipped completely.

Feel free to contact me anytime for questions or suggestions: 
benedetto.diruzza@unifg.it

NOTE:
In these slides many pictures are caught from the web and are used only for educational purpose, 
there is no intentional copyright violation and when possible the web source is written.
If anybody think that they are used improperly or the attribution is wrong please contact me  at 
benedetto.diruzza@unifg.it

mailto:benedetto.diruzza@unifg.it


 3

OutlineLecture 1:
Introduction to silicon sensors.
General (tentative) classification: Strips sensors, Hybrid and Monolithic (MAPS) pixel
sensors, SiPM, LGAD, others. 
Overview of applications in HEP and space missions.
MAPS assembling procedure: the ALPIDE chip and the Alice ITS2 construction.
Trends for Monolithic Active Pixel Detector: studies for large area bent sensors.

Lecture 2:
Overview on the effects of radiation on silicon detectors and electronic devices:
Total Ionizing Dose (TID), Displaced Damage (DD), Single Event Effects (SEE).
Dose delivered measurement for silicon devices.
Procedures for dose evaluation and radiation hardness characterization of devices:
Useful software tools (SPENVIS, TRIM, SpekPy).
The Trento proton and x-ray Irradiation Facilities and their use.

Lecture 3:
Overview on the use of radiations for cancer treatment.
Dose measurement for medical application. Beam monitoring and  beam
Quality Assurance (QA) devices.
Flash irradiation.
Ion therapy facilities: the CNAO and the Trento Proton Therapy Center.
Examples of HEP technologies for to medical applications: 
the iMPACT project and the FOOT Experiment.
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Lecture 1
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References A
Suggested web reference for lecture 1

Gianluigi Casse: Solid state detectors

XXXII Interna琀椀onal Seminar of Nuclear and Subnuclear Physics "Francesco Romano"  June 2021

h琀琀ps://agenda.infn.it/event/21318/琀椀metable/#all.detailed

Daniela Bortole琀琀o CERN Summer Student Lecture Programme Course July 2015

Detectors for Par琀椀cle Physics: lectures 1-5:

h琀琀ps://indico.cern.ch/event/243648/

Semiconductor Detectors:lecture 4

h琀琀ps://indico.cern.ch/event/243648/a琀琀achments/415356/577104/daniela_l4_post.pdf

Vito Manzari: Instrumenta琀椀on in HEP, silicon detector lectures

The 5th Egyp琀椀an School on High Energy Physics (2015)

h琀琀ps://indico.cern.ch/event/453690/琀椀metable/#all.detailed

https://agenda.infn.it/event/21318/timetable/#all.detailed
https://indico.cern.ch/event/243648/
https://indico.cern.ch/event/243648/attachments/415356/577104/daniela_l4_post.pdf
https://indico.cern.ch/event/453690/timetable/#all.detailed
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References B
Suggested web reference for lecture 1

Gino Bolla: Introduc琀椀on to Silicon Detectors

Edit School 2012, Fermilab

h琀琀ps://conferences.fnal.gov/EDIT2012/materials/EDIT_Silicon_Intro-Day1.pptx

Other general suggested lectures

David Nygren: History of Par琀椀cle Detec琀椀on

h琀琀ps://conferences.fnal.gov/EDIT2012/Lectures/2_Nygren_HistoryPP.pdf

Dan Green: Hadron Collider Detectors (2012)

h琀琀ps://conferences.fnal.gov/EDIT2012/Lectures/3_DGreen_HadColliderDet.pdf

A special thanks to Gino Bolla and Simon Kwan for inspiring me

https://conferences.fnal.gov/EDIT2012/materials/EDIT_Silicon_Intro-Day1.pptx


 7Slide from Gino Bolla, EDIT School Fermilab 2012
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 9Slide from Gino Bolla, EDIT School Fermilab 2012

Silicon band-gap:1.12 eV



 10Slide from N. Wermes, EDIT School 2015



 11Valter Bonvicini, Trieste University
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Microstrip Detectors  (1D segmenta琀椀on)

Marco Battaglia EDIT School Fermilab 2012



Microstrip Detectors

25 mm pitch microstrip with S/N=75 g spoint = 1.3 mm
Straver et al.,

NIM 348 (1994)

Marco Battaglia EDIT School 2012, Fermilab
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Vito Manzari
ESHEP School 2015



Double-sided Strip Detectors (1+1D segmenta琀椀on)

