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Particle detector technologies
The basis for detector systems
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Detectable signals
• Ionization charge
• Scintillation light
• Cherenkov photons

• For neutral particles: first interaction produces charged 
particles and possibly a shower --> detection of charged particles 
with above signals

• To detect a signal: 
• Connect to electrodes collecting charge
• Transform light in electrical signal
• Connect to amplifier and readout system

July 20, 2020 F.Forti, Particle Detectors 02 4



Gas ionization detectors
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Gas ionization detectors principle
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δ-electrons are a small fraction of the ionization 
electrons that have enough energy to ionize other atoms

vdrift = µE
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Mobility: drift in electric field

D=Diffusion coefficient�vol =
p
3�x =

p
6Dt
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Diffusion due thermal agitation D = µ
kT

e
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Electrons: !"~$%/'(
Ions: !"~$%/%(



Gas detectors parameters
• Ionization energy: !"
• Energy per ion-e- pair: #"
• Need more than the ionization energy to create a pair

• Number of primary ion-e pairs: $%
• Number of total ion-e- pairs: $&
• $& is a factor 2-6 larger than $%

• If L = layer thickness
• Typical values
• #"=30 eV
• $&=100 pairs / 3 keV energy loss
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Table of parameters for most common gases
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Table for most common gases 

(Ei = Io) 



Signal formation
• One electron-ion pair. Signal induced by drift of charge in the electric 

field. Shape depends on release point. Electrons much faster than ions.
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3.4 Gas Counter Operation 
Ionization chamber - 1!

  An ionization chamber is operated at a 
voltage which allows full collection of 
charges, however below the threshold of 
secondary ionization (no amplification).!

For a typical field strength 500 V/cm and typical 
drift velocities the collection time for 10 cm drift is 
about 2 µs for e– and 2 ms for the ions.!
!

Planar ionization chambers:!

Time evolution of the signal for one e- ion pair:!
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3.4 Gas Counter Operation 
Ionization chamber - 2!

Planar ionization chambers, 
continuous charge generation:!Remember: !

The signal is induced by the movement of e- 
and ions in the electric field. !
!
The fast drifting e- cause a short pulse, 
whereas the slow moving ions cause a long 
running current pulse.  !
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(only e– considered)!

Time evolution of the signal for continuous charge generation (only drift of e- considered):!

• Continuous charge generation when many charges released
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Transport effects
Many complex effects affect charge transport
• Recombination and electron attachment
• Electronegative gases (O2, F, Cl) influences detection efficiency

• Diffusion
• Influences special resolution

• Mobility
• Influences the timing behavior

• Avalanche process via impact ionization
• Primary electrons can produce secondary electrons and it is 

possible to create an avalanche
• Multiplicate the collected charge à gas gain
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3.4 Gas Counter Operation 
Amplification process around a wire!
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★  Electrons produced by the primary particle drift towards the anode wire. 
They reach the area of high fields. !

★  As soon as the field is larger than Εkrit secondary ionization starts. A charge 
avalanche develops in the vicinity of the anode wire. !

★  The electrons drift quickly to the anode wire, whereas the positive ions 
slowly drift away towards the cathode. !

Charge multiplication
• If a thin wire is used as anode in a 

cylindrical counter, the field goes 
like 1/r
• Below a certain radius electrons 

gain enough energy between 
collisions to ionize other atoms.
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3.4 Gas Counter Operation 
Proportional mode - 2!

Cross section of a proportional 
counter and electric field E as 
function of the distance to the wire: !

Cathode!

a … radius anode wire!
b … radius cathode!

Cathode!

 Typical geometry: cylindrical cathode with thin central anode wire. 
Electric field in vicinity of the wire ∼1/r, at r ≤ rkrit field strength high 
enough to cause secondary ionization, !

    wire diameter 20 - 100 µm.!
!

25!
Photon emission possible in 
multiplication à secondary 
ionization.
Some form of quenching is 
necessary to prevent 
secondary avalanches



Signal in cylindrical wire chamber
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3.4 Gas Counter Operation 
Time evolution in a cylindrical wire chamber!

Charged particle 
produces pri-
mary ionization 
along the track. !

Primary e- drift 
quickly to the 
anode wire. 
Ions drift much 
slower to the 
cathode 
cylinder. !

The primary e- 
reach the region of 
high field and 
produce secondary 
ionization � charge 
carrier avalanche 
around the wire. 
The primary ions 
continue to drift to 
the cathode. !

The ions produced 
in the secondary 
ionization drift also 
to the cathode. 
The secondary e- 
are generated 
close to the 
anode. !

Finally also the 
secondary ions 
reach the 
cathode. !

The induced signal is by far dominated by the movement of the ions!!
… positive ions! … electrons!

