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the basic stuff…
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What you will possibly learn

1) How to order an almost perfect radiation detector at Amazon.

2) What silicon has to do with it.

3) How a silicon detector works.

4) 10 ways to nuke

your detector.

?

???
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How to get a detector from Amazon

What I need to to get a particle

detector? Mostly a hammer…

…Metal tape…

…and some radiation.
… a Webcam…
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Sili – WTF…
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Silicon as I imagine it.

Forbidden (band gap)
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States/eV/cm²

If a band is full, electrons can’t gain

energy. Except they jump to the next 

band…

States exist and they are empty

=> Conduction band

States exist and they are full

=> Valence band
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Sili – What?
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Hole

Valence band

Conduction band

I am stuck here. 

But with a lot of 

thermal energy I'll 

make it up.

Now I can 

move

Me too.
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Doping states (electrons/holes) may easily move to conduction/valence band

=> At room temperature NCharge Carriers = NDoping => Good conduction

Doping defines the fermi energy despite of inpurities in initial silicon

PN-junction



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

+

E
n
e
rg

y

Electron

Hole

Valence band Valence Band

Conduction band Conduction band

P-doping N-doping

EF

EF

+

-

Empty donator state

Filled acceptor state

-

PN-junction



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

Electron

Hole

+

Valence Band

Conduction band

N-doping

EF

+

-

Empty donator state

Filled acceptor state

E
n
e
rg

y

Valence band

Conduction band

P-doping

EF

-

EField

PN-junction



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

Electron

Hole

+

-

Empty donator state

Filled acceptor state

+

Valence Band

Conduction band

N-doping

EF

E
n
e
rg

y

Valence band

Conduction band

P-doping

EF

-

PN-junction



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

Electron

Hole

+

-

Empty donator state

Filled acceptor state

+

Valence Band

Conduction 

band

N-doping

EF

E
n
e
rg

y

Valence band

Conduction band

P-doping

EF

-

-
+

EField

PN-Junction



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

Electron

Hole

+

-

Empty donator state

Filled acceptor state

+

Valence Band

Conduction 

band

N-doping

EF

E
n
e
rg

y

Valence band

Conduction band

P-doping

EF

-

-
+

EField

Locally no majority charge carriers

Inpurity states are also filled

=> Acts mostly like ideal silicon

PN-junction
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PN-junction

Interesting fact:

Band gap = 1.1 eV

but:

X-rays need 3.6 eV 

per electrons.
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No voltage, thermal equilibrium

 IGeneration=IRecombination

PN-junction
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Built-in-Voltage

Some mathematics
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Space-charge distribution

charge density

electric field distribution

potential variation with distance

Vbi :  built-in potential

Note: Potential = -1 * (Electron potential)

pn junction @thermal equilibrium: no bias
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Depletion region becomes smaller

Depletion region: increases

Forward Bias

Reverse Bias

External reverse voltage is applied to 

increase the depletion region width (W)

The voltage needed to completely deplete 

the detector is called depletion voltage 

(VFD)

After full depletion: no free charge 

carriers

W(V) = d (diode thickness)

NB = effective doping conc.

q = electron charge

Avalanche multiplication Generation current

• Limited by thermal 

excitation

• Also called dark 

current or leakage 

current

Recombination 

current, unlimited

Biased pn-diode
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Width of the depleted zone:

Break down voltage:

Capacity of the diode:

Some equations

𝐸𝑚𝑎𝑥 ≈ 10𝑉/µm

Take away:

The lower the doping, the better the detector.

… the lower the doping, the higher the cost…
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How a silicon detector works

???
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How much charge is produced? Bethe-Bloch equation.

For pedestrians:

• A relativistic particle with z = 1 creates ~100 e/h pairs per µm trajectory in silicon.

• Increases with z² for ions.

• Increases by orders of magnitude for "slow" particles.

• Decreases slightly to ~50 e/h pairs for very thin layers (few µm).

=> The thicker the more signal.

CBM primary

hadrons.
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Landau Fluctuation

A relativistic particle 

with z = 1 creates 

~80 e/h per µm 

trajectory in silicon.

So I adapt my amplifyer to 

80 e/µm and I am fine?

And if it gets more, it was 

a slow particle? 

Sounds too easy.

Well, there is indeed a minor detail:

This is the mean value but the 

charge fluctuates.
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Landau Fluctuation

Target:

Mean value: 1430e

FWHM: 1158e

Corresponding ROOT-Landau:

Landau (MPW,sigma) => Landau(850,293)

=> MPW=850

M
e
a
n
 v

a
lu

eM
o
s
t p

ro
b
a
b
le

 v
a
lu

e
What should 

worry you. 

What Bethe-Bloch suggests. 

Simulation: 25µm thick detector (MVD sensor)
Data : H. Bichsel, Rev. Mod. Phys.,Vol. 60 (1988), No. 3, P-663 699The fluctuation is called Landau-fluctuation:

• Assymetric to confuse people.