Marco Battaglia EDIT School 2012, Fermilab
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Silicon strip for HEP:
The CDF silicon detector
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CDF silicon vertex detector being installed in 2001 (foto credit Fermilab). 

https://www.fnal.gov/pub/tevatron/experiments/cdf.html

https://www.fnal.gov/pub/tevatron/experiments/cdf.html
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L00

1 Layer

(ISL)

The Silicon Detectors

Benedetto Di Ruzza TIPP2011
https://indico.cern.ch/event/102998/contributions/16939/

https://indico.cern.ch/event/102998/contributions/16939/
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The CDFII Silicon detectors

L00: Single-sided  strips: “Narrows” (SGS Thomson and 2 Microns)

                                           “Wides” (Hamamatsu).

SVX: Double-sided strips: Layers 0,1,3 (Hamamatsu) perpendicular strips,

                                           Layers 2,4 (Micron) small angled strips.

ISL:  Double-sided strips: (Hamamatsu+Micron) small angled strips 

OVERVIEW

Benedetto Di Ruzza TIPP2011
https://indico.cern.ch/event/102998/contributions/16939/

https://indico.cern.ch/event/102998/contributions/16939/
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<==     X-Y (r-phi) and Y-Z (r-z) views

The Silicon Detectors

L00 detail  ==>

Beam pipe

Cooling lines
narrow sensors

wide sensors
carbon support

Benedetto Di Ruzza TIPP2011
https://indico.cern.ch/event/102998/contributions/16939/

https://indico.cern.ch/event/102998/contributions/16939/
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The Silicon Detectors

SVXII detail:

3 barrels

5 layers

12 wedges

SVXII: the readout is 

used in the trigger  too

Benedetto Di Ruzza TIPP2011
https://indico.cern.ch/event/102998/contributions/16939/

https://indico.cern.ch/event/102998/contributions/16939/
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The Silicon Detectors: ISL

ISL central

ISLforward:

(inner and external barrels)

ISL detail

Benedetto Di Ruzza TIPP2011
https://indico.cern.ch/event/102998/contributions/16939/

https://indico.cern.ch/event/102998/contributions/16939/


 24

Space applcation of silicon strip sensors: the Silicon Traker in AMS-02

Foto credit 
AMS-02

https://ams02.space/detector/silicon-tracker



Combining two orthogonal 1D strips can we have 2D informa琀椀on?

2 x 1D informa琀椀on 

generates ambigui琀椀es:

n hits ≈ n2 combina琀椀ons

of which n2-n are ghosts

Marco Battaglia EDIT School 2012, Fermilab



From Strips (1D) to Pixel (2D) Detectors

Picture from CMS Experiment website



Hybrid Pixel detector

Richard Kaiser, Hybrid Pixel Detectors 08.12.2017 27



2D Sensor + 2D Readout: Hybrid Pixels 

Advantages include:

sophis琀椀cated signal processing on-pixel 

(TOT, trigger, sparsi昀椀ca琀椀on, calibra琀椀on, autocorrela琀椀on);

decouple process for sensor and readout electronics;

Main Limita琀椀ons are:

large(r) material budget, pixel cell size limited by electronics cell

and interconnect (bump bonding) pitch (~40 mm).

Pioneered in DELPHI at LEP

and extensively used at LHC;

Great progress in bump bonding

pitch and yields;

Spino昀昀 to imaging (MediPix)

Marco Battaglia EDIT School 2012, Fermilab
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Monolithic Active Pixel Silicon sensor (MAPS)
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The MIMOSA 26 MAPS sensor 
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Yasuo Arai TYL-FJPPL@Strasbourg May 11, 2017
https://rd.kek.jp/project/soi/TYL-FJPPL/1705TYL_arai_v1.pdf

mailto:TYL-FJPPL@Strasbourg
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The HFT PXL at the STAR Detector in BNL 

https://www.bnl.gov/newsroom/news.php?a=24657

Foto credit BNL (2014)
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Used in Atlas IBL detector sides a and c
https://cds.cern.ch/record/1971961/plots

https://cds.cern.ch/record/1971961/plots


3D Detector

Richard Kaiser, Hybrid Pixel DetectorsRichard Kaiser, Hybrid Pixel Detectors 08.12.2017
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Vito Manzari
ESHEP School 2015

Used in
Alice ITS1 Layer 2
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Vito Manzari
ESHEP School 2015
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Nothing else?