M.Krammer
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Gas amplification factor 

Gas amplification
• Ionization mode

• Full charge collection
• No multiplication, gain ≈ 1

• Proportional mode
• Signal proportional to primary ionization
• Secondary avalanches need quenches
• gain ≈ 104 - 105

• Limited proportional mode (streamer)
• Strong photoemission
• Requires strong quenching or pulsed HV
• gain ≈ 1010

• Geiger mode
• Massive photoemission
• Full length of anode ire affected
• Discharge stopped by HV cut

July 20, 2020 F.Forti, Particle Detectors 02 13



Multi-wire proportional chamber (MWPC)
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Multi-wire proportional chamber (MWPC) 

3.5 Multi Wire Proportional Chamber 
(MWPC)!
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€ 

σ (x ) = d
12

= 577 µm

Geometry of a MWPC!
(row of proportional counters without walls):!

Electric field lines:!

Cathode plane!

Anode wires!

  Diameter of anode wires 10 – 50 µm!
  Distances between wires 1 – 5 mm !
  Each wire connected to an amplifier!
  Typical gas amplification in MWPC is 105!

 Max. particle rate ~10 kHz/mm2!

Position resolution:!
Depends on wire distance!
e.g. for d = 2 mm!
By simply using the wire position!
!

Cathode plane!

W.R. Leo, Techniques for Nuclear and  
Particle Physics Experiments, Springer, 1987!

Cathode!

Anode wires!Cathode!

Resolution looking at 
single wire
!" =

$
12 = 0.6 − 1.2 ++



Micro pattern gas detectors
• The concept of gas multiplication can be implemented in many different ways 

using high precision photolithographic techniques, without using wires. 
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Current'Trends'in'Micro/Pa2ern'Gas'Detectors'(Technologies)'

Electrons 

Ions 

60'%'

40'%'

Micromegas' GEM' THGEM' MHSP' Ingrid'
2"

2 

Semiconductor'Industry'technology:'
'
• "Photolithography"
• "Etching"
• "Coa2ng"
• "Doping"
• "Wafer"postprocessing"""

L. Ropelewski
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Drift chamber 

Alternative way to obtain spatial information: measure the electrons drift time  

-  time measurement started by an external (fast) detector, i.e. scintillator counter 
-  electrons drift to the anode (sense wire), in the filed created by the cathodes 
-  the electron arrival at the anode stops the time measurement 

-  one-cohordinate measurement: 

scintillator counter 

Drift time 

adjustable field 

Drift chamber
• An alternative way to obtain spatial information: measure the 

electron drift time.
• Time measurement started by an external fast detector (eg

scintillator)
• Electrons drift to the anode (sense wire) in the field created by the 

cathodes (must be as uniform as possible)
• The electron arrival stops the time measurement

July 20, 2020 F.Forti, Particle Detectors 02 16
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Drift Chamber – spatial resolution

July 20, 2020 F.Forti, Particle Detectors 01 1723 

Drift chamber – spatial resolution 



M. Krammer: Particle Detectors! Gaseous Detectors! 43!

3.8 Resistive Plate Chambers  
Construction!

M. Hoch, Nucl. Instr. Meth. A 535, 1 (2004) !

Large area detectors!
Space resolution ~ mm!
Very fast timing (~ 1 ns) and !
     sufficient high rate !
     capability (~ 100 Hz/cm2)        !
 ideal devices for trigger detectors !

 Gas gap typically 2 mm!
  resistive electrodes made of phenolic-melaminic (Bakelite), !
  electrodes to apply high voltage and insulated pick up electrodes!
 Gas chambers operated in avalanche or streamer mode.!

Resistive plate chambers (RPC)
• Ionization chamber operated in avalanche or streamer mode
• Gas gap typically 2mm
• Resistive electrodes made of phenolic-melaminic (bakelite) or glass. 
• Signal induced on readout electrode

July 20, 2020 F.Forti, Particle Detectors 02 18

Space resolution ~mm
Fast timing (~1ns)
Designed to cover large area



Semiconductor detectors
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Semiconductor ionization detectors
• Basic principle is the same as the ionization chamber
• But in semiconductors at non-zero temperature charge 

carriers are present, competing with ionization charge. 

July 20, 2020 F.Forti, Particle Detectors 02 20
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2.2 Material Properties  
Energy bands: isolator–semiconductor–metal!

In an isolated atom the electrons have only discrete energy levels. In solid state 
material the atomic levels merge to energy bands. In metals the conduction and 
the valence band overlap, whereas in isolators and semiconductors these levels 
are separated by an energy gap (band gap). In isolators this gap is large.!



Intrinsic carrier concentration
• Because of the small band gap in semiconductors, at room 

temperature electrons can be excited to the conduction band, 
leaving holes in the valence band. And then recombine with holes.
• At thermal equilibrium a balance between excitation-recombination 

is reached leading to the “intrinsic carrier concentration” !" = !$ =
!% = 1.45 * 10,-./01

• Because of this intrinsic carrier if we polarize an intrinsic 
semiconductor a large current flows à cannot work as the 
ionization chamber
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2.2 Material Properties  
Intrinsic carrier concentration!