• Some talk about the mean value.

• Others about the most probable 

value (MPW).

• Some fraction of particles produces 

VERY few charge. Those are missed by 

noisy amplifiers.

• Fluctuation is stronger for thinner 

sensors => Si-trackers are not really for 

dE/dx particle identification.
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I

t

Threshold

Principle of particle detection

depleted n p

Depleted 

volume

I

A particle!

A particle signal appears as current pulse.

If current pulse exceeds a threshold => particle.

Signal is typically noisy:

• Increase threshold to stay clear from noise.

• Decrease threshold to see all particles.

Important numbers:

• Signal charge (from Bethe-Bloch etc.)

• Noise (of the electronics)

• Threshold (usually user defined)

• Detection efficiency.

• Dark rate/occupancy.
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Digital camera as particle detector – how does it work?

Reset
+3.3V

+3.3V

Output

SiO2 SiO2 SiO2

N++ N++
N+ P+

P-

P+

Digital camera: ~1000 photons produce one electron each.

Particle detector: One particle produces ~1000 electrons.

26
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How to nuke your detector?

+ = ?
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What means radiation?

Ionising radiation:

• Energy deposited into the electron cloud.

• May ionise atoms and destroy molecules.

• Caused by charged particles and photons.

Measured in Gy = 1 J/kg, kRad=10 Gy

Non-ionising radiation:

• Energy deposited into the crystal lattice

• Atoms get displaced

• Caused by heavy (fast leptons, hadrons)

charged and neutral particles 
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Dosimetry for non-ionizing radiation

Non-ionizing radiation damage is created by:
• Multiple particles types (e.g. p,n, pion, kaon…)

• Electro-magnetic and strong interactions.

• Cross-sections + energy transfer depend on particle and Ekin.

=> Dosimetry is non-trivial.

Solution: Non-Ionizing-Energy-Loss (NIEL) model:

Assumptions:
• Damage depends only on deposited energy.

• Impinging particles are not stopped/decelerated.

How to:
• Do GEANT simulation.

• Count particles (type, energy) / cm².

• Normalize by means of suited tables.

Data (machine readable) from:

A. Vasilescu and G. Lindstroem, Displacement 

damage in silicon, on-line compilation,

http://rd50.web.cern.ch/RD50/NIEL/default.html

Normalization standard: 1 MeV reactor neutrons.

=> Dose [J/kg] is expressed in Φ n𝐞𝐪 / cm
2 .



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

Consequences of bulk damage
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Defects create various kinds of defects in the band gap.

• Ease thermal generation of minority charge carriers.

• Ease the recombination of minority charge carriers.



Fair GmbH | GSI GmbH   Dr. Michael Deveaux 

Radiation induced increase of minority charge carriers
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Leakage current of a photo diode increases with radiation:

Δ𝐼 = 𝛼 𝑇 ⋅ Φ ⋅ 𝑉

NIEL[neq/cm²]

Additional leakage current

Depleted volume of the diode

𝛼(T=20°C) ≈ 4 × 10−17
A

neq ⋅ cm

• Holds mostly independent of the doping of the silicon.

• Decreases with time at room temperature (annealing).

• Value for 𝛼 holds after 80 min at T=60°C, may shrink by small factor with time.

Dark current is added to real signal charge:

=> Creates offset + shot noise
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Reduction of minory carriers lifetime

+3.3V

Output

SiO2 SiO2

N++

N+SiO2 SiO2

P++ P++ P++

GND GND

+3.3V

𝜏eff ≈ 1 ms not irradiated

𝜏eff ≈
1

𝛽𝑒,ℎ ⋅ Φ
not irradiated

G. Kramberger et al., NIM-A 377 (1996) 288
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Reduction of minory carriers lifetime

+3.3V

Output

SiO2 SiO2

N++

N+SiO2 SiO2

P++ P++ P++

GND GND

+3.3V

Signal amplitude is reduced by bulk damage

Standard solution: Apply electric field, collect charge faster

𝜏eff ≈ 1 ms not irradiated

𝜏eff ≈
1

𝛽𝑒,ℎ ⋅ Φ
not irradiated

G. Kramberger et al., NIM-A 377 (1996) 288
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Width of the depleted zone:

Break down voltage:

Some equations

Width of depleted zone depends on doping (NA,ND).

 Doping concentration matters.

Bad: Doping concentration not stable under radiation.
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Donator/Acceptor removal

Initial doping

is "removed".

Effective p-doing is

created.

1) Donator/Acceptor removal:

• P-doping AND N-doping are destroyed.

 Initial doping vanishes.

2) Acceptor generation:

• P-doping is created (defects act as acceptors)

Two parallel processes:

Parametrization (simplified):

𝑁eff ≈ 𝑁0 ⋅ exp −𝑐 ⋅ 𝜙 + 𝑔 ⋅ 𝜙

N0 - Initial doping: 

positive of P - doping

negative for N - doping

𝜙 = NIEL
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What means radiation?