The following slides are from Gianluigi  Casse lectures at the 
XXXII INTERNATIONAL SEMINAR 
of NUCLEAR and SUBNUCLEAR PHYSICS "Francesco Romano"
7-11 June 2021  

https://agenda.infn.it/event/21318/
 

https://agenda.infn.it/event/21318/


G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS "Francesco 

Romano"
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Detec琀椀ng single photons
A mip in a 300mm thick Si-detector releases 24ke, and need low noise 

ampli昀椀ca琀椀on. Here we talk about 1 electron.

Need a di昀昀erent mechanism:

Internal ampli昀椀ca琀椀on      mul琀椀plica琀椀on.

Remember the 

diode IV 

characteris琀椀c:
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SOLID-STATE DETECTORS WITH INTERNAL GAIN

  - process: mul琀椀plica琀椀on of carriers via impact ioniza琀椀on

  - Advantages: low-bias, compact, rugged, insensi琀椀ve to magne琀椀c 

昀椀eld.

APD PDSPAD

VBD

39

Solid-state low-light detectors

SPAD  (Single-photon avalanche diode)

(GEIGER-MODE APD)
• Gain ~106 or more
• Timing ~ 20÷50 ps.
• Bias voltage <100V
• Sensi琀椀vity ~1 ph. e.



G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS 

"Francesco Romano"
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SPAD: drawbacks

• Limited ac琀椀ve area:   20µm ÷ 200µm

• Cannot count the number of photons

avalanche 

propagates

all over the

diode

avalanche

琀椀me

C
u

rr
e

n
t

5 photons1 photon



G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS 

"Francesco Romano"
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The Silicon Photomul琀椀plier (SiPM)

SPAD SPAD SPAD SPAD

SiPMs are arrays of small SPADs connected in parallel.

Each SPAD employs a passive quenching mechanism.

SiPM size:

1x1 mm2 to 10x10 mm2

Microcell (SPAD) pitch:

12 um to 40 um

(typical)



G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS 

"Francesco Romano"
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The Silicon Photomul琀椀plier
A SiPM is a single-photon detector, with internal signal ampli昀椀ca琀椀on, 

fabricated on CMOS-compa琀椀ble silicon wafers.

Capabili琀椀es of SiPMs:

• Detec琀椀on of single photons in the visible / NIR range with simple 

(low power) readout electronics.

• Excellent 琀椀ming performance: down to 50 ps FWHM.

• Few-photon or many-photon coun琀椀ng capabili琀椀es, depending on 

design.

Example of few-photon 

coun琀椀ng 

Single photon 琀椀me resolu琀椀on 

(SPTR)

λ = 425 nm



G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS 

"Francesco Romano"
43

The Silicon Photomul琀椀plier (SiPM)

• Each element is independent and gives the same signal when 

昀椀red.

Q = Q1 + Q2 = 2*Q1 Þ Output amplitude (and charge)

 propor琀椀onal to the number of 

triggered cells  propor琀椀onal to the 

number of photons. 

Flash of 

photons



G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS 

"Francesco Romano"
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Silicon Photomul琀椀plier (SiPM)

h琀琀p://

www.ketek.net/
h琀琀p://advansid.com/

• composed of square SPAD  e.g. 40x40 

µm2

• Ac琀椀ve area of 1x1mm2  up to 

10x10mm2

• Di昀昀erent package and connec琀椀ons.

• TILE of SiPMs to cover big areas.

• Typically coupled to scin琀椀llators for 

gamma-ray detec琀椀on   (e.g. medical 

imaging, physics experiments)
3.23 cm

8x8
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More?



Inspira琀椀on from the mul琀椀plying irradiated 

detectors. Development in CERN/RD50. A “gain 

layer” is included in the structure (local doping 

enrichment with to ac琀椀vate the impact 

ioniza琀椀on). Termina琀椀on structure JTE for stability.

