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I rivelatori a semiconduttore: indice 

•  Lezione 1, 22/05: generalità sui semiconduttori 
•  Lezione 2, 24/05: tipi di dispositivi 
•  Lezione 3, 29/05: danneggiamento da radiazione 
•  Lezione 4, (31/05 o 12/06):  

  Seminario rivelatori CMOS (E. Zaffaroni) 

Maggior parte delle slide dalle lezioni di Nicola Neri 
(a.a. 2015/16) 

–  con alcune integrazioni ed annotazioni 
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GENERALITY OF 
SEMICONDUCTORS 

1.  Generality of semiconductors 
1.  intrinsic Si 
2.  doped Si 

2.  Drift of charges 
3.  Properties of reverse biased pn-junction 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  



Semiconductors as particle detectors 
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Semiconductors as particle detectors 

4

Possibility to produce highly segmented detectors (10 μm hit precision)  

Fast signals (~ns) and small charge cloud (~μm)  ➞ capable to cope 
with high particle rates 

Good energy resolution. Relatively large numbers of electron-hole pairs 
created per energy deposition. Low ionization energy:  

Semiconductor : 1-5 eV per electron-hole pair  

Gas: 30 eV for a single ion pair 

Scintillators : 10 - 200 eV  

Yield 80 e--hole pairs/μm for a minimum ionizing particle (MIP) 

Relatively sensitive to radiation damage



Basic properties of semiconductors  
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Basic properties of semiconductors

Crystal structure

5

Tetrahedron: 4 outers (valence) 
electrons form covalent bonds 

Schematic 2D representation 
of the crystal

Electronic configuration: [Ne] 3s2 3p2



Basic properties of semiconductors  

•  Other semiconductors used as particle detectors: 
–  Ge: [Ar] 3d10, 4s2, 4p2  
–  C: [He] 3s2, 3p2 (diamond can be seen as a very large gap semiconductor) 

•  Composite materials: 
–  SiGe, SiC 

•  all tetravalent atoms 

–  GaAs 
–  CdTe 

•  electrons filling 4 covalent  
bonds per atom 
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Energy bands 
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Energy bands

6

Energy bands for insulators, 
semiconductors and conductors 

Energy levels are grouped together 
in bands 

Valence band: bonded electrons  

Conduction band: free electrons 

EGap > 10  eV for insulators 

EGap ~  1-5 eV for semiconductors 

EGap = 0 for conductors



Energy bands in semiconductors 
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Energy bands in semiconductors

7

Energy levels in Silicon as a 
function of the lattice spacing

Electrons are free to move in 
the conduction band and 
holes in the valence band 
generating electrical current. 



Direct and indirect gap semiconductors 
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Direct and indirect gap semiconductors

8

The simple picture we have discussed so far does not distinguish between direct (GaAs) 
and indirect (Si) semiconductors. For indirect semiconductors, energy-momentum 
conservation requires a momentum transfer to the crystal lattice. For Si, Eh-e~3.6 eV > 
EGap~1.12 eV.



Energy and dispersion relations 

•  In general the energy levels inside a band follow a dispersion relation: 

•  It can be developed in proximity of a minimum (maximum): 

–  in case of spherical symmetry, one can write 

–  which define the effective electron mass mn in the conduction band 

•  Analogously for the valence band 
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Intrinsic semiconductors 
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Intrinsic semiconductors

Pure semiconductor with no impurities. Electron-holes generated by thermal 
excitation 

Occupation probability for electronic states is given by the Fermi-Dirac function and 
the probability for a hole state not to be occupied can be calculated accordingly

9

EF~ EGap/2 Fermi energy. Occupation probability of (possible) state is 50% 

The number of states in the unit volume in a small kinetic-energy interval 
dEKin is: 

fe(E) =

1

exp (

E�EF
KT ) + 1

fh(E) = 1� fe(E) =

1

exp (

EF�E
KT ) + 1

N(p)dp = 2 · 4⇡p
2

h3
dp Ekin =

p2

2m
2 = electron spin directions



Density of states 
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Density of states 

Mass-action law: 

relation between n, p carrier concentrations at thermal equilibrium
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p =

Z 1

EV

fh(E)N(E)dE

n =

Z 1

EC

fe(E)N(E)dE

N(E) density of states 

f(E) occupation probability 

n(E),p(E) carrier concentration

np = AT 3e�
EG
KT = NCNV e

�EG
KT

f(E)

n-type detector 

approximate relationship 
for fe(E)≈exp[-(E-EF)/kT] 



Esercizio 

Considerando Si intrinseco  
(dati in tabella): 

1.  Stimare il valore delle masse 
effettive mn ed mp 

2.  Dimostrare che l’energia di Fermi 
è data da: 

3.  Calcolare ni a 300 K 
4.  Quanto varia passando da 300 K a 268 K (-5 ℃)? 
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Silicio 
EG 1.12 eV 

dEG/dT -2.3 × 10-4 eV/K 

NC (at 300 K) 2.8 × 1019 cm-3 

NV (at 300 K) 1.04 × 1019 cm-3 

EF =
EC + EV
2

+
3kT
4
lnmp

mn



Doped semiconductors 
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Doped semiconductors

18



Doped semiconductors 
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Doped semiconductors

n-type semiconductor with 
Arsenic as donor impurity

19

p-type semiconductor with 
Boron as acceptor impurity

excess of electron in the 
conduction band

excess of holes in the 
valance band



Energy levels with dopants 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  16 
Nicola Neri Semiconductor Detectors - Corso di rivelatori di particelle

Energy levels with dopants
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Density of states 
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Density of states 

Mass-action law: 

relation between n, p carrier concentrations at thermal equilibrium

10
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Basic semiconductors properties 
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Basic semiconductor properties

21



Charge carriers 
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Charge carriers

For intrinsic semiconductor n=p=ni.   

