
107º Congresso Nazionale 
13-17 Settembre 2021

I tracciatori al silicio nella fisica 
delle particelle elementari

Enrico Robutti

INFN Genova

enrico.robutti@ge.infn.it

mailto:enrico.robutti@ge.infn.it


E. Robutti 107º Congresso Nazionale SIF 

I tracciatori nella fisica delle particelle
I tracciatori sono uno degli elementi indispensabili negli esperimenti di fisica delle 
particelle:


• ricostruiscono la traiettoria delle particelle cariche nel campo 
magnetico


• ⟹ carica, impulso


• ricostruiscono i vertici di decadimento


• vertici secondari ⟹ particelle a vita media breve 
(essenziali p.es. per misure di oscillazioni)


• in contesti di alta luminosità e sezione d’urto 
(LHC) separano vertici primari dovuti a 
interazioni sovrapposte (pileup)
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Track Parameterization

Need a way to encode the information 
about our trajectories

• This is  our “Track Parameterization”  - a 
typical parameterization with respect to a 
reference surface could be:

(d0, z0, ϕ, 𝛉, q/p)

• This is a special version of this 
parameterization expressed on perigee 
surface (closest approach)

• On this surface, first two parameters  are 
transverse (d0) and longitudinal (z0) 
Impact Parameters

• Can also express at any “generic” surface
• First two parameters become simply lx 

and ly - local coordinates on that surface

How to describe our Tracks

ϕ = azimuthal angle

𝛉 = polar angle

q/p = curvature*
*choose this rather than p itself, as errors 
are gaussian

| Tracking: Basic Principles | Nick Styles, 17.02.2020
Page 42

Finding Vertices

| Tracking: Basic Principles | Nick Styles, 17.02.2020

Looking for the common origin

Reconstruction of primary and secondary vertices important for 
understanding underlying physics processes

• Not only reconstruction of “Primary” interaction vertices, but also “Secondary” 
vertices important

• Decays in flight of particles with significant lifetimes

• Interactions with detector material; photon conversions or hadronic interactions 
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Finding Vertices

| Tracking: Basic Principles | Nick Styles, 17.02.2020

Looking for the common origin

Reconstruction of primary and secondary vertices important for 
understanding underlying physics processes

• In collider experiments, often multiple interactions within single “Event” 
(referred to as pile-up interactions)

• Understanding which tracks originate from a given interaction/process requires 
reconstruction of the vertex

http://p.es
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L’era dei tracciatori al silicio
A partire dagli anni ’80, dispositivi a semiconduttore, principalmente silicio, hanno 
cominciato ad essere utilizzati come tracciatori


Gran numero di diverse tecnologie sviluppate negli anni per soddisfare diverse 
esigenze degli esperimenti
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only tracks close to the beam direction (from 0.6° to 17°) 
in which events containing bottom and charm quarks 
are preferentially produced. The precision strip vertexing 
system29 has demonstrated femtosecond particle- lifetime 
resolution, giving a combination of accuracy and high 
statistics that provides a very rich harvest of physics 
results in the study of hadrons containing bottom and 
charm quarks. The upgrade currently underway uses 
a hybrid pixel system to achieve higher granularity and 
hence the ability to handle even higher collision rates30. 
Genuinely 4D sensors31 with both pixel spatial resolution 
and down to 20 ps timing capability32 would be a game 
changer for further luminosity upgrades at experiments 
such as LHCb, allowing real- time pattern recognition 
and track reconstruction in highly congested events.

The silicon requirements at the proposed Future 
Circular Collider for hadrons (FCC- hh)33 could include 
both inner tracking volumes greater than ten times those 
of ATLAS and CMS, and radiation levels (depending on 
experiment design) up to 50 times worse than those at the 
HL- LHC with possibly 1,000 interactions per 25 ns beam 
crossing. The large collision pile- up per beam crossing 
makes further radiation- hard fast- timing-detector devel-
opment a key priority for such a facility. Furthermore, 
no currently known technology could serve as the ver-
tex detector in such an intense radiation environment, 
either in terms of sensor3 or microelectronics34,35 survival. 
A great deal of fundamental research will be needed to 
identify the most promising technologies for detectors 
to work close to the interaction point of any FCC- hh 
experiment. The prospect of low- cost depleted mono-
lithic active pixel sensors (DMAPS), see TABLE 3, work-
ing at doses up to several 1015 neq cm−2 (REFS36–38) makes 
these a strong contender for the outer tracking39 and even 
possibly part of a high- granularity silicon- tungsten or  
silicon- lead tracking calorimeter40 as discussed below.