!  Due to the small band gap in semiconductors electrons already occupy!
    the conduction band at room temperature.!
!
!  Electrons from the conduction band may recombine with holes.!
!
!  A thermal equilibrium is reached between excitation and recombination!
    Charged carrier concentartion ne = nh = ni !
    This is called intrinsic carrier concentration:!

! 

ni = NCNV " exp #
Eg

2kT
$ 

% 
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In ultrapure silicon the intrinsic carrier concentration is1.45·1010 cm-3. !
With approximately 1022 Atoms/cm3 about 1 in 1012 silicon atoms is ionised.!

23,25 =density of states at 
the edge of the conduction 
and valence band



Properties of intrinsic semiconductors

July 20, 2020 F.Forti, Particle Detectors 02 22

✝

Basic Semiconductor Properties

Si Ge GaAs
[III-V Semiconductor]

   Egap [eV] 1.11 0.67 1.43

   ni @ 150 K [m-3] 4.1⋅106 — 1.8⋅100

   ni @ 300 K [m-3]  1.5⋅1016  2.4⋅1019   5.0⋅1013

   me/me 0.43 0.60 0.065

   mh/me 0.54 0.28 0.50

  Energy/e-hole-pair [eV] 3.7 3.0 —

*

*

✝

✝ at 77 K

Some properties of intrinsic semiconductors

Intrinsic
Semiconductors



Doping: control density of carriers
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2.4 Doping  
Bond model: p-doping in Si!

The energy level of the acceptor is just above the edge of the valence band. At 
room temperature most levels are occupied by electrons leaving holes in the 
valence band.!
The fermi level EF moves down. !
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2.4 Doping  
Bond model: n-doping in Si!

The energy level of the donor is just below the edge of the conduction band. At 
room temperature most electrons are raised to the conduction band.!
The fermi level EF moves up. !

M. Krammer, Praktikum 2010/11! Silicon Detectors! 10!

2.4 Doping  
Bond model: n-doping in Si!

Doping with an element 5 atom (e.g. P, As, Sb). The 5th valence electrons is 
weakly bound.!

The doping atom is called donor! The released conduction electron 
leaves a positively charged ion!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 12!

2.4 Doping  
Bond model: p-doping in Si!

Doping with an element 3 atom (e.g. B, Al, Ga, In). One valence bond 
remains open. This open bond attracts electrons from the neighbor atoms.!

The doping atom is called acceptor. ! The acceptor atom in the lattice is 
negatively charged.!

N-type doping
P, As, Sb (5 e)

P-type doping
Al, B, Ga (3 e)

At equilibrium !" # !$ = !&'
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2.5 The p-n Junction 
Creating a p-n junction!

At the interface of an n-type and p-type semiconductor the difference in the fermi 
levels cause diffusion of surplus carries to the other material until thermal equilibrium 
is reached. At this point the fermi level is equal. The remaining ions create a space 
charge and an electric field stopping further diffusion.!
The stable space charge region is free of charge carries and is called the depletion 
zone.!

Junction
• At the interface on n-type and p-type semiconductor the different electron/hole 

density causes diffusion.
• Electrons from the n-type recombine with holes from the p-type

• An electric field is created by the fixed ions that remain behind (space charge)
• At equilibrium the drift current from the electric field balances the diffusion current in the 

opposite direction
• The zone without free carriers (and electric field) is called depletion zone
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Depletion of sensor 
• Applying an external reverse voltage one can 

extend the depletion zone
• The potential barrier between p and n is 

increased, and the current is very small 
(leakage current)
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2.5 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”.!

" That’s the way we operate our semiconductor detector!!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 19!

2.6 Detector Characteristics  
Leakage Current!

Measured detector leakage current, CMS 
strip detector (measurement at room 
temperature):!

A silicon detector is operated with reverse bias, hence reverse saturation 
current is relevant (leakage current). This current is dominated by thermally 
generated e-h+ pair. Due to the applied electric field they cannot recombine and 
are separated. The drift of the e- and h+ to the electrodes causes the leakage 
current.  !

Leakage current vs. 
reverse bias for a CMS 
sensor

The depletion is zone is 
the sensitive volume of 
the detector since 
generated ionization 
charge can be collected 
using the electric field



Example of a typical p-n junction
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Example of a typical p+-n junction in a silicon detector:!
Effective doping concentration Na = 1015 cm–3 in p+ region and Nd = 1012 cm–3 in 
n bulk.!

2.5 The p-n Junction 
Width of the depletion zone!

p+n junction!

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

Applying a reverse bias voltage of 100 V:!
Wp = 0.4 µm !
Wn = 363 µm!

! 

W " 2# 0# rµ$V

! 

" =
1

eµNeff
with!

V !… !External voltage!
" !… !specific resistivity!
µ  !… !mobility of majority charge carriers!
Neff!… !effective doping concentration!