Typical values for ni at T=300 K: 

2.5×1013 cm-3 for Germanium 

1.5×1011 cm-3 for Silicon 

very low concentration of ionised atoms 
compared to 1022 atoms/cm3  

12

Charge carrier transport:  

drift in electric field E 

diffusion due to 
inhomogeneous  carrier 
concentration

Charge carriers: electrons in 
conduction band and holes in the 
valence band 

Mean kinetic energy of charge 
carriers Ekin=3/2 KT and 
vthermal=107cm/s at room temperature 

Scatter on imperfections within the 
lattice (e.g. impurity atoms, defects)  

Typical mean free path 10-5 cm and 
mean free time       ~10-12 s ⌧c

...and phonons 

10



Drift of charge carriers 
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Drift of charge carriers

13

Mobility, current and resistivity                     

For Si

µe(µh) = 1350(480) cm2/Vs (300K)

µe(µh) = 3900(1900) cm2/Vs (300K)

For Ge

Drift velocity in electric field 

relation holds if                             

during charge acceleration and         
is independent of electric field. Drift 
velocity saturates at high fields

�v ⌧ vtherm
⌧c

~vp =
q · ⌧c
mp

~E

~vn = �q · ⌧c
mn

~E ~vn = �µn
~E

~vp = µp
~E

intuitively: 
 
 
 
saturation at v≈0.8×107 cm/s 
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λ
υ
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Diffusion of charge carriers 
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Diffusion of charge carriers

Flux of electrons and holes due to inhomogeneous carrier 
concentration. D is the diffusion constant

14

~�n = �Dnrn

~�p = �Dprp

~Jn = qnµn
~E + qDnrn

Current densities

~J = ~Jn + ~Jp

Dn,p =
KT

q
µn,p

~Jp = qpµp
~E � qDprp

⇢ =
1

q(nµn + pµp)

Resistivity

For pure Si

⇢ = 23 k⌦cm

For pure Ge

⇢ = 45⌦cm

Exercise: demonstrate that 

hint: at thermal equilibrium 
current densities are zero 
and constant Fermi level 



Resistivity 

•  The meaning of resistivity can  
be understood considering a  
block of silicon: 
–  dimensions h, w, and d 
–  applying a difference of potential  

V across the dimension d 
–  the current flow is: 

–  and therefore the resistance of the block is: 
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d 
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w 
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d
hw

area of the block 



Magnetic field effects 
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Magnetic field effects

Hall effect

15

VH built-in Hall voltage

d

q~v ⇥ ~B + q ~EH = 0

w

EH = �VH

w

By measuring the Hall potential it is possible to 
determine the charge carrier type and concentration
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Lorentz angle 
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Magnetic field effects

16

~vh = µh
~E

~ve = �µe
~E

~F = q( ~E + ~v ⇥ ~B)

tan ✓e = µeB

tan ✓h = µhB

Deflection of charge carriers

+

-
Deflection for e, h with 
B=1T in 300 μm Si: 

Δxe~40μm for electrons  

Δxh~15μm for holes



pn-junction 
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pn-Junction

High-field region with low DC current in semiconductors is most easily achieved 
utilizing a pn-junction.

22

Thermal diffusion drives holes and 
electrons across the junction 

The diffusion depth is limited when the 
space charge potential Vbi exceeds the 
available energy for thermal diffusion 

p n

EC

EV

Typical value for silicon detectors is 
Vbi~0.5 V. In general 

Vbi =
KT

q
ln (NaNd/n

2
i )



pn-junction in thermal equilibrium 
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pn-Junction in thermal equilibrium

Fermi levels become equal in thermal equilibrium: shift 
of energy bands for n-side and p-side.

23



pn-junction built-in potential 
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pn-Junction built-in potential

Initial diffusion of mobile 
charge carriers (electron 
and holes) generates a 
space-charge region and 
the relative electric field E 
and electrical potential  V

24

dEx

dx
=
ρ
ε

x 



Depletion depth 
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The depletion depth (from W.R. Leo)

25

(from W.R. Leo, Techniques for Nuclear and Particle 
Physics Experiments) 



Depletion depth 
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(from W.R. Leo, Techniques for Nuclear and Particle 
Physics Experiments) 
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The depletion depth (from W.R. Leo)

26



Depletion depth 
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The depletion depth (from W.R. Leo)

27



Depletion voltage and over-depletion regime 

•  Let’s assume, for simplicity, ND≪NA 

•  Previous formulae are valid as long as the thickness depleted 
region thickness xn is smaller then the actual device thickness w 

•  The depletion voltage Vdepl is defined by x=w:   

•  For V0>Vdepl, E may change at most  
by a constant:  
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w = 2ερµeVdepl ⇒ Vdepl =
w2

2ερµe

E(x) = − eND

ε
(w − x)

= −
1

ερµe
(w − x) = −2Vdepl

w2 (w − x)

E(x) = −2Vdepl
w2 (w − x)− V −Vdepl

w

E 

x w 

2Vdepl/w 

V<Vdepl 
 

V>Vdepl 
 



Forward bias 
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Forward bias 

Positive potential applied to the p region negative potential applied to the n region

28

The externally applied voltage reduces the potential barrier, allowing increased charge 
transfer across the junction 

Electrons flowing from the n-region across the junction are replenished from the 
external voltage supply and large current flow is possible



Reverse bias 
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Reverse bias

Increases the potential barrier across the junction, impeding the flow of current. 

Potential across junction is increased  ⇒ wider depletion region

29

Negative potential applied to the p region positive potential applied to the n region



IV curve of pn-junction 
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IV curve for forward and reverse bias

30

I = I0(e
eV/KT � 1)

Shockley equation

Breakdown

Leakage current: proceeds mainly through surface channels. Depends on surface chemistry, type 
of mountings, contaminants. Clean environment is required to minimize this effect  



Breakdown voltage 

•  Similar to gas discharges it is possible to achieve charge 
multiplication when the energy gained between two collisions is 
larger than the excitation energy. 

–  Ebd ≈3×105 V/cm 
•  The maximum value of the field is at the junction: 

•  In real life dominated by implantation shapes and defects. 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  35 

ΔEkin = −qΔV ≈ qEΔx = qEυdriftτ c = q E 2µτ c

ΔEkin > EG ⇒ Ebd =
EG

qµτ c

E(0) = eNDxn
ε

=
1

ερµe
2ερµeV0 =

2V0
ερµe

Vbd =
ερµe

2
Ebd2



pn-junction reverse bias 
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pn-junction: reverse bias 

Depletion depth

31

d =

s
2✏(V0 + VB)(NA +ND)

eNAND
'

s
2✏VB(NA +ND)

eNAND

d '
r

2✏VB

eND
'

p
2✏⇢nµeVBIf e.g. NA≫ND 

d ' 0.5µm⇥
p
⇢(V0 + VB)

d ' 0.3µm⇥
p
⇢(V0 + VB)

For n-type material (ρ in Ω⋅cm, V in Volt)

For p-type material

The depleted junction volume is free of mobile charge and thus forms a capacitor, 
bounded by the conducting p- and n-type semiconductor on each side.