Lepton collider silicon tracking
The challenges for the proposed International Linear 
Collider (ILC)41, the Compact Linear Collider (CLIC)42 
or possible future circular lepton colliders have mostly 
to do with achieving the ultimate precision in an 
environ ment in which all inelastic electron–positron 
collisions are of interest. However, radiation levels, even 
closest to the primary interactions, are much lower 
than the corresponding case with proton collisions: 
~1 kGy yr−1, 1011 neq cm−2 yr−1 (ILC) and <50 Gy yr−1, 
<4 × 109 neq cm−2 yr−1 (CLIC) (P. Burrows, personal com-
munication). At ILC, there would be 1,312 bunches 
of 544 ns separation in each bunch train with at least 
~200 ms between bunches. At CLIC, there would be 
only 0.5 ns between the 312 bunches per train, which 
would be at a repetition rate of 50 Hz and typically <1 
interaction per bunch train. Detector occupancies due 
to beam- associated backgrounds can be as high as 6 par-
ticles cm−2 (ILC) in every bunch crossing (P. Burrows, 
personal communication); therefore, some background 
mitigation is required even in these very ‘clean’ environ-
ments (compared with the underlying event and pile- up 
of hadron colliders). The two approaches to tackle this 
issue (see REF.43) are either to provide timing information 
within a bunch train or to use very small pixels with new 
pattern recognition techniques.

With impact parameter resolutions of ~ ⊕5μm   
∕ ∕p θ15μm (sin )3 2 targeted (for momentum p in GeV/c 

and angle to the beam axis, θ, see REF.42), spatial resolu-
tions per pixel layer of ~3 µm and layer thickness of order 
0.1% of a radiation length (X0) are required. The material 
requirement precludes active cooling, so for air cooling 
a power dissipation of <130 µW mm−2 is specified, which 
for all vertex detectors is envisaged to exploit the long 
periods between bunch train collisions through cycling 
the detector power off when not needed. Even so, sensing 

1990

) Silicon strips
) Multiplexing ASICs
) CCDs

) CMOS MAPS
) Silicon-on-insulator pixels
) Vertical 3D integration

) Hybrid planar pixels
)
) DEPFET
) Hybrid 3D pixels

) Depleted MAPS
) Fast-timing detectors
) Hybrid MAPS

1980 2000 2010

STAR Belle IINA14

DELPHI CDF CMS

Fig. 1 | Timeline of the different detector technologies with a few illustrated detectors from different experiments: 
NA14, DELPHI and CMS at CERN, CDF at Fermilab, STAR at the Relativistic Heavy Ion Collider and Belle II at KEK. 
For more details on the history of these developments, see the Supplementary Information. ASICs, application- specific 
integrated circuits; CCD, charge- coupled device; CMOS, complementary metal–oxide–semiconductor ; DEPFET, depleted 
p- channel field- effect transistors; MAPS, monolithic active pixel sensors. The NA14 detector image is reproduced with 
permission from REF.80, Elsevier. The DELPHI detector image is reproduced with permission from CERN. The CDF detector 
image is reproduced with permission from Fermilab. The STAR detector image is courtesty of Giacomo Contin, University 
of Trieste, Italy81. The Belle II image is reproduced with permission from KEK. The CMS detector image is reproduced with 
permission from CERN.

Vertexing
Extrapolating tracks back to 
where they meet (that is, to the 
vertex they originate from).

Granularity
The segmentation of the signal- 
collecting nodes defines the 
detector granularity and hence 
ability to cope with many 
simultaneous hits per unit area.

Calorimeter
A detector that measures 
charged or neutral particle 
energy through measuring the 
particle showers they produce 
when they interact in a dense 
absorber.

Bunch train
In some accelerators, bunches 
come grouped together in time 
(bunch trains) with relatively 
long periods of inactivity in 
between them.