Width of depletion zone in n bulk:!

The depletion voltage is the voltage at which the depletion zone extends through the full thickness



E =
U

d
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100 V
300 · 10�6 m

� 3 · 105 V
m

= 100 V

U =
e

2�
NAd2

d ⇡ xp ⇡
r

2�U

eNA

Basic Semiconductor Detector

Requirement:
Large sensitive region ...

We know:

Typical: NA = 1015/cm3

n+ region highly doped: ND » NA

p
[ρ = 10 kΩcm; NA]

1 μm

1 μm

300 μm

n+ and p+ needed to 
allow metallic contacts ...
[High doping = small depletion zone]

p+ dead layer   

Metal contact     

Sensitive volume

Bias    

n+ 

Bias voltage supplied 
through series resistor ...

Signal    

Electric field:

[Safe. Breakdown limit at 107 V/m]

Polarization
• To polarize the sensor one needs metallic contacts and a bias 

resistor.
• The signal can in general be extracted from both sides
• A MIP in 300μm of silicon releases 24000 e- ∼ 4fC: very small 

charge. 
• Note: the detector bulk can be either p or n-type
• Need to make sure electric 

field does not cause breakdown
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Strip detectors
• Using modern microfabrication 

technology developed for electronics 
(planar process) one can segment the 
junction readout electrode in various 
ways à position sensitive detectors
• Readout pitch can be as small as 50#$

• Each electrode must have its own 
amplifier à need for miniaturized 
integrated circuits
• Signal to noise ratio requires careful 

optimization
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3.1 Microstrip Detector  
DC coupled strip detector!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 23!

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

!  n-type bulk: ! > 2 k#cm 
" thickness 300 µm !

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

ohmic contact!
!  Aluminum metallization !

Through going 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:!
!

50 − 500#$

Typ. 300#$



Coupling and bias
• It is desirable that leakage current does 

NOT flow into amplifier à AC coupling of 
strips
• Integrate capacitors along the strip
• SiO2/Si3N4 deposition (100-200 nm)
• Issues with defects of oxide (pinholes)
• Order of 30pF/cm

• To apply voltage to the substrate a bias 
resistor is required
• Can also be integrated on the detector 

surface
• Deposition of polycrystalline silicon
• Sheet resistance of  order 250 $Ω/□ leading 

to a R~10 − 20 MΩ
• Drawback: more fabrication complexity
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3.1 Microstrip Detector  
AC coupled strip detector!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 24!

!  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.!

3.1 Microstrip Detector  
Polysilicon bias – 1!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 25!

!  Drawback: Additional production 
steps and photo lithograpic masks 
required.!

Cut through an AC coupled strip 
detector with integrated poly resistors:!

!  Deposition of polycristalline silicon between p+ implants and a common bias 
line. !

!  Sheet resistance of up to Rs ≈ 250 k#/$. Depending on width and length a 
resistor of up to R ≈ 20 M# is achieved (R = Rs·length/width).!

!  To achieve high resistor values winding poly structures are deposited.!



Point resolution
• Segmented detectors provide space information on the point ! of passage of the 

particle
• The distance between strips is called pitch "

• Point resolution depends on the  readout mode and on the angle. For 
perpendicular tracks.

• Threshold readout (digital yes/no): 
• One strip is over threshold at position !#. 
• Position estimator ! = !#
• Flat probability between !# − &

' and !# + &
'. 

• Resolution )* = &
#'

• Charge readout (analog) 
• Signals ℎ#, ℎ' on strips at positions !#, !'
• Position estimator center of gravity ! = *-.-/*0.0

.-/.0
• Resolution )* ∝ &

signal/noise
• Can take advantage of charge division through capacitive coupling
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Heute erreicht man eine Ortsauflösung σ = 12−15µ und eine Ortsgenauigkeit des Vertex von
σ ≈ 27µ+ 98 µ/GeV

p⊥
. Damit kann man bei LEP/H1 Teilchen von Lebensdauern von 300 fs (τ–

Lepton, b–Quark, c–Quark) wirklich beobachten. Deutlich ist die exponentielle Abhängigkeit
zu erkennen (Abb.6.22).

N
0.05 cm

Zerfallslange [cm]..

Abbildung 6.22: Gemessene Zerfallslängsverteilung von c–Quarks (ALEPH–Kollaboration)

Probleme, die auftreten können :

• Einfluß der Vielfachstreuung bei der Rückextrapolation der Spur durch das Strahl-
rohr σV ert ∼ 98 µ ·GeV

pT
.

• Langer Hebelarm verschlechtert das Auflösungsvermögen (Mindestabstand definiert
durch Strahlrohrdurchmesser und Strahlungsuntergrund)

• Einfluß des Magnetfeldes aufgrund der Lorentz–Kraft verfälscht den Durchtrittsort (s.
Abb.6.19)

• Strahlenhärte (siehe Kap.6.10) bedingt Mindestabstand vom Strahl, da Dosis mit Ab-
stand abnimmt

• Doppel–Spur–Auflösung : Es zeigt sich, daß nur Spuren mit einem Abstand d > 120µ
aufgelöst werden können, für kleinere Abstände überlappen die Signale.