C = ✏
A

d
= A

r
✏

2⇢µ(V0 + VB)
For bias voltages VB≫V0  C /

r
1

VB

For a detector of 100 cm2  and 500 μm thickness: C~2nF C/A =
✏

d
' 1 [pF/cm]

1

d



Junction capacitance 
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Detector capacitance

32

The capacitance vs. voltage characteristic of a diode can be used to determine the 
doping concentration of the detector material.

C/A =

s
✏qN

2(V0 + VB)

1

N
=

d(1/C2)

dV

✏qA

2

Vdeplation



Reverse-biased diode as detector  

•  Let’s consider a typical silicon sensor: 
–  A=1 cm2, w=300 µm, V=30 V, ρ=2×104 Ω⋅cm 

•  In the next unit we will see a relativistic charged particle will 
produce 3×104 e-h pairs crossing the sensor. 

•  With the field E≈V/w=103 V/cm, it generates a current 

•  The corresponding ohmic current through bulk Si: 
 
 
 
too large to detect the signal. 

•  A reverse biased junction may achieve a leakage current several 
orders of magnitude lower, providing a detectable signal.  
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Isignal = Ne-he µe + µh( )E ≈ 100 pA

R = ρ w
A
= 600Ω ⇒ I = V

R
= 50 mA



SEMICONDUCTOR DETECTORS 

1.  General operation of semiconductor detectors 
1.  charge collection 
2.  signal shape 

2.  Energy measurements: Fano factor 
3.  Position sensitive detectors 

1.  Diffusion 
2.  Inter-channel coupling 
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Applications for semiconductor detectors 
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Applications for semiconductor detectors

Position measurement: fine detector granularity, high spatial resolution 

Photon spectroscopy: high energy resolution, especially for x- and γ-rays 

Energy measurement of charged particles: dE/dx for particle identification 

Main advantages: 

	 	 high segmentation of detector, use micro-chip technology. Relatively low cost 

	 	 large number of charge carriers per unit energy loss of the ionising particles 

34

Typical excitation energies:  

	 	 Ionization in gases ~30 eV 
	 	 Ionization in semiconductors 1 – 10 eV 
	 	 Scintillation 20 - 500 eV 
	 	 Phonons meV

Silicon : 3.6 eV per electron-hole pair



Typical applications 
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Typical applications

35

Pixel detector Silicon strip detector
Digital camera 

position measurement of charged particle tracks visible light

CCD detectors 

X rays detector for astrophysics
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Properties of semiconductors 

- Small band gap 
- High density  
- High mobility of charge carriers  
- Mechanical rigidity  



Semiconductor detector materials 
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Semiconductor detector materials
Si and Ge are the most common semiconductor materials for solid state detectors 

Silicon detectors: Z=14 x-ray spectroscopy, charged particles detection 

Germanium detectors: higher Z=32, extend the photon energy range to 10 MeV. 
Lower EGap = 0.66 eV,  to reduce the leakage current are usually operated at 77 K (liquid 
nitrogen temperature).   γ-spectroscopy  

47



Operation of a Silicon detector 
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Basic operations of semiconductor detectors

Semiconductor detectors work as ionisation chambers 

Electric field in the active volume: e-h pairs drift and induce current on the 
electrodes 

48

If charge collection time tc≪ Ri(Cd+Ci) then Vs=Qs/(Cd+Ci) at the amplifier input 



Charge collection – partially depleted sensor 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  45 
Nicola Neri Semiconductor Detectors - Corso di rivelatori di particelle

Charge collection

e-h pairs move in the junction 
under the field E 

the induced current on the 
electrodes by electron and 
holes has the same sign 

49

E(x) =
2(Vb + V0)

w

⇣
x

w

� 1
⌘



Collection time – partially depleted sensor 
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Collection time - partially depleted sensor

For simplicity consider                                                       for a partially 
depleted sensor

51

Collection time

for a hole drifting towards 
x=0 (higher field)

characteristic collection 
time for holes

this simple model does 
not work for electrons! 

E(x) = �eNd

✏

(w � x) ⌘ E0(w � x)

=
µeρε
µp

For ρ=20 kΩcm and ε=1 pF/cm 
τp=60 ns 

Independent from W 



Charge collection – over-depleted sensor 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  47 
Nicola Neri Semiconductor Detectors - Corso di rivelatori di particelle

Over depletion voltage

Increasing the bias voltage beyond the 
depletion value Vd adds a uniform field

50

E(x) =
2(Vb + V0)

w

⇣
x

w

� 1
⌘
+

Vb � Vd � V0

w

Vd =
qeNdd2

2✏
� V0

velocity of the carriers 

carrier interacts with crystal lattice and 
the velocity depends only by the 
electric field, not on the time between 
collisions

v(x) = µE(x)



Collection time – over-depleted sensor 
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Charge collection in over depleted sensors

Electric field

52

Collection time

For holes x0=W, x=0

For electrons x0=0, x=W
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Charge collection in over depleted sensors

For n-type silicon 10 kΩ·cm 
resistivity,  W=300μm  

Vb=60 V=2 Vd (E0=2·103 V/cm, 
E1=103 V/cm) 

Collection time over depleted sensor 

	 electrons 12 ns 

	 holes 	    36 ns  

To be compared with collection time 
for partially depleted sensor  

	 electrons 30 ns 

	 holes 	    90 ns 

53

tcp =
W 2

2µp(Vd + V0)
ln

✓
Vb + Vd + V0

Vb � Vd � V0

◆

tcn =
W 2

2µn(Vd + V0)
ln

✓
Vb + Vd + V0

Vb � Vd � V0

◆



Signal shape 
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Pulse shape estimate

Approximation: energy gained 
by the charge q is equal to the 
energy change in capacitor C

54

dU = qEdx = CVbdV

neglects the energy for 
interactions with lattice, i.e. 
phonon excitations. In general 
not a correct approach.

q

Vb

d

dx = dQVb
q

d

dx = dQ

⇒

Qq(t) =

Z t

0

q

d

dx

dt

dt =
q

d

(x(t)� x0)

= VbdQ

dQ
dt

=
qE
Vb

dx
dt

Qsignal (t) = q dt E
Vb
dx
dt0

t

∫ = q dx E
Vbx0

x(t )

∫

Vsignal (t) =
Qsignal (t)
C

=
q
C

dx E
Vbx0

x(t )

∫



Signal shape 
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Signal pulse shape

55

- 0 < t < tmax = τ
µe

µp
ln d
x0



Signal shape 
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Signal pulse shape
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Signal shape 
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Signal pulse shape
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Induced charge and Ramo’s Theorem 
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Induced charge and Ramo's theorem

As a charge traverses the space between the two plates the induced charge changes 
continuously, so current flows in the external circuit as soon as the charges begin to move. 
The induced charge can be analysed applying the Ramo’s theorem.