Radiation length
The thickness of the material 
(X0) required to reduce the 
mean energy of a traversing 
electron by 1/e (~1∕2.718).
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L’era dei tracciatori al silicio
Negli anni, il silicio sempre più spesso si è affiancato nei tracciatori ad altre 
tecnologie (principalmente a gas), in alcuni casi rimpiazzandole completamente


La tendenza all’aumento della superficie equipaggiata da sensori al silicio, e del 
numero di canali di lettura, continua

4

pCT with a low- intensity but high- energy proton source 
(such that protons pass through the patient and their 
individual paths and energy loss along their paths can be 
reconstructed) and to be able to provide beam monitor-
ing to check the shape of the lower- energy proton beam 
during treatment, when the expected flux and doses in 
the silicon detectors will be much greater. In this mode, 
protons stop at the target depth so only the front track-
ers are required. However, the whole system can also be 
used to help with the lengthy setting up and calibration 
procedures that have to be carried out continuously at 
any radiotherapy facility.

X- ray imaging. The hybrid pixel detectors developed 
by the Medipix collaboration71 have been specifically 
designed for widespread applications, for example, in 
X- ray spectral imaging, X- ray diffractometry, mass 
spectrometry imaging and radiation dosimetry in space 
and as an educational tool. The ability to image the short 
tracks produced by individual components of a radia-
tion field as they transverse the detector attached to the 
pixel chip allows the particle composition of the radia-
tion and relative fluxes to be extracted. The Timepix 
series of readout chips give charged particle spatial res-
olution of 2 µm and subnanosecond time resolutions 
(down to 200 ps and 81 Gb s−1 output rate proposed for 
Timepix4), allowing 3D particle tracking in which the 
third dimension comes from the time for charge to drift 
to the electrodes. The advantage of hybrid systems is that  
the readout chip can be attached to different sensor mater-
ials optimized for a specific application (for example,  
higher-atomic-number materials for hard X-ray imaging).

Another family of detectors for X-ray free-electron 
lasers and high- intensity synchrotrons designed for 
studying molecular structures for the life sciences and 
material physics started with the PILATUS chip72, grow-
ing out of developments for the CMS pixel detector. The 
third- generation and, especially, fourth- generation light 

sources require excellent spatial resolution, very large 
dynamic range (to cope with a wide variation of X- ray 
diffraction intensities in a single image) and extreme 
rate capabilities. Although silicon provides reasonable 
efficiencies for 5 keV to ~30 keV photons, other detector 
materials can be used to improve absorption efficiencies 
towards the high end of this range. Several variants of 
the PILATUS detector have now been developed for a 
range of applications in photon science. Although most 
involve pixel systems and charge- integrating capabilities,  
one system, for 15 keV X- ray photon detection, has been  
developed using a CdTe strip sensor, which gives ~1-µm- 
photon spatial resolution and a high single- photon  
efficiency at up to 1 MHz photon counting rate72.

For monolithic devices, many applications of the  
X- ray sensitivity of silicon can be found. One example is 
the programme to exploit the SOIPIX developments54 in 
space for X- ray astronomy73. Many programmes involv-
ing CMOS imaging sensors come directly from the huge 
commercial growth in this area (see, for example, REF.74, 
which predicts that between 2015 and 2020, the market 
will rise from US $10 billion to $15 billion, with $700 
million revenue growth in medical and scientific imag-
ing alone). However, some of the programmes in scien-
tific imaging have come directly from particle physics 
developments. One example is the development of a 
61 mm × 63 mm detector area, 16 million 14 µm2 pixel 
CMOS sensor for direct electron detection in trans-
mission electron microscopy75. The radiation hardness 
against total ionizing dose was crucial and many design 
features (such as enclosed layout transistors76) were 
taken over directly from developments for the LHC. 
The ability to operate after integrating ~500 million 
300 keV electrons per pixel has been demonstrated75. 
Improved image quality with respect to a comparable 
CCD system for a tobacco mosaic virus specimen has 
been presented, along with operation at much higher 
frame rates75. A number of systems for direct- detection 
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Fig. 3 | The evolution of the silicon detector technology over the past decades. The labels indicate the names of the 
particle physics experiments associated with each development. a | Growth of the surface area of silicon trackers per year.  
b | Growth of number of channels per year. Adapted with permission from REF.2, Springer Nature Limited, and REF.56, Elsevier.

www.nature.com/natrevphys
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pCT with a low- intensity but high- energy proton source 
(such that protons pass through the patient and their 
individual paths and energy loss along their paths can be 
reconstructed) and to be able to provide beam monitor-
ing to check the shape of the lower- energy proton beam 
during treatment, when the expected flux and doses in 
the silicon detectors will be much greater. In this mode, 
protons stop at the target depth so only the front track-
ers are required. However, the whole system can also be 
used to help with the lengthy setting up and calibration 
procedures that have to be carried out continuously at 
any radiotherapy facility.