6.9.2 Doppelseitige Si–Zähler

Hier werden Auslesestreifen auf beiden Seiten des Detektors angebracht (Abb.6.23)

Abbildung 6.23: Schema des doppelseitig ausgelesenen Si–Streifenzählers

112

Position Sensitive Detectors

Next step:
Double sided
micro-strip detectors ... n+

p+

n - Si
Schematics of a double 
sided micro-strip detectorn+ strips on one side 

p+ strips on other side

Al Al

Yields high spatial resolution 
in both x and y direction ...

SiO2

+ + + + + + + + + + + +  + + + + + + + + + +

n+ n+

n - Si
p+

Strips need insulation to avoid that positive 
space charge attracts electrons from n-layer

But:

Need blocking electrodes
to separate n+ strips ...

Add p+ electrodes ...

Alternative: add Al contact 
with negative bias voltage ...

Al

Closeup of of n+ side of
double sided micro-strip detector

2-D detectors
• One needs to measure two coordinates of passage of a particle
• In principle can use two strips detectors with orthogonal orientation

• Twice the material à bad impact on multiple scattering
• Development of double-side strip detectors

• Need special insulating structures between n type strips (ohmic contact 
side)

• Same material as single sided, but 2D point
• Ambiguity if more than particle crosses the detector: multiple 

combinations of the two views
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Need blocking electrodes
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Alternative: add Al contact 
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Used in Belle II experiment



Pixel detectors
• Electrodes can also be segmented in pixels

• Pro: no ambiguity in point determination
• Con: added complexity, huge number of channels

• Strong technology connection with digital cameras
• First development: Charged Coupled Devices (CCD)

• Charged stored under metal gates, individually switchable. Slow readout
• Pixel dimension down to 20#$
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CCD – Charge Coupled Devices

MOS Structure
[Metal-Oxide-Silicon]

CCD: Many independent and
separately switchable gates ...
[electronically shielded potential wells]

p-doped

MOS Structure

Gates/pixels store charges produced 
by ionizing tracks/light;
[pixel size: 50 x 50 μm2; sometimes 20 x 20 μm2]

Information is transferred sequentially
to charge sensing pre-amplifier ...

Charge transfer

CCD – Charge Coupled Devices

CCD Camera for observational astronomy
[16 Mega Pixel; operated at -120 °C]



3.3 Hybrid Pixel Detectors  
Principle!

M. Krammer, Praktikum 2010/11! Silicon Detectors! 27!

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)!

Flip-chip pixel detectors
• Sensor pixels are connected 1-to-1 to amplifier channels, 

organized with a matching geometry on the readout IC.
• Bump bonding technology: use soft material (like Indium) to 

perform vertical connection
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DEPFETs
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 fully depleted sensitive volume

 fast signal rise time (~ns), small cluster size

 In-house fabrication at MPS Semiconductor Lab

 Wafer scale devices possible
 Thinning to (almost) any desired thickness
 no stitching, 100% <ll factor

 no charge transfer needed 
 faster read out

 better radiation tolerance

 Charge collection in "o>" state, read out on 

demand

 potentially low power device

 internal ampli@cation 

 charge-to-current conversion

 r/o cap. independent of sensor thickness

 Good S/N for thin devices  ~40nA/µm for mip

PIXEL2016

DEPFET's in a nutshell

Used in Belle II experiment



CMOS sensors
• Idea: use the CMOS Image Sensor (CIS) technology for particle 

detection. Electronics and sensor on the same substrate
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Structure of a CIS Pixel

absorption depth 
(visible light): 
10nm – 5µm

Source: Olympus

4L. Musa (CERN) – Belle II VXD, CERN, July 8, 2019

3T Pixel

Basic CIS technology CMOS Pixel Sensor using TJ 0.18µm CMOS Imaging Process   

e e

e
e

h

h

h

h

PWELL PWELL NWELL

DEEP PWELL

NWELL
DIODE

NMOS
TRANSISTOR

PMOS
TRANSISTOR

Epitaxial Layer P-

Substrate  P++ NA ~ 1018

NA ~ 1016

NA ~ 1013

▶ High-resistivity (> 1kW cm) p-type epitaxial layer (25µm) on p-type substrate

▶ Small n-well diode (2 µm diameter), ~100 times smaller than pixel => low capacitance (~fF)

▶ Reverse bias voltage (-6V < VBB < 0V) to substrate (contact from the top) to increase depletion zone 
around NWELL collection diode   