58

When the charge is midway between the two 
plates, the charge induced on one plate is 
determined by applying Gauss’ law. The same 
number of field lines intersect both S1 and S2, so 
equal charge is induced on each plate (=-q/2).

When the charge is close to one plate, most of 
the field lines terminate on that plate and the 
induced charge is much greater.

Qsignal (t) = q dt E
Vb
dx
dt0

t

∫ = q dx E
Vbx0

x(t )

∫ = qV x0( ) −V x(t)( )
Vb



Ramo’s theorem 
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Ramo’s theorem 

Main results: 

If a charge q moves along any path s from position 1 to position 2, the 
net induced charge on electrode k is  
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�Qk = q(�k(2)� �k(1))

where !k is the “weighting potential” that describes the coupling of a 

charge at any position to electrode k. It is obtained by setting the 
potential of electrode k to 1 and setting all other electrodes to potential 0. 

The instantaneous current can be expressed in terms of a weighting field

ik = �q~v · ~EQ

Note: the weighting field depends only on the geometry and determines how charge motion 
couples to a specific electrode. In two electrode configuration the electric field and the 
weighting field have the same form 

 



Ramo’s theorem (example) 
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Example 
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Ramo’s theorem (example) 
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Example 
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Readout chain and noise 
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Legnaro, April 3, 2017 G.-F. Dalla Betta 

Noise of the detectors 
•  Semiconductor detectors used for single particle detection are mostly read-

out with charge-sensitive amplifiers followed by pulse shaping circuits to 
optimize the noise performance  

 
 
•  The most important parameter is Signal-To-Noise ratio (SNR) 
•  The noise in a silicon detector system depends on various parameters: 

geometry of the detector, the biasing scheme, the readout electronics, etc. 
•  Noise is typically given as “Equivalent Noise Charge” (ENC). This is the 

noise at the output of the amplifier given in units of elementary charges at 
the input.   ENC=S for S/N=1 

CR-RC 

35 
(G. della Betta  
at http://sirad.pd.infn.it/scuola_legnaro/) 



Readout chain and noise 
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•  Integrated front-end electronics: charge amplifier+shaper 
•  Equivalent Noise Charge (ENC) 

noise measured as equivalent signal at input 

–  e = 2.718, q = electron charge 1.6×10-19 C 
–  τ = shaping time 
–                  from detector leakage current 

  (shot noise) 
–                  from transistor channel noise 

–                  from excess flicker (1/f) noise 

•  Risetime  

ENC2 =
e2

4q2
τ
2
I0 +

1
2τ
V0Cin2 + 2V−1Cin2

⎛
⎝
⎜

⎞
⎠
⎟

I0 = 2qI leak

V0 =
8
3
kT
gm

V−1 =
K f

CoxWL

trise ∝
1
gm
Cin
Cf

Kf	=	1/f	noise	energy	
Cox	=	oxide	capacitance	per	unit	area	
W,L	=	transistor	width	and	length	



Photon spectroscopy 
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Photon spectroscopy

NaI(Tl) scintillation detector: 
signal fluctuations 

Ge detector : 
predominantly electronic noise 

Ge, Z=32   Si, Z=14 Ge is preferable 
to Si for photon spectroscopy

39



Absorption coefficients 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  61 

Visible light 

Φ(x) = Φ0e−µx

X- and γ-ray 

Compton 
 

Photo-
electric 
 

Pair 
production 
 



Energy resolution 
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Energy resolution

Two main uncertainties: 

	 	 Fluctuations in the signal charge  

	 	 	 determined by the statistics that regulates the relevant physics 
	 	 	 processes (i.e. Poisson, Landau)  

	 	 Electronic noise 

	 	 	 fluctuations in the readout electronics 

	 	 	

40

�E =
q
�E2

sig +�E2
elec



Signal fluctuations (ex. scintillators) 
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Signal fluctuation in scintillation detector

41



Signal fluctuations in semiconductors 
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Signal fluctuations in semiconductor detectors

The Fano factor 

42

E0 = E
ion

N
ion

+ E
x

N
x

Nx excitations produce phonons                        
Nion ionization interactions form charge pairs      

Energy deposited in the detector

�
x

=
p

N
x

�
ion

=
p

N
ion

For a given event E
x

�
x

+ E
ion

�
ion

= 0

Only ~1/3 of the energy loss produces electron-hole pairs 
About 2/3 is used for lattice excitations, i.e. phonons 

Ex   = energy for a single crystal excitation                       Ex~ meV                        
Eion = energy for a single atom ionisation                       Eion ~ eV 



Signal fluctuations in semiconductors 
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In Silicon
E

x

= 0.037 eV
E

ion

= E
G

= 1.1 eV
Ei = 3.6 eV



Effect of Fano factor on energy resolution  
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Effect of Fano factor on energy resolution

In Silicon 

	 	 	 	 	 Ex= 0.037 eV 
	 	 	 	 	 Eion= Eg= 1.1 eV  
	 	 	 	 	 Ei = 3.6 eV 

	 	 	 	 	 Fano factor F = 0.08-0.1   

The Fano factor actually improves the resolution on the collected charge which is proportional to 
the energy released in the active detector material

44

�Q =
p
FNQ ' 0.3

p
NQ

Intrinsic resolution is relevant at energies E<100 keV 
At higher energies, larger detectors have higher 
electronic noise which becomes the dominant 
uncertainty  

EiEi



Energy resolution: electronic noise  
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Energy resolution: electronic noise

46

2.8·10-3

Ne-h fluctuations 
 

Electronics, pick-up 
 



Visible photon detection 

•  In spectroscopy applications, the number of e-h pairs is enough to 
provide a detectable current (with low-noise electronics) 

•  Semiconductor detectors are also an interesting alternative to 
photomultipliers for visible light. 
–  Threshold: EG = 1.1 eV,  
–  λ = 1100 nm (near infrared) 
–  Requires signal multiplication  

by impact ionization in high fields: 
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ΔEkin > EG ⇒ E >
EG

qµτ c
≈ 3×105 V

cm



Avalanche Photo Diode 
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(G. della Betta  
at http://sirad.pd.infn.it/scuola_legnaro/) 