X- ray imaging. The hybrid pixel detectors developed 
by the Medipix collaboration71 have been specifically 
designed for widespread applications, for example, in 
X- ray spectral imaging, X- ray diffractometry, mass 
spectrometry imaging and radiation dosimetry in space 
and as an educational tool. The ability to image the short 
tracks produced by individual components of a radia-
tion field as they transverse the detector attached to the 
pixel chip allows the particle composition of the radia-
tion and relative fluxes to be extracted. The Timepix 
series of readout chips give charged particle spatial res-
olution of 2 µm and subnanosecond time resolutions 
(down to 200 ps and 81 Gb s−1 output rate proposed for 
Timepix4), allowing 3D particle tracking in which the 
third dimension comes from the time for charge to drift 
to the electrodes. The advantage of hybrid systems is that  
the readout chip can be attached to different sensor mater-
ials optimized for a specific application (for example,  
higher-atomic-number materials for hard X-ray imaging).

Another family of detectors for X-ray free-electron 
lasers and high- intensity synchrotrons designed for 
studying molecular structures for the life sciences and 
material physics started with the PILATUS chip72, grow-
ing out of developments for the CMS pixel detector. The 
third- generation and, especially, fourth- generation light 

sources require excellent spatial resolution, very large 
dynamic range (to cope with a wide variation of X- ray 
diffraction intensities in a single image) and extreme 
rate capabilities. Although silicon provides reasonable 
efficiencies for 5 keV to ~30 keV photons, other detector 
materials can be used to improve absorption efficiencies 
towards the high end of this range. Several variants of 
the PILATUS detector have now been developed for a 
range of applications in photon science. Although most 
involve pixel systems and charge- integrating capabilities,  
one system, for 15 keV X- ray photon detection, has been  
developed using a CdTe strip sensor, which gives ~1-µm- 
photon spatial resolution and a high single- photon  
efficiency at up to 1 MHz photon counting rate72.

For monolithic devices, many applications of the  
X- ray sensitivity of silicon can be found. One example is 
the programme to exploit the SOIPIX developments54 in 
space for X- ray astronomy73. Many programmes involv-
ing CMOS imaging sensors come directly from the huge 
commercial growth in this area (see, for example, REF.74, 
which predicts that between 2015 and 2020, the market 
will rise from US $10 billion to $15 billion, with $700 
million revenue growth in medical and scientific imag-
ing alone). However, some of the programmes in scien-
tific imaging have come directly from particle physics 
developments. One example is the development of a 
61 mm × 63 mm detector area, 16 million 14 µm2 pixel 
CMOS sensor for direct electron detection in trans-
mission electron microscopy75. The radiation hardness 
against total ionizing dose was crucial and many design 
features (such as enclosed layout transistors76) were 
taken over directly from developments for the LHC. 
The ability to operate after integrating ~500 million 
300 keV electrons per pixel has been demonstrated75. 
Improved image quality with respect to a comparable 
CCD system for a tobacco mosaic virus specimen has 
been presented, along with operation at much higher 
frame rates75. A number of systems for direct- detection 
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Fig. 3 | The evolution of the silicon detector technology over the past decades. The labels indicate the names of the 
particle physics experiments associated with each development. a | Growth of the surface area of silicon trackers per year.  
b | Growth of number of channels per year. Adapted with permission from REF.2, Springer Nature Limited, and REF.56, Elsevier.
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Primo rivelatore al silicio in un esperimento

Primi rivelatori di vertice ai collider

Primo tracciatore a grande volume

interamente al silicio
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Le basi
Rivelatori a ionizzazione: gli ioni (elettroni, lacune) prodotte dal 
passaggio delle particelle cariche vengono raccolti dagli elettrodi


Normalmente costituiti da una giunzione p-n 
polarizzata inversamente


• ⟹ regione di svuotamento senza portatori di carica intrinseci


• l’alto campo elettrico fa migrare rapidamente le cariche verso gli 
elettrodi


In pratica realizzati a partire da un volume (bulk) a modesto drogaggio 
(⟹ alta resistività, ~5 kΩ cm), con impianti a drogaggi più elevati per 
realizzare la giunzione, i contatti ohmici e altre strutture specializzate

• P.es., substrato tipo n, Nd = 1012 cm–3, impianto p+, Na = 1015 cm–3

5

Silicon Detectors! 14!