▶ Deep PWELL shields NWELL of PMOS transistors 

N
A ~ 10 18

N
A ~ 10 13

Artistic view of a  
SEM picture of 

ALPIDE cross section 

è full CMOS circuitry within active area

pixel capacitance ≈5 fF (@ Vbb = -3 V)

Cin ≈ 5 fF

2 x 2 pixel 
volume 

Qin (MIP) ≈ 1300 e a V ≈ 40mV 

collection electrode
28 µm

ALPIDE Sensor CCNU, CERN, INFN (Torino & Cagliari), IPHC, IRFU, NIKHEF, Yonsei

13L. Musa (CERN) – Belle II VXD, CERN, July 8, 2019

CMOS radiation sensor

Very active development of many 
different structures



Scintillators
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Scintillators
• Principle: released energy converted into light

• Detection via photosensor for instance photomultipliers.
• Requirements

• High efficiency for conversion of excitation energy
• Transparency to allow transmission of light 
• Spectral range detectable by photosensors
• Short decay time to allow fast response

• Material: 
• Solid or liquid. Typically transparent plastic plates
• Doped with molecules that emit  light (visible or 

UV) when excited  through ionization energy loss. 
Can be organic or inorganic.

• Rest of material must be transparent to that wavelength
• Wavelength shifting technique to avoid re-absorption

• Typically 10k photons/MeV deposited
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Inorganic crystals
• Materials:
• Sodium iodide (NaI)
• Cesium iodide (CsI)
• Barium fluoride (BaF2)

• Mechanism
• Energy deposition by ionization
• Energy transfer to impurities
• Radiation of scintillation photons

• Different time constants
• Fast: recombination from activation centers [ns … μs]
• Slow: recombination due to trapping [ms … s]

Inorganic Crystals	

Materials:

Sodium iodide (NaI)
Cesium iodide (CsI)
Barium fluoride (BaF2)
...

conduction band

valence band

traps

e
xc

ita
tio

n
s

hole

q
u
e
n
c
h
in

g

exciton
band

impurities
[activation centers]

scintillation
[luminescence]

Mechanism:

Energy deposition by ionization
Energy transfer to impurities
Radiation of scintillation photons

electron

Time constants:

Fast: recombination from activation centers [ns ... μs]
Slow: recombination due to trapping [ms ... s]

Energy bands in 
impurity activated crystal

showing excitation, luminescence,
quenching and trapping
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Note: crystal is substantially transparent to the scintillation light



Crystal pictures
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Inorganic Crystals
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Liquid Nobel Gases
• Materials:
• Helium (He)
• Liquid Argon (LAr)
• Liquid Xenon (LXe)

• Decay time constant
• Helium: !" = 0.02'(, !* = 3'(
• Argon: !" ≤ 0.02'(
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Scintillation in Liquid Nobel Gases

Materials:

Helium (He)
Liquid Argon (LAr)
Liquid Xenon (LXe)
...

Excitation

Ionization

Collision
[with other gas atoms]

Excited
molecules

Ionized
molecules Recombination

De-excitation and
dissociation

UV

LAr	 : 130 nm
LKr	 : 150 nm
LXe	: 175 nmA

A

A
A*

A

A2*

A2
+ A2*

e–

Decay time constants:

Helium : τ1 = .02 μs, τ2 = 3 μs
Argon : τ1 ≤ .02 μs

+

Note: also in this case material is transparent to the scintillation light



Inorganic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [μs]

Photons/MeV

NaI 3.7 1.78 303 0.06 8⋅104 xxx  

NaI(Tl) 3.7 1.85 410 0.25 4⋅104 xxx  

CsI(Tl) 4.5 1.80 565 1.0 1.1⋅104 xxx  

Bi4Ge3O12 7.1 2.15 480 0.30 2.8⋅103 xxx

CsF 4.1 1.48 390 0.003 2⋅103 xxx

LSO 7.4 1.82 420 0.04 1.4⋅104 xxx

PbWO4 8.3 1.82 420 0.006 2⋅102 xxx

LHe 0.1 1.02 390 0.01/1.6 2⋅102 xxx

LAr 1.4 1.29 150 0.005/0.86 4⋅104 xxx  

LXe 3.1 1.60 150 0.003/0.02 4⋅104 xxx  

*
*

* at 170 nm

Properties of inorganic scintillators
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Organic Scintillators	

Stokes-Shift

Emission

Absorption

Excited State

Ground State

Vibrational 
States

Nuclear
distance

E
ne

rg
y

λ

In
te

ns
ity

Shift of absorption 
and emission spectra ...

Transparency requires:

Shift due to 

Franck-Condon Principle

Excitation into higher vibrational states 
De-excitation from lowest vibrational state

Excitation time scale 	:	 10-14 s 
Vibrational time scale	:	 10-12 s 
S1 lifetime 		 	 	 	 :	 10-8 s

S1

S0

Organic scintillators
• Materials: 
• aromatic hydrocarbon compounds.
• Naphtalene ["#$%&]
• Antracene ["#(%#$]
• Stilbene ["#(%#)]
• … 

• Very fast
• Decay times of O(ns)
• Scintillation light arises from delocalized 

electrons in π-orbitals
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Organic Scintillators	

Aromatic hydrocarbon  
compounds:

AntraceneNaphtalene [C10H8]
Antracene [C14H10]

Stilbene [C14H12]
...

