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The basics

V

U(t)

A solid-state ionization chamber
Signal given by the drift of charges (electrons and holes) under the
effect of the electric field
The signal is then amplified and shaped
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Motivations for semiconductor detectors
In High Energy Physics we want to reconstruct the particles produced in 

collisions and measure their characteristics, like: energy, momentum, 
charge, and their lifetime (if it applies)

decay length l = gbct, so typically the decay vertex is at a distance of single
millimeters from the interaction vertex 
Þ place detectors as close as possible
Þ detector with submillimeter precision is needed

Interaction (primary)
vertex

Decay  vertex

l = gbct

Lifetimes of tau leptons, charm 
and beauty hadrons:

from 0.2 to 1.5 ps

5M. Bomben - 16/3/2021



History – MESD by Pisa group (1980)

S. R. Amendolia et al., A Multi-Electrode Silicon Detector 
for High Energy Experiments, Nucl. Instr. Meth. 176 (1980)

MESD featured 12 mm long 300 µm wide aluminium strips on a high resistivity
Silicon wafer.
The signal was proportional to the energy released by the impinging particle.
It assured good spatial resolution with low noise at room temperature.
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All the desirable features of silicon detectors were already exploited by the
first high energy physics detectors
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Today: ATLAS detector @ CERN LHC
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3.3 cm from the interaction point



Role of trackers in HEP experiments
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2) Extrapolate back 
to the point of origin. 

3) Reconstruct 
primary vertex

4) Reconstruct secondary 
vertices; measure impact

parameters

1) Measure particles 
trajectories and their 
momentum,
transverse and total



What is a semiconductor?
• 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 semiconductors this gap is large (compared to kT ~ 

1/40 eV)
50% prob. of being occupied

9

Interatomic spacing
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Semiconductors
Germanium: Used in nuclear physics, due to small band gap (0.66 eV) needs 

cooling (usually done with liquid nitrogen at 77 K)

Silicon: Standard material for vertex and tracking detectors in high energy 
physics, can be operated at room temperature