1.3 The p-n Junction 
Operation with reverse bias!

p-n junction with reverse bias!

Applying an external voltage V with the cathode
 to p and the anode to n e- and holes are pulled
 out of the depletion zone. The depletion zone
 becomes larger.!

The potential barrier becomes higher by eV and
 diffusion across the junction is suppressed. The
 current across the junction is very small
 “leakage current”.!

➔ Thatʼs the way we operate our semiconductor detector!!

M. Krammer, F. Hartmann  EDIT 2011!

How to make a detector
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Thickness: 0.3mm

Area: 1cm2

Resistivity: 10kΩcm

Resistance (ρd/A) : 300Ω 

Mobility (electrons): ~1400 cm2/Vs

Collection time: ~10ns

Charge released: ~25000 e~4fC

Need an average field of

E=v/µ=0.03cm/10ns/1400cm2/V ~ 21000 V/cm or V=60V

Is this detector going to work?

Depletion Zone
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17

Effective doping concentration in typical silicon 
detector with p+-n junction
Na = 1015 cm–3 in p+ region
N d = 1012 cm–3 in n bulk.

Without external voltage:  Wp = 0.02 μm
                              Wn = 23 μm

With bias voltage:

For a given thickness, Full Depletion Voltage is:

W = 300μm, ND=5x1012cm-3  —> Vfd = 100V 

÷÷
ø

ö
çç
è

æ
+=

AD NNq
VW 112e

e2

2WqNV D
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– Depleted zone

undepleted zone

Vb
w
d

DpNqµ
r 1
=Resistivity:

High-resistivity material (i.e. low doping) requires low 
depletion voltage :

FZ sensors:
Doping concentrations: 1012–1015cm-3 
Resistivity ~ 5 kΩcm
CMOS:
Doping concentrations: 1017 –1018 cm-3

Resistivity  ~ 1 Ωcm

tecnologia "p-in-n”
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Pro e contro
Pro


• Bassa energia di ionizzazione: ~3 eV/
coppia (contro 20-40 eV nei gas)  
⟹ strati sottili


• Diffusione delle cariche limitata ⟹ 
ottima risoluzione ≲ 10 μm


• Possibile segmentazione molto fine


• Tempi di raccolta segnale rapidi ⟹ 
ottima risoluzione temporale (≲ 30 ps) in 
disegni ottimizzati


• Possibilità di integrare l’elettronica di 
lettura 

Contro

• Alto numero di canali di lettura

• Costo


• Potenza dissipata ⟹ circuiti di 
raffreddamento complessi

6
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Rivelatori a microstrip
Nei rivelatori a microstrip, la lettura è segmentata su strisce 
metalliche (passo tipico 50 - 250 μm), che forniscono la misura 
di una coordinata


• I segnali letti dalle strip adiacenti vengono combinati per 
determinare la coordinata della particella incidente


L’elettronica di lettura (amplificatori) può essere 
collegata direttamente alla giunzione (DC), 
oppure accoppiata capacitivamente (AC), 
isolando la corrente di perdita degli 
amplificatori

Tutti gli attuali tracciatori al silicio a grande 
volume utilizzano tecnologia a microstrip

7

2.2 Microstrip Detector  
DC coupled strip detector!

Silicon Detectors! 22!

★  p+n junction:  
Na ≈ 1015 cm-3, Nd ≈ 1–5·1012 cm-3!

★  n-type bulk: ρ > 2 kΩcm 
➔ thickness 300 µm !

★  Operating voltage < 200 V.!
★  n+ layer on backplane to improve

 ohmic contact!
★  Aluminum metallization !

Traversing charged particles create e-h+ pairs in the depletion zone (about 30.000
 pairs in standard detector thickness). These charges drift to the electrodes. The
 drift (current) creates the signal which is amplified by an amplifier connected to
 each strip. From the signals on the individual strips the position of the through
 going particle is deduced. !

A typical n-type Si strip detector:!

M. Krammer, F. Hartmann  EDIT 2011!

2.2 Microstrip Detector  
AC coupled strip detector!

Silicon Detectors! 23!