Naphtalene

e.g.

Scintillation is based on electrons 
 of the C = C bond ...

Very fast!
[Decay times of O(ns)]

Two
pz orbitals

π bond

Scintillation light arises from
delocalized electrons in π-orbitals ...

Transitions of  'free' electrons ...

Note: also in this case material is transparent to the 
scintillation light



Organic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [ns]

Photons/MeV

Naphtalene 1.15 1.58 348 11 4⋅103 xxx  

Antracene 1.25 1.59 448 30 4⋅104 xxx  

p-Terphenyl 1.23 1.65 391 6-12 1.2⋅104 xxx  

NE102* 1.03 1.58 425 2.5 2.5⋅104 xxx

NE104* 1.03 1.58 405 1.8 2.4⋅104 xxx

NE110* 1.03 1.58 437 3.3 2.4⋅104 xxx

NE111* 1.03 1.58 370 1.7 2.3⋅104 xxx

 BC400** 1.03 1.58 423 2.4 2.5⋅102 xxx

 BC428** 1.03 1.58 480 12.5 2.2⋅104 xxx  

 BC443** 1.05 1.58 425 2.2 2.4⋅104 xxx  

* Nuclear Enterprises, U.K.
** Bicron Corporation, USA

Properties of inorganic scintillator
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Photon detection
• Emitted light must be converted into an electronic signal
• Principle: use photo-electric effect to convert photons to 

photo-electrons (p.e.)
• Requirement:
• High photon detection efficiency (PDE), also called Quantum 

Efficiency: Q.E.=Npe/Nphotons

• Example of devices:
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Photomultipliers (PMT)
Micro Channel Plates (MCP)
Photo Diodes (PD)

HybridPhoto Diodes (HPD)
Visible Light Photon Counters (VLPC)
Silicon Photomultipliers (SiPM)



Photomultipliers
• Principle:
• Electron emission from photocathode
• Secondary emission from dynodes
• Single dynode gain: 3-50

• Typical overall gain > 106

• PMT can see single photons !
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Photomultipliers

Principle:

Electron emission 
from photo cathode

Secondary emission 
from dynodes; dynode gain: 3-50 [f(E)]

Typical PMT Gain: > 106

[PMT can see single photons ...]

PMT
Collection

Photomultipliers

Principle:

Electron emission 
from photo cathode

Secondary emission 
from dynodes; dynode gain: 3-50 [f(E)]

Typical PMT Gain: > 106

[PMT can see single photons ...]

PMT
Collection

Sensitive to 
magnetic field



Micro Channel Plate
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Micro Channel Plate

"2D Photomultiplier"
Gain: 5⋅104

Fast signal [time spread ~ 50 ps]
B-Field tolerant [up to 0.1T]

But: limited life time/rate capability



Avalanche and Hybrid Photo Diodes
• Avalanche Photo Diode (APD)
• Reverse voltage (100-500 V) 

leads to avalanche 
• Gain 100-1000

• Hybrid Photo Diodes (HPD)
• Photocathode like in PMT
• Acceleration in vacuum of e-

(10-20kV, super high vacuum)
• Silicon detector to measure e-
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Detectors for Particle Physics: 3

Photomultiplier

13

voltage divider

focussing vacuum vessel (glass)

anode

cathode

dynods

-UD

!

Example: 10 dynodes, each with gain factor 

" total gain  

Detectors for Particle Physics: 3

Avalanche Photo Diode: APD

14
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Light Collection
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Conversion of Scintillation Light
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Photomultiplier
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Avalanche Photo Diode APD
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Detectors for Particle Physics: 3

Hybrid Photo Diode: HPD

15
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Hybrid Photo Diode HPD
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Cherenkov Radiation
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Cherenkov Angle vs ''''
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Photon Yield vs ''''
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Silicon Photomultiplier
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Electron

Hole

The Silicon Photo-Multiplier

-small depletion region ~ 2µm

-strong electric field (2-3)x105 V/cm

-gain ~ 106

-carrier drift velocity ~ 107 cm/s

-very short Geiger discharge

development < 500 ps

Typical sensor area 1x1 mm!  ! new developments 3x3, 5x5 mm!

22 - 23 Nov. '06 7

Electron

Hole

The Silicon Photo-Multiplier

-small depletion region ~ 2µm

-strong electric field (2-3)x105 V/cm

-gain ~ 106

-carrier drift velocity ~ 107 cm/s

-very short Geiger discharge

development < 500 ps

Typical sensor area 1x1 mm!  ! new developments 3x3, 5x5 mm!