LGAD Technology • Silicon detectors that look like a normal pixel or strip sensor, 

but with a much larger signal (internal Gain in the range ~ 

10 – 20)

• High signals also with thin silicon substrates

• Be琀琀er 琀椀ming performance

• Easy to be segmented

• Low gain -> low excess noise

P-type substrate

n++

Gain Layer  P+
P-stop

N-deep
JTE

Two major 

challenges: 

• Radia琀椀on 

tolerance

• Fill factor

JTEp-stopVirtual GR

Pixel 1 Pixel 2

nominal

no-gain region

p+ gain layer

n
+

p- -

p++ substrate 

p+ gain layer
n
+

Metal pads

C
h

a
rg

e

G=1

Max G Max G

G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS 

"Francesco Romano"
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The ALICE Detector:
from ITS1 to ITS2
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Monolithic Active Pixel Silicon sensor (MAPS)



 50Slide from: CERN Detector Seminar - S. Beolé, 15/09/2023

ALPIDE chip: a MAPS sensor for ALICE ITS2 and MFT upgrade 
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The ALPIDE chip and the Alice ITS Upgrade project
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The ALPIDE chip and the Alice ITS Upgrade project
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The ALPIDE chip and the Alice ITS Upgrade project

Som
ethin
g
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The ALPIDE chip and the Alice ITS Upgrade project

Something
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The ALPIDE chip and the Alice ITS Upgrade project

Something
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The ALPIDE chip and the Alice ITS Upgrade project

ne
w
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The ALPIDE chip and the Alice ITS Upgrade project

N
e
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The ALPIDE chip and the Alice ITS Upgrade project

Something
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The ALPIDE chip and the Alice ITS Upgrade project

Somethin
g
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The ALPIDE chip and the Alice ITS Upgrade project
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Studies for Large area bent sensors 

The ALICE ITS3 tracker
Report number: CERN-LHCC-2019-018 ; LHCC-I-034
Title: Letter of Intent for an ALICE ITS Upgrade in LS3
Author(s): Musa, Luciano
DOI 10.17181/CERN-LHCC-2019-018
Web: https://cds.cern.ch/record/2703140 

The half-layers are arranged inside the half-barrel. They have a truly (half-) cylindrical shape,
with each half-layer consisting of a single large pixel chip, which is curved to a cylindrical shape.

Stitching technology and sensor tinning can allow 
The realization of large area bent detectors

Stitching is a technology that allows the fabrication of an 
image sensor that is larger than the field of view of the lithographic
equipment. In this technology, the reticles which fit into the 
field of view of that equipment are placed on the wafer
with high precision, achieving a tiny but well defined overlap.
In this way, wafer-scale sensors can be manufactured

https://cds.cern.ch/record/2703140
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Studies for Large area bent sensors 
See: https://ep-news.web.cern.ch/content/alice-its3-clears-major-milestone

The “μITS3” assembly, based on 6 ALPIDE chips that are bent to the target radii of ITS3 
(2 chips each at 18, 24, and 30 mm).

This sensor is also candidate as vertex silicon detector for the ePIC detector at the future
EIC Collider in BNL (https://wiki.bnl.gov/EPIC/index.php?title=Si_Vertex_Tracker) 

https://ep-news.web.cern.ch/content/alice-its3-clears-major-milestone
https://wiki.bnl.gov/EPIC/index.php?title=Si_Vertex_Tracker
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End part 1

Thanks for you attention!

comments, questions ... suggestions ?

benedetto.diruzza@unifg.it
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Back-up slides
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ICHEP 2020 Conference: Benedetto Di Ruzza
Proton and x-ray irradiation of silicon devices at the TIFPA-INFN facilities in Trento (Italy)
slides: https://indico.cern.ch/event/868940/contributions/3815732
proceeding: DOI: 10.22323/1.390.0685; https://pos.sissa.it/390/685

16th "Trento" Workshop on Advanced Silicon Radiation Detectors 2021: Benedetto Di Ruzza
Ionizing and Non-Ionizing Energy Loss irradiation studies with 70-230 MeV protons at the 
Trento Proton Therapy Center
slides: https://indico.cern.ch/event/983068/contributions/4223200

WEBLINKS
● Trento Institute for Fundamental Physics and Applications (TIFPA):

https://www.tifpa.infn.it/about-tifpa

● TIFPA Activity Reports:
 https://www.tifpa.infn.it/contacts/downloads

 
● Bruno Kessler Foundation (FBK): 

https://www.fbk.eu/en

https://indico.cern.ch/event/868940/contributions/3815732
https://pos.sissa.it/390/685
https://indico.cern.ch/event/983068/contributions/4223200
https://www.tifpa.infn.it/about-tifpa
https://www.tifpa.infn.it/contacts/downloads
https://www.fbk.eu/en
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WEB References
TIFPA-INFN: www.tifpa.infn.it
APSS:  https://protonterapia.provincia.tn.it/eng
Physics UniTN: https://www.physics.unitn.it/en
Biology UniTN: https://www.cibio.unitn.it
IBA: https://iba-worldwide.com