★  Integration of coupling capacitances in
 standard planar process.!

★  Deposition of SiO2 with a thickness of 100
–200 nm between p+ and aluminum strip!

★  Depending on oxide thickness and strip width
 the capacitances are in the range of             
 8–32 pF/cm.!

★  Problems are shorts through the dielectric
 (pinholes). Usually avoided by a second layer
 of Si3N4.!

AC coupled strip detector:!

Several methods to connect the bias voltage: polysilicon resistor,
 punch through bias, FOXFET bias.!

AC coupling blocks leakage current from the amplifier.!

M. Krammer, F. Hartmann  EDIT 2011!

accoppiamento DC accoppiamento AC
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Rivelatori a pixel
Nei rivelatori a microstrip, la misura di una coordinata su 
un piano può essere combinata con quella di un piano 
con strip orientate diversamente, per fornire un punto 2D

• In caso di alta occupazione, si possono creare 

combinazioni false (“ghost”)


Nei rivelatori a pixel, l’ambiguità viene eliminata

• Il numero di canali aumenta significativamente


La connessione con l’elettronica di lettura è effettuata con 
una matrice di microsaldature metalliche (bump bonding) 
⟹ rivelatori “ibridi”


I tracciatori moderni in regioni ad altissima occupazione sono 
realizzati a pixel

8

2.3 Strip vs. Pixel Detectors !

Silicon Detectors! 46!

★  A strip detector measures 1 coordinate only. Two orthogonal arranged strip
 detectors could give a 2 dimensional position of a particle track. However, if
 more than one particle hits the strip detector the measured position is no
 longer unambiguous. “Ghost”-hits appear! !

★  Pixel detectors produce unambiguous hits! !

True hits and ghost hits in two
 crossed strip detectors in case
 of two particles traversing the
 detector:!

Measured hits in a pixel detector
 in case of two particles
 traversing the detector:!

M. Krammer, F. Hartmann  EDIT 2011!

2.3 Strip vs. Pixel Detectors !

Silicon Detectors! 46!

★  A strip detector measures 1 coordinate only. Two orthogonal arranged strip
 detectors could give a 2 dimensional position of a particle track. However, if
 more than one particle hits the strip detector the measured position is no
 longer unambiguous. “Ghost”-hits appear! !

★  Pixel detectors produce unambiguous hits! !

True hits and ghost hits in two
 crossed strip detectors in case
 of two particles traversing the
 detector:!

Measured hits in a pixel detector
 in case of two particles
 traversing the detector:!

M. Krammer, F. Hartmann  EDIT 2011!

2.3 Hybrid Pixel Detectors  
Principle!

Silicon Detectors! 47!

Detail of bump bond connection.
 Bottom is the detector, on top the
 readout chip:!

“Flip-Chip” pixel detector:!
On top the Si detector, below the readout chip,
 bump bonds make the electrical connection for
 each pixel. !

S.L. Shapiro et al., Si PIN Diode Array Hybrids for Charged !
Particle Detection, Nucl. Instr. Meth. A 275, 580 (1989)! L. Rossi, Pixel Detectors Hybridisation, !

Nucl. Instr. Meth. A 501, 239 (2003)!

Drawback of hybrid pixel detectors: Large number of readout channels!
→  Large number of electrical connections and large power consumption.!

M. Krammer, F. Hartmann  EDIT 2011!
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Danni da radiazione
L’interazione nucleare delle particelle incidenti con gli atomi 
del reticolo può causare vari tipi di difetti, dislocando gli atomi 
di silicio e interagendo con quelli dei droganti e delle impurità

Si formano “cluster” di difetti che alterano le proprietà del cristallo:


• variazioni nel drogaggio ⟹ aumento della tensione di 
svuotamento;


• centri di ricombinazione ⟹ diminuzione 
dell’efficienza di collezione di carica;


• centri di generazione ⟹ aumento della 
corrente di perdita
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Bulk Damage
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§ defects in the crystal
§ point defects and “cluster” defects
è energy levels in the band gap filled

charged 
defects

ÞNeff , Vdep

deep traps (e and h), 
recombination centers
Þ Charge Collection 

Efficiency

+

deep traps, 
generation centers

Þ Leakage current

Primary Knock on Atom 
displaced out of lattice site 

• Interstitials and Vacancies are very mobile 
at T>150K and migrate through lattice