22 - 23 Nov. '06 Erika Garutti - DESY seminar 9

Electron

Hole

Many different names / and different products

MPPC from Hamamatsu, Japan

1 mm

SIPD

sensitive area

SiPM-CPTA from Photonique, Switzerland

SiPM from MEPHI / PULSAR, Moskow

“SiPM” from SENSL, Irland

is coming…

… and many others

AMPD from Z. Sadygov, Moskow

GMPD from INR/JINR, Moskow

Short disclaim:

using the name SiPM I will refer to

multi-pixel avalanche photo-diodes

operated in Geiger mode

Available on Hamamatsu

catalogue

22 - 23 Nov. '06 Erika Garutti - DESY seminar 10

Electron

Hole

SiPM properties: single pixel resolution

SiPM output is the analog sum of all pixel signals

1600 pixels/mm!

Hamamatsu

high gain ! pixel signal visible on scope 

- signal rise time < 1 ns

- fast fall ~ 5-10 ns

recovery time tunable by choice of quenching R
! ~ RpixelCpixel ~ 20 – 500 ns

AMPD tested in LNP JINR and PSI

Array of Avalanche Photodiodes 

- 500 - 5000 mm-2 

- operates in Geiger mode

! Gain !106

- low operating voltage

- works in magnetic field

- small dimensions

- relatively cheap –> large quantities
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SiPM Layout

Avalanche region

Silicon PhotomultipliersSilicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)
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Reverse Bias Voltage

no amplification

linear 

amplification
non-linear 

Geiger mode

Breakdown Voltage

Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium
tracks on the surface connect all pixels to the common bias voltage.

ICFA Instrumentation Bulletin
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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Figure 2: SiPM pulse height spectra.

Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p�-doped
material on the low resistive substrate serves as a drift region (see also right side of the picture). An
electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the
electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental
impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].

2.3.1 Gain and Single Pixel Response

Since every microcell of the SiPM is operated above the breakdown-voltage, high gain in the
range of typically 105 � 106 can be obtained which is comparable to the value obtained with
a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is
shown in the following figure: • AULL, LOOMIS, YOUNG, HEINRICHS, FELTON, DANIELS, AND LANDERS

Geiger-Mode Avalanche Photodiodes for Three-Dimensional Imaging

VOLUME 13, NUMBER 2, 2002 L INCOLN LABORATORY JOURNAL 339

plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

F IGURE  5. Passive-qu ench ing  circu its. (a) In Geig er mode,
th e APD is ch arg ed u p to some bias above th e breakdown
voltag e V and th en left open circu ited. (b) Su bsequ ently,
once an avalanch e h as been initiated, th e APD beh aves ac-
cording  to a simple circu it model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage
source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel
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Doping Structure of SiPM [1]

Pixelized photo diodes 
operated in Geiger Mode

Single pixel works as a binary device 

Energy = #photons seen by
summing over all pixels

Principle:

Granularity	 :	 103 pixels/mm2

Gain	 	 	 : 	 106

Bias Voltage	 :	 < 100 V
Efficiency	 	 :	 ca. 30 %

Insensitive to magnetic fields!
Works at room temperature ...

Features:

E,
 V

/c
m

Silicon Photomultipliers
• Principle:
• Pixelized photo diodes operated in 

Geiger mode
• Single pixel works as a binary device
• Energy = #photons seen by summing 

over all pixels
• Features:
• Granularity : 103 pixels/mm2
• Gain : 106

• Bias voltage : < 100 V
• Efficiency : ca. 30%

• Insensitive to magnetic field
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Cherenkov Angle vs ''''

)

Geschwindigkeit β

E
m

is
s
io

n
s
w

in
k
e
l 

θ

Geschwindigkeit β

θ

0

10

20

30

40

50

60

0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

2.5

3

0.9985 0.999 0.9995 1

&;?E=

<ER

<ESM

<E?

31
0C
%7
1'
@T
)G
'U
?
)

V ?
I

G'
I
T)P
7!
1

W%X9%/@)'&/)F"1%/@ A'@0@

H@
"$
9(
'&

U6
0"
&

36
",
'&

!
(-
'&

W9
*(

&;<E==<S<

<E===?YR

801".%(D)' 801".%(D)'

0
#
%@
@%
"&

)'
&7

10
)%

carsten.niebuhr@desy.de 16                     Par ticle Detectors 3 

Photon Yield vs ''''
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Cherenkov Angle vs ''''
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Photon Yield vs ''''
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Cherenkov Radiation
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Cherenkov Angle vs ''''
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Photon Yield vs ''''
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Take away message
• Ionization charge can be readout with an electric field

• Gas, liquid, solid materials can be used, as long as charge 
can be collected

• Photons must be converted to electrical signal to be 
recorded.

• Detector technologies are many, and complex, taking 
advantage of often sophisticated chemical and physical  
mechanisms.
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End of Part 02
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