Legnaro, April 3, 2017 G.-F. Dalla Betta 

•  V < VAPD  

              => photodiode                  1    collected pair/generated pair 
•  VAPD < V <VBD   

              => APD                              <M> (10-100) collected pairs/generated pairs 
•  V > VBD           
         => Geiger-mode APD    in principle ∞ collected pairs/generated pairs 

   
          GM-APD can detect even a single photon (SPAD) 

n+ 

p+ 

π+

- 

+ Efield thin 
multiplication  
region 

drift  
region 

•  Separated absorption and 
ionization regions 
 
 
•  All the electrons photo-
generated in the drift region 
are multiplied (on average) 
by the same factor (excess 
noise reduced) 

p 

Realistic structure of an APD 
74 



SPAD – Single Photon Avalanche Diode 
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•  Need for quenching/recharge mechanisms (% dead time) 
•  Strong impact of excess voltage and temperature on most parameters 

Main figures of merit 
•  Photon Detection Probability 
•  Fill factor (for arrays) 
•  Timing resolution  
•  Primary noise:  

–  dark counts 
•  Secondary noise: 

–  Afterpulsing 
–  optical cross-talk (for arrays) 

C
ur

re
nt

 

Reverse  
voltage 

APD SPAD 

VBD VBIAS 

OFF 

ON 

quenching 

recharge 

avalanche 

S. Cova, et al., “Evolution and prospects 
for single photon avalanche diodes 
and quenching circuits”. 
J. Modern Optics, 51 (2004) 1267 

SPAD 
(G. della Betta) 



Silicon PhotoMultipliers 
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SPADs are ON-OFF devices, i.e., they give no information on light intensity 
when irradiated with short (in time) bunches of photons 

SiPM 
first proposed by Golovin 
and Sadygov in the ’90s 

•  A single SPAD is segmented in tiny  
micro SPADs connected in parallel 
•  Each element is independent and gives the  
same signal when fired by a photon 
•  The output charge is proportional to the  
    number of triggered cells that,  
    for PDE=1, is the number of photons 

Q = Q1 + Q2 = 2*Q1 

substrate 

metal 

C. Piemonte et al., IEEE TNS 54 (2007) 236  

The Silicon PhotoMultiplier 

Veb=2V) 

78 (G. della Betta  
at http://sirad.pd.infn.it/scuola_legnaro/) 



Position measurement 
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Position measurement

Particle releasing energy in detector active volume creates 
mobile charge carriers: electron-hole pairs 

Drift of charges in electric field induce signal on segmented 
electrodes (~10-100 µm) and yield position information

37



Energy loss in Silicon 

•  For tracking application: detection of high-energy charged particles 
•  Dominant effect is energy loss by collisions: 
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dE
dx

= 4πre
2mec

2 z2ZNAρ
A

1
β 2

1
2
ln 2γ

2β 2mec
2Tmax

I 2
−β 2 −

δ(γβ)
2

⎡

⎣
⎢

⎤

⎦
⎥ Tmax =

2γ 2β 2mec2

1+ 2γme /M + (me /M )2

•  δ = density effect: polarization of 
medium counteract the 
logarithmic rise 

•  For Si: 
•  (dE/dx)min = 1.664 MeV cm2/g 
•  Ee-h=3.63 eV 
•  ρ = 2.329 g/cm3 

 
dNe-h

dx
=

dE
dx

⎛
⎝
⎜

⎞
⎠
⎟

min

ρ
Ee-h

= 100 e-h/µm



Energy loss fluctuations 
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•  Interactions with the lattice is a 
statistical process 

•  In the energy loss, there are 
–  many collisions with small ΔE 
–  few collisions with large ΔE 
–  the latters induce energy loss 

fluctuations 
–  Theory by Landau and Vavilov 

•  Usually dominant with respect to 
detector energy resolution 

•  Most Probable Value: ~80 e-h/µm 
•  Average value:  ~100 e-h/µm 

(~30% higher than MPV) 

Convoluted with 
a Gaussian 

Landau 
distribution 



Position detectors: electrode segmentation 
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Properties of segmented detectors 
2 strip detectors or a double 
sided detector should be used 
for position determination 

•  Strips are not suitable for high rate 
applications (ambiguous determination 
for several simultaneous hits) 

 
•  Number of channels (power 

consumption, required services…): 
–  Strips : M+N 
–  Pixels : M·N 

Two main ways of segmenting the detector: 
1D = strips (shapes can be more innovative) 
2D = pixels 

N strips 

34 

Segmentation down to 10 µm possible. Compare to multi-wire chamber ~2mm. 



Strip detectors 
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(G. della Betta  
at http://sirad.pd.infn.it/scuola_legnaro/) 

Legnaro, April 3, 2017 G.-F. Dalla Betta 

High Ohmic poly-Si  
bias resistors (1 – 10 MΩ)  

Stacked dielectric (oxide/nitride)  
coupling capacitors 

Vbias 
sensor 

Rbias 

strip 

CAC 

resistor: 
polysilicon 
implanted with  
Boron 

bias ring strip lenght 

path for the  
DC current 

path for the  
AC current 

Vbias 

AC coupled strip detectors 
55 



Strip detectors (2D) 
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(G. della Betta  
at http://sirad.pd.infn.it/scuola_legnaro/) 

Legnaro, April 3, 2017 G.-F. Dalla Betta 56 

Double-sided strip detectors 
•  Diode segmentation on both sides 
•   Orthogonal or stereo (small angle) 
configurations  
•  The X-Y position of the passage of 
the ionizing particle is given by the 
location of the strips showing a signal 
•  AC coupling is mandatory on one 
side to separate HV bias from LV 
input to the amplifiers (usually ohmic 
side) 
•  Double-sided process – high cost 

N+ Strip isolation problem on the ohmic side … need p-type isolation implant 

S1 S2 S1 S2 S1 S2 

p-spray p-stop p-spray/p-stop 

high-field regions high-field regions 
high-field region 

depend Qox 



Electric field lines 
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Electric field lines in silicon strip sensors

Solving ∇2!=0 and imposing boundary conditions

75

n+ on n 

p+ on n 



Position resolution 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  79 Nicola Neri Semiconductor Detectors - Corso di rivelatori di particelle

Position resolution

Resolution determined by segmentation of detector electrodes

38



Diffusion 
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Position resolution: diffusion 
Electrons and holes in the detector move by drift and diffusion. 
The width (rms) of the charge cloud increases with time t as :  

σD width of the charge carrier distribution 
t drift time 
D diffusion coefficient 
kB Boltzmann constant 
T temperature 
e0 electron charge 
µ charge carrier mobility 

Note: D � µ and t � 1/µ, hence σD is equal for e– and h+. µ

σ

0

2

e
TkD

Dt

B

D

=

=

No diffusion 
Signal on a 
single strip 
only! 