• Annihilate --> no damage remaining
• Reactions with each other and impurities
    (V2, ViOi,…)
• Along path of recoil —> formation of more 

defects
• at the end clusters formed
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Danni da radiazione

Alcuni effetti sono parzialmente reversibili con opportuni cicli termici (annealing)

10

Sensor Properties after Irradiation - Leakage Current
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• current decreases with annealing

—> consider annealing
—> run cold

• independent of material
• independent of type of irradiation

• Damage parameter

• strong temperature dependence

Sensor Properties after Irradiation - Depletion 
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[M.Moll, PhD thesis 1999, Uni Hamburg]

• Neff changes from positive to negative (Space Charge 
Sign Inversion)

• n-type bulk becomes `p-type`

• short term annealing: beneficial
•  long term annealing: not beneficial

—> cooling of sensors to control effects
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[M.Moll: Data: R. Wunstorf, PhD thesis 1992, Uni Hamburg]

Sensor Properties after Irradiation - Trapping
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• at high fluencies trapping is highly important
• charge carriers will not reach electrode when 

trapped
—> signal lost

• electrons drift faster than holes

—> collect electrons
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24 GeV/c proton irradiation24 GeV/c proton irradiation

[M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund][M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund]

Φeq

inversione del substrato:ridotta o 
assente nei substrati di tipo p

gli elettroni migrano più 
velocemente 

⟹ meno ricombinazioni
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Schemi di drogaggio alternativi
L’utilizzo di un substrato di tipo p con impianti n+ (n-in-p) mitiga alcuni degli effetti 
del danno da radiazione

La lettura dal lato n+ (segmentato) permette di raccogliere gli elettroni, più mobili


I tracciatori di ATLAS e CMS per High-Luminosity HLC (HL-LHC) saranno basati su 
tecnologia n-in-p

11

n-in-n and n-in-p instead of p-in-n
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“p” or  p

p+-doped

n+ -doped, segmented

MIP

e
h“p”

active 
region

not depleted

MIP

e
h

segmented
p+-doped

n+ -doped

e drift faster than h è less charge trapping for e è collect electrons 
è read out n+-side of sensors

oxide charges

e- accumulation layer

• sensors more radiation hard:
• charge collection decreases less
• still good position resolution if not fully depleted

• sensors need more processing steps
—> more expensive
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Pixel con tecnologia 3D
Nei sensori con tecnologia 3D, gli elettrodi sono perpendicolari al piano del sensore 
⟹ distanza di migrazione della carica disaccoppiata da spessore sensore


• migliore resistenza alla radiazione


• tempi di raccolta più rapidi ⟹ ottima risoluzione temporale possibile (e ottimizzabile 
con geometrie dedicate)


Tecnologia utilizzata per strato più interno tracciatore di ATLAS e Precision Proton 
Spectrometer di CMS. Possibile utilizzo in upgrade per HL-LHC

12

3d Sensor Concept
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3D PLANAR
p+ n-columns p-columns wafer surface

n-type substrate

• etch columns into silicon
• technology developed in the last years
• pixels and strips possible (connect columns of one row into strip)

• disadvantage: 
• geometrical efficiency highly dependant on particle 

incidence angle

• ATLAS IBL deployed 3d sensors in more forward (backward) regions

colonne a doppio lato colonne a lato singolo
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Sensori monolitici
L’integrazione del sensore e dell’elettronica di lettura CMOS su un unico cristallo di 
silicio (Monolithic Active Pixels Sensor, MAPS) presenta numerosi vantaggi:

• eliminazione della fase di ibridizzazione, delicata e costosa

• sfruttamento dei processi di fabbricazione industriale su vasta 

scala ⟹ riduzione di costi e tempi di produzione


• sensori sottili (~50 μm)

• pixel molto piccoli (~20 × 20 μm2) facilmente realizzabili

• consumi ridotti


Tecnologia oggi largamente utilizzata per la rivelazione di luce 
visibile (fotocamere)

Sensori MAPS già utilizzati di recente in esperimenti di fisica 
delle particelle (STAR al RHIC, Brookhaven, ALICE a LHC)

13

Basic Concepts

Monolithic active pixel sensor

Monolithic Active Pixel Sensor (MAPS)
...ASIC & sensor on same substrate

...includes at least one amplifier

Basic idea

! readout circuit & sensor on same substrate

! standard CMOS for ASIC1

! thin sensors (d∼ 50µm)

(source: http://x-ray.camera)

(a) hybrid pixel detector
↓

(b) MAPS

1Application-specific integrated circuit
Christof Sauer Monolithic Active Pixel Sensors 5 / 20
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Sensori monolitici
MAPS


• No HV 
⟹ piccola regione di svuotamento 
⟹ raccolta carica per diffusione 
⟹ segnali piccoli e lenti


• Scarsa resistenza alla radiazione 
(≲ 1013 neq/cm3) 

HV-MAPS


• Tecnologia HV-CMOS 
⟹ zona sensibile svuotata 
⟹ raccolta di carica per migrazione 
⟹ segnali più grandi e veloci


• Buona resistenza alla radiazione 
(≳ 1015 neq/cm3)

14

Standard-MAPS

Standard-MAPS summary

Design concept: electronics outside charge collection diode

Application: ALICE (2019/20), STAR
advantages

! low material budget

! only CMOS

! low noise δV = δQ
CDiode

! low power consumption PDiode ∝ Cm
Diode,

m ≥ 1

disadvantages

! small Signal (SMIP ∼ 80 eh-pairs/µm)

! limited radiation tolerant

! slow (charge collection by diffusion)

not suitable for ATLAS nor CMS!

(time resolution ∼ 25 ns)
→

Christof Sauer Monolithic Active Pixel Sensors 13 / 20

HV-MAPS

HV-MAPS

HV-MAPS for a simple 3-transistor architecture
design according to Ivan Perić1

based on AMS2 180 nm HV-CMOS process

integrated functionality: reset (Mrst),
readout (Msel),
source-Follower (Msf)

! fast charge collection by drift

(v = µE, E ≈ Vbias
d )

! time resolution ∼ 1 ns

suitable for ATLAS, CMS & Mu3e
(∼ 25 ns)

! depletion width d ≈
√
ρVbias

! improved radiation hardness

HV: 50 - 100V

1
former privatdozent at university of Heidelberg (ZITI), now professor at Karlsruher Institut für Technologie (KIT)

2
Austria Mikro Systeme AG

Christof Sauer Monolithic Active Pixel Sensors 15 / 20
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Le sfide dei prossimi anni
HL-LHC (dal 2027) spingerà in avanti le prestazioni richieste ai tracciatori:

• aumento della luminosità istantanea di un fattore ~4 

⟹ aumento della densità di tracce, pileup fino a 200


• aumento della luminosità integrata di un fattore ~10 
⟹ fluenza oltre 2 × 1016 neq/cm3 nelle zone più vicine 
al punto di interazione


Evoluzione dei tracciatori di ATLAS/CMS:


• aumento (~300 m2) della superficie di silicio, 
copertura in avanti fino a 2º


• pixel più piccoli (25 × 100 μm2), strip più corte


• utilizzo delle tracce negli algoritmi di trigger

15
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Le sfide dei prossimi anni
LHCb considera l’opzione di realizzare un tracciatore “4D”, con misura di tempo 
(precisione fino a 20 ps) integrata

Per il futuro collisore adronico FCC-hh, il volume richiesto al tracciatore potrebbe 
aumentare di un fattore 10, e la dose di radiazione di un fattore 50

• grande sforzo di R&D necessario (HV-MAPS?)


I prossimi collisori elettronici (FCC-ee, ILC,…) e ione-elettrone (EIC) non avranno 
densità di tracce e dosi integrate così elevate, 
ma richiederanno tracciatori “leggeri”, 
con materiale inferiore a 0.1% X0 per strato

• sensori estremamente sottili (~50 μm)


• raffreddamento ad aria ⟹ potenza molto limitata


• HV-MAPS, depleted FET?

16
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Sempre più silicio?
L’uso del silicio per i tracciatori interni appare in questo momento una scelta 
obbligata per la gran parte degli esperimenti di fisica delle particelle, e lo sarà 
probabilmente nel prossimo futuro

Una grande varietà di nuove tecnologie è in studio per far fronte alle diverse 
esigenze degli esperimenti di prossima generazione 

• necessariamente accompagnato dallo sviluppo di adeguati sistemi di lettura e di 

ricostruzione


I tracciatori al silicio del futuro potranno vedere estese le loro funzionalità (misure di 
tempo; forse energia?) ed essere integrati in altri sistemi (calorimetri)

17