Ionising radiation:

• Energy deposited into the electron cloud.

• May ionise atoms and destroy molecules.

• Caused by charged particles and photons.

Measured in Gy = 1 J/kg, kRad=10 Gy

Non-ionising radiation:

• Energy deposited into the crystal lattice

• Atoms get displaced

• Caused by heavy (fast leptons, hadrons)

charged and neutral particles 
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Ionizing radiation

Metal

SiO2

Si

Crystal lattice mismatch.

=> Breakable bonds.

Vdd

GND

e
h

+ + + + + +

Defect states are created dominantly at the surface between Si and SiO2

 Surface damage.

Defects may create thermal currents in analogy to bulk damage.

Charge/fields of defects may manipulate band structure.

=> Negligible for very thin SiO2 layers
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Consequence of surface damage

Transistor, side view

along B Transistor, top view
Transistor, side view

along A

Intended current flow. 

Mostly not affected by radiation for modern CMOS transistors.

Parasitic current flow. 

Ionizing radiation manipulates transistors by:

• Threshold shift (modified steering voltages) on transistor gate.

• Parasitic current paths Both interplay
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Transistor threshold shift by radiation

Example of a linear standard transistor

in 180 nm technology:

• Threshold shift ~40 mV

• Bigger transistor width reduces shift.

More performant solution - Enclosed transistor:

Top view

No thick oxide aside the transistor gate

 Threshold shift mostly eliminated.

Draw back: Bigger size and gate capacity => lower gain.
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Consequence: Diode leakage current

Reset
+3.3V

+3.3V

Output

SiO2

N++ N++
N+ P+

P-

P+

SiO2Positive Charge

Ionizing radiation may increase the leakage current of MAPS pixel by factor >1000.

 Additional noise.

 Saturation effects.

May be partially compensated by guard rings, e.g. extended thin oxide or P++.

P++
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Summary and conclusion

Most silicon detectors: 

• Rely on a PN-junction (diode), depleted zone forms the active medium.

• Receive 50-100 e/h pairs/µm signal charge from Minimum Ionizing Particles (e.g. relativistic pion).

• The charge deposit fluctuates strongly: Landau distribution.

• The thicker the depleted zone, the more signal.

• The thickness of the zone scales with w ~
1

𝑁𝑑𝑜𝑝𝑖𝑛𝑔
⋅ 𝑈𝑑𝑒𝑝𝑙 .

=> Most silicon sensor designs aim to increase w.

Non-ionizing radiation:

• Energy deposit into the crystal lattice (atom displacement by massive particles).

• Non trivial dosimetry (NIEL-model).

• Creates leakage currents, reduces signal life-time, changes 𝑁𝑑𝑜𝑝𝑖𝑛𝑔.

Ionizing radiation

• Describes energy deposit into the electron cloud (atom ionisiation by charged particles).

• Creates conduction channels, leakage currents and transistor threshold shift.
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Lost stories
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Donator/Acceptor removal
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Parametrization (simplified):

𝑁eff ≈ 𝑁0 ⋅ exp −𝑐𝐴 ⋅ 𝜙 + 𝑔 ⋅ 𝜙

N0 - Initial doping: 

positive of P - doping

negative for N - doping

𝜙 = NIEL

P-doped silicon

Observation (in simple terms):

• Highly doped silicon withstands radiation longer.

 Transistors are radiation hard.

 Sensors: Need to optimize doping.
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Acceptor generation

Protons

Parametrization (simplified):

𝑁eff ≈ 𝑁0 ⋅ exp −𝑐𝐴 ⋅ 𝜙 + 𝑔 ⋅ 𝜙

N0 - Initial doping: 

positive of P - doping

negative for N - doping

𝜙 = NIEL

Speed of acceptor generation varies:

• Reduced by oxigen.

• Accelerated by carbon.

 For LHC standard sensors, oxigen is of advantage.

𝑔 =
𝑑𝑁eff
𝑑Φ
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Noisy pixels (Random Telegraph Signal)

Output signal of two MAPS pixels

Threshold

Random Telegraph Signal in photo diodes is caused by bulk damage.

Creates multiple false positive hit indications => Hot pixel.
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To start: a look into silicon sensors

Reset
+3.3V

+3.3V

Output

SiO2 SiO2 SiO2

N++ N++
N+ P+

P-

P+

Example: MAPS

15-30 µm
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Single Event Effects (Latch-up)

CMOS inverter

(NOT-gate)

-

+

+

+

Usual state: + + thus PNP non conductive

thus NPN non conductive- +

Heavy ion impact: - +

IB

thus IB is injected, NPN amplifies it, NPN conductive.

I

thus: + + - -

-

IB

thus IB is injected, PNP amplifies it, PNP conductive.

I

New conductive state is stable unless Vdd is cut.

No action: Device destroyed by thermal overload. 
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Burn out on MAPS
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Heavy ion experiments: Must know X-section. Must install automatic power cycle to LV-system.