Diffusion: 
Signal on 
two strips – 
much better 
resolution. 

σ~10 µm 

39 



Diffusion 
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Transverse diffusion

Transverse diffusion is identical for 
electrons and holes

73

Electrons and holes are subject 
to thermal diffusion

rms of charge cloud

For d=300μm, T=300K, Vb=100V the 
transverse diffusion σy~7μm

diffusion constant

t = d/v = d/(µE) diffusion time



Capacitive coupling 
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Capacitive coupling of strips signal

72

CAC

CAC

CACK =
CN

CAC + 2CN

neglecting detector capacitance 
with respect to backplane 
Cd≪CIS in most of geometries 

CN =
CACCIS

CAC + CIS

with K~CIS/CAC since CAC≫CIS

Fraction of induced signal 
charge on first neighbour strips

Intermediate “floating” strips can be used to reduce the 
effective readout pitch: capacitive coupling of signal



Lorentz angle 

•  Particle physics experiments use 0.5-4 T 
field for particle momentum measurement. 

•  Drift of charge carriers modified by B-field. 
•  Lorentz angle: 

•  Modifies charge collections: 
–  shift of charge at readout electrode 
–  change “cluster” size 
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tanφL = µB

φL 



Segmented detector resolution 
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Strip detectors: single sided

Position measurement is obtained by 
dividing the large-area diode into many 
small (strip or even pixel-like) regions 
and  read them out separately. 

The position of passage of the ionizing 
particle is then given by the location of 
the strip showing the signal.

66

p = strip pitch (25-100 μm typically)

standard deviation in case of digital 
readout and neglecting charge 
sharing among adjacent strips 

significant improvement in case of 
analog readout: the coordinate is 
found by interpolation, e.g. centre of 
gravity of the signal 

hxi =
P

i xstrip,iQiP
i Qi

�
x

/ p

S/N

�

2
x

=
1

p

Z +p/2

�p/2
x

2
dx =

p

2

12

digital readout: no pulse height information 

analog readout: 
pulse height 
information, 
combined with 
cluster widening 
(diffusion, 
capacitive 
coupling, Lorentz 
angle) 



THE DETECTOR ZOO 
A quick tour about different detector concepts 
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Hybrid pixel detector 
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Hybrid pixel devices

Main characteristics 

Sensor and readout electronics are on 
different wafers 

3D measurement with no ambiguities 

High granularity 50x50 μm2 is achievable 

High Signal/Noise≳100 for 300 μm Si 

Good radiation hardness 

Optimal for applications with high flux of 
particles

103

Pixel

Strips



Monolithic Active Pixels 
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Monolithic active pixel sensors

Sensor and electronics are on 
the same wafer 

Thin layer of Si depleted ~10 μm.  

Small signal charge ~1000e-  and 
small electronic noise 

No electric field. Charge move by 
diffusion. Collection type ~100ns  

Radiation damage can reduce 
the carrier lifetime to 10 ns

105



3D Silicon Detectors 
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3D silicon sensors 

The sensors are depleted 
horizontally instead of vertically. 
Depletion depth order of several 
tens of microns: distance between 
n+ and p+ pillars 

Depletion voltage is independent of 
the wafer thickness and relatively 
small 

Small collection length (several tens 
of microns) but significant depletion 
volume, e.g. 300-500 μm sensor 
thickness  

 Technology is very radiation hard 
!eq>1015 n1MeV/ cm2
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Silicon Drift Detectors 
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Silicon drift chamber
Invented by E. Gatti e P. Rehak in 1984. 

p+ contacts on n-type material: two 
depleted regions, from each detector side, 
joining together 

A longitudinal electric field is generated 
applying a potential gradient along the 
sensor side: drift field 

A parabolic potential, with a minimum in 
the centre of the sensor, where electrons 
fall down and drift along the longitudinal 
component of the E field 

A n+ contact is placed on one edge of the 
sensor and serves as collecting electrode 
for electrons, where signal is readout. 
Holes drift towards p+ electrodes 
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Charge-Coupled Device 
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CCD: sequential transfer of charge 

110

Working principle of 3-phase MOS CCD



RADIATION DAMAGE 

1.  Reminder of radiation environment, quantities, units 
2.  Microscopic damage 
3.  Macroscopic effects 
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Radiation damage: introduction 

•  Particles interact with the detector transferring energy to it. 
–  even particles that are not “detected”  

•  This energy may alter detector performance: radiation 
damage 
–  damages on the lattice structure 
–  creation of space charge effects 
–  drift in readout electronics behaviour 
–  chemical reactions 

•  Single high energy transfers may cause immediate (and 
sometimes permanent) effects: Single Event Effects (SEE) 

•  Two main environments are relevant for particle physics: 
–  space: devices not protected by Earth atmosphere and magnetic field 
–  accelerators: high rate of particles crossing the detectors 
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Radiation damage: basic quantities and units 

•  Flux, 𝜙, number of particle crossing unit area per unit time  
–  𝜙=particles/(area×time),  unit: part. cm-2s-1 

•  Fluence, Φ, number of particles per unit area (integrating on a certain 
time span) 
–  Φ=particles/area=∫𝜙dt,  unit: part. cm-2 dt,  unit: part. cm-2 

•  Stopping power, dE/dx, energy released per unit length 
–  dE/dx=E/L, E/Lρ   unit: MeV/cm, or MeV×cm2/g 

•  Linear Energy Transfer (LET), component of stopping power which can 
produce electronic excitations 

•  Dose, D, energy released per unit mass 
–  D=Φ⋅(dE/dx)/ρ   unit: Gy=J/kg, rad=100 erg/g (1 Gy=100 rad) 

•  Equivalent dose, H, dose weighted by a quality factor Q to take into 
accounts its biological effectiveness 
–  H=D⋅Q    unit: Sv (Gy) 
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Radiation levels 