Trento Proton Therapy Center: 
Experimental Area info and Beam Time applications:
http://www.tifpa.infn.it/sc-init/med-tech/p-beam-research

TIFPA Activity Reports:
https://www.tifpa.infn.it/contacts/downloads

Experimental area beam characterization:
REF1 – Proton beam characterization in the experimental room of the Trento Proton Therapy facility

F. Tommasino et al. NIM A 869 (2017) 15–20.   
DOI: http://dx.doi.org/10.1016/j.nima.2017.06.017

REF2 – A new facility for proton radiobiology at the Trento proton therapy centre: Design and implementation
F. Tommasino et al. Physica Medica 58 (2019) 99–106 
DOI: https://doi.org/10.1016/j.ejmp.2019.02.001

http://www.tifpa.infn.it/
https://protonterapia.provincia.tn.it/eng
https://www.physics.unitn.it/en
https://www.cibio.unitn.it/
https://iba-worldwide.com/
http://www.tifpa.infn.it/sc-init/med-tech/p-beam-research
https://www.tifpa.infn.it/contacts/downloads
http://dx.doi.org/10.1016/j.nima.2017.06.017
https://doi.org/10.1016/j.ejmp.2019.02.001
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INTRODUCTION
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The TIFPA-INFN x-ray irradiation Laboratory
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Cabinet Xstrahl RS225

●In this set-up configuration the x-ray uniform spot is a circumference of 4.5 cm radius and can be used for sensors or electronic circuits TID
● characterization studies requiring total dose of the order of 1-50 Mrad.
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R-X support plane

r=6 cm

r=9 cm

r=12cm
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 73

Tungsten emission spectrum
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The TIFPA-INFN x-ray irradiation Laboratory

SiPM Radiation Field simulation with the
the SpekPy* software toolkit:

Considered tube configuration:
tungsten anode, 0.8mm Be window; 
40kV anode tension, 20mA current, 0.180 mm Al filter,
20 cm FSD target position.

(*) https://doi.org/10.1016/j.ejmp.2020.04.026

In order to use the PTW Farmer Chamber dose
measurement system, preliminary comparison framer
chamber vs calibrated diode read-out were performed
in the Padova INFN x-ray station using exactly the planed 
SiPM radiation field. In this way was evaluated the read-out
ratio farmer chamber dose/Si dose .

https://doi.org/10.1016/j.ejmp.2020.04.026
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Diode - Farmer Chamber doserate comparison
at the Padova x-ray irradiation laboratory

0 10 20 30 40 50 60
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0,00
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0,06

0,08
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SiO2/PTW Res Si/PTW Res
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Slide from Marc Poizat:
https://indico.cern.ch/event/635099/contributions/2570674/attachments/1456398/2248961/
Radiation_Effects_and_RHA_ESA_Course_9-10_May_2017_TID_MP_FINAL.pdf

https://indico.cern.ch/event/635099/contributions/2570674/attachments/1456398/2248961/Radiation_Effects_and_RHA_ESA_Course_9-10_May_2017_TID_MP_FINAL.pdf
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Case application: FBK SiPM Irradiations

Farmer chamber and 
SiPM support (FBK)

SiPM online 
characterization system
(FBK)

Overview of the irradiation set-up
For results see:

DOI: 10.1016/j.nima.2022.167502 

https://www.sciencedirect.com/science/article/abs/pii/S016890022200794X?via%3Dihub
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IAEA documents
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https://www.oncolink.org/cancer-treatment/radiation/types-of-radiation-therapy/
proton-therapy/overviews-of-proton-therapy/proton-therapy-behind-the-scenes

https://www.oncolink.org/cancer-treatment/radiation/types-of-radiation-therapy/
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https://www.drmanojsharmaoncology.com/proton-therapy
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https://oncologymedicalphysics.com/diode-detectors/
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Vito Manzari
ESHEP School 2015



G. Casse, XXXII INTERNATIONAL SEMINAR of NUCLEAR and SUBNUCLEAR PHYSICS "Francesco 

Romano"
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SPAD: working principle

1. Biased (Va) ABOVE breakdown voltage (with excess bias Vex) 

2. Single photon or thermally generated carrier switches on avalanche 
process  (with a certain probability)  macroscopic current

3. Avalanche has to be quenched by external circuit    quenching circuit:

Passive quenching in SiPMs (large resistance: usually > 300 kOhm)

4. Bias reset above breakdown voltage  dead 琀椀me.

cathode anode