Dose 
1 mSv(*) Radiography 

<5 mSv(*) Annual natural dose 

50 mSv(*) Maximum exposure rate for radiation workers 

2.5 Gy Total-body letal dose for mammals 

10-50 Gy Local dose in radio-therapy treatment 

10-100 Gy Total annual dose for a satellite 

5-100 kGy Radiation level at electron/heavy ion colliders 
15-35 kGy Industrial sterilization process 

200 kGy Natural rubber unusable 

1-10 MGy Radiation level at LHC/High Luminosity LHC 
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(*) 1 Sv = 1 Gy for Q=1 (typical for X-rays) 

visible effects 
on non-rad-hard 
electronics 

strong impact 
on detector 
performance 



Cosmic ray flux 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  95 

Solar 
wind 

Inner Van Halen belt 1000-6000 km  LEO orbits 160-2000 km 
Outer Van Halen belt 13000-60000 km  GEO orbits 36000 km 

•  Galactic rays, p/ions,  
•  E up to 1020 eV,  
•  peak at 300 MeV/A 

•  Solar wind,  
•  p ~500 MeV,  
•  ions 10 MeV/A 

Figure from NASA 



Cosmic ray on Hearth 
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Air showers (2)

• Under 20 km altitude neutrons
dominate as cause of radiation-
induced failures in avionic systems.

• In mountains and at sea level there are 
enough of them to be a real concern 
for ground-based electronics that play 
vital roles (e.g. in computers, pace 
makers, cars, power devices in 
locomotives, )

Shower maximum  at ~18 km

(S. Mattiazzo 
at http://sirad.pd.infn.it/scuola_legnaro/) 



Radiation environment: Space vs. LHC 

6

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8

Tracker

Calorimeters

Muon Chambers

Cavern

Total Dose (rad/10 years)

Space

Comparison with space environment

Total Dose in Space and CMS
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7

1.E+05 1.E+07 1.E+09 1.E+11 1.E+13 1.E+15

Tracker

Calorimeters

Muon Chambers

Cavern

Charged Hadrons Flux (particles/cm2/10 years)

Protons in space

Protons in tracker

Pions in tracker

HCAL ECAL

Comparison with space environment

Charged Hadron Flux in space and CMS
Plots from: J. Gasiot, CERN Training: 
Radiation effects on electronic components and systems for LHC  

Max instantaneous rate at LHC 
𝜙≈106 particles mm-2 s-1 
 

HL-LHC upgrade is 1 order of 
magnitude higher 



Radiation damage in silicon detectors 
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Radiation damage in silicon sensors
Two general types of radiation damage affect detector materials: 

   • Bulk (Crystal) damage due to Non Ionizing Energy Loss (NIEL) 
           - displacement damage, built up of crystal defects –  
I. Change of effective doping concentration (higher depletion voltage,  

                                                                 under-depletion) 
    

II. Increase of leakage current (increase of shot noise, thermal runaway) 
    

III. Increase of charge carrier trapping (loss of charge) 
    

   • Surface damage due to Ionizing Energy Loss (IEL) 
         - accumulation of positive charge in the oxide (SiO2) and the Si/SiO2 interface  
           effects:  greater interstrip capacitance (noise factor), breakdown behavior, … 

Impact on detector performance and Charge Collection Efficiency  
  (depending on detector type and geometry and readout electronics!)  
 
Signal/noise ratio is the quantity to watch  

               ⇒ Sensors can fail from radiation damage ! 
92



Bulk damage 
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Bulk damage

Atomic displacements 
in the lattice after 
collisions with 
transversing particles 

Creation of new levels 
in the energy scheme 
and change of 
elementary properties 
of the semiconductor

93
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Shallow levels - Doping
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Donor (e.g. P in Si)  is seen as a complex Si + H, 
an hydrogen atom is added at a site of the silicon
lattice.
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≈ 10-60meV 

→ delocalized wave functions

ao = 0.529 Å Bohr radius, aSi ~ 30 Å ; aGe ~ 80 Å

→ fully ionized at moderate 
temperatures → Doping   

EcEt

Ev

- Energetic level close to midgap,

- Localised wave functions

- May participate to doping / compensation as well as to generation / recombination processes.
-Can trap generated e/h thus reducing the detector signal
- Trap occupancy strongly determined by working conditions ( e.g. current, temperature, electric
field .. ).

Deep levels - traps and recombination centers

The hydrogen-like model

(M. Bruzzi at http://sirad.pd.infn.it/scuola_legnaro/) 



Impurity energy levels 
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Example : Energy Levels of impurities in Si 

Da: S. M. Sze, Physics of Semiconducor Devices, Wyley & Sons, Singapore, 1981 

Electrical activity of Defects

Ev

EcEtEi
Relevant Parameters:

- Et energy within bangap from conduction/valence band
- sn,sp cross section for capture of electron/hole
- Nt defect concentration in bulk or interface

(M. Bruzzi at 
 http://sirad.pd.infn.it/scuola_legnaro/) 



Some defects energy levels 
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(M. Bruzzi at http://sirad.pd.infn.it/scuola_legnaro/) 

Diamond defects 
(example): 



Si recoil energy and displacement 
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Si recoil energy and displacement

95

Maximum recoil energy for interaction of silicon atoms with protons 
and electrons

non-relativistic calculation relativistic calculation

Ep,e ERmp,e
mSi

Minimum energy to displace a single lattice atom (Frenkel pair) is 
ER~25eV, to produce a defect cluster ER~5keV

E=kinetic energy. Relativistic formula valid for Ee≪mSic2/2 
Exercise: compute the relevant thresholds 



Si recoil energy and displacement 
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Radiation Damage – Microscopic Effects

particle SiS
Vacancy 

+ 
Interstitial

point defects 
(V-O, C-O,  .. )

point defects and clusters of defects

EK>25 eV

EK > 5 keV

V

I

10 MeV protons           24 GeV/c protons           1 MeV neutrons

Initial distribution of 

vacancies in  (1m)3

after 1014 particles/cm2

Neutrons (elastic scattering)

 En > 185 eV for displacement

 En > 35 keV for cluster

60Co-gammas

Compton Electrons

with max. Eg 1 MeV

(no cluster production)

Electrons

Ee > 255 keV for displacement

Ee >    8 MeV for cluster

[Mika Huhtinen ROSE TN/2001-02]

[Mika Huhtinen NIMA 491(2002) 194]

Displacement energy - energy needed to displace an atom from the lattice site: 13-20 eV Si
, 43eV Diamond .

(M. Bruzzi at http://sirad.pd.infn.it/scuola_legnaro/) 



NIEL 

•  The amount of damage can be effectively described as 
proportional to the energy not used to produce 
ionization in the material 

•  Non-Ionizing Energy Loss (NIEL) 
–  Average total recoil energy of a lattice atom 

   NIEL = ⟨E⋅σ⟩×Φ  
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typical units: 
MeV⋅mb 

fluence: 
particles/cm2 



Displacement damage 
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Displacement damage

Assuming NIEL hypothesis the displacement damage D(E) is:

97

D(E) =
X

i

�i(Ekin)

Z E
R,max

0
fi(Ekin, ER)P (ER)dER

sum over all possible interactions with cross-section σi, probability fi of incident 
particle with Ekin  energy and producing ER recoil energy for silicon atom, P(ER)  is the 
fraction of energy going into silicon atom displacement (~43% for 1 MeV neutrons) 

As standard the 1MeV equivalent 
neutron fluence,  !eq is used   

!eq =Dneutron(1MeV)/cm2=95MeV mb/cm2

"=particle damage factor       

!= irradiation fluence � =

Z
�(E)dE



Annealing 
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Annealing - Diffusion of defects
Interstitials and vacancies are very mobile at T>150K and diffuse: 

Frenkel pair recombination (I+SiV → Si) 

vacancy and interstitial combination (e.g. V+V → V2) 

combination of more complex defects (e.g. Ci+Oi →CiOi)

98

First processes happen with shorter time 
constant with respect to the last one. The 
process is called annealing and it has a 
beneficial part reducing the damage and 
a reverse annealing part degrading 
macrospic sensor properties 

Diffusion process is temperature 
dependent and some effect, e.g. 
depletion voltage evolution, can be frozen 
out at temperature below 0 ºC 

Defects after irradiation (left) and after 
annealing time (right)  



Macroscopic effects of radiation damage 
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Macroscopic effects of bulk damage

94

Increase of leakage current 

Change of depletion voltage level  

Decrease of charge collection efficiency



Radiation damage: effective doping 
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Radiation damage - Effective doping

99

  Change of Depletion Voltage Vdep (Neff) 
                      …. with particle fluence:                   

before inversion n+ p+ n+

• “Type inversion”: Neff changes from positive to 

negative (Space Charge Sign Inversion)
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[M.Moll: Data: R. Wunstorf, PhD thesis 1992, Uni Hamburg]

• Short term: “Beneficial annealing”  
• Long term: “Reverse annealing” 
  - time constant depends on temperature:  
                ~ 500 years	 (-10°C)   
                ~ 500 days	 ( 20°C)  
                ~  21 hours	 ( 60°C)  
   - Consequence: detectors must be cooled 
     even when the experiment is not running!  

…. with time (annealing):
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[M.Moll, PhD thesis 1999, Uni Hamburg]

p+

after inversion

Φeq = 1 MeV neutron equivalent fluence



Radiation damage: leakage current 
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Radiation damage - Leakage current

100
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n-type CZ - 140 Ωcm

p-type EPI - 2 and 4 KΩcm

p-type EPI - 380 Ωcm

[M.Moll PhD Thesis][M.Moll PhD Thesis]

• Damage parameter α (slope in figure) 
 
                                  Leakage current  
                                   per unit volume 
                                 and particle fluence 

• α is constant over several orders of fluence 
and independent of impurity concentration in Si. 
It can be used for fluence measurement

eqV
I
Φ⋅

Δ
=α

80 min 60°C

  Change of Leakage Current (after hadron irradiation) 
             …. with particle fluence:                   

Leakage current decreasing in time 
(depending on temperature) 

Strong temperature dependence 

 
  
Consequence:  
   Cool detectors during operation! 
   Example:  I(-10°C) ~1/16 I(20°C)  
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Radiation damage: trapping 
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Radiation damage - Trapping

101

  Deterioration of Charge Collection Efficiency (CCE) by trapping  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[M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund][M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund]

Increase of trapping probability (1/τ) with fluence                   

Trapping is characterised by a trapping probability 1/τeff for electrons and holes:

….. and change with time (annealing):

5 101 5 102 5 103

annealing time at 60oC [min]

0.1

0.15

0.2

0.25

In
ve

rs
e t

ra
pp

in
g 

tim
e  

 1
/τ

 [n
s-1

]
data for holesdata for holes
data for electronsdata for electrons

24 GeV/c proton irradiation24 GeV/c proton irradiation
Φeq = 4.5.1014 cm-2 Φeq = 4.5.1014 cm-2 

[M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund][M.Moll; Data: O.Krasel, PhD thesis 2004, Uni Dortmund]
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Radiation damage: charge collection efficiency 

Semiconductor particle detectors - A. Andreazza - a.a. 2016/17  112 Nicola Neri Semiconductor Detectors - Corso di rivelatori di particelle

Radiation damage - Loss of signal, increase of noise

102

• Two basic mechanisms reduce collectable charge: 

• trapping of electrons and holes ⇒ (depending on drift and shaping time !) 

• under-depletion                         ⇒(depending on detector design and geometry !)  



Radiation damage: summary 

•  Radiation damage on silicon sensor is function of NIEL 
–  Usually referred to an equivalent fluence of 1 MeV neutrons 

•  Signal is (usually) reduced by: 
–  decrease of depleted region due to increased effective doping concentration 
–  trapping: i.e. reduced lifetime of charge carriers 

•  Noise is affected by: 
–  leakage current shot noise: ENC2 ∝ Ileakτshaper/q 
–  increase of capacitance due to lower depletion: ENC2 ∝ Cd

2 

–  flucturations on trapped charge 

•  Mitigation:  
–  increasing reverse bias voltage: 
–  low gap sensors: thinned or 3D 

–  detector cooling: 

–  materials with higher dislocation threshold 
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•  it improves size of depleted region 
•  make over-depletion easier: 

high fields → faster collection → 
less trapping 

•  reduced leakage current 
•  it prevents reverse annealing 
•  diamond, SiC 



BACKUP 
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Maximum energy transfer for particle types 
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Maximum energy transfer for particle types

96

Maximum energy transfer vs average for different particle types with 
1MeV incident energy. 

Coulomb force favours small energy transfer, i.e. point defects. Strong 
force produces mostly cluster defects

Minimum energy to 
create a defect or a 
cluster for different 
particle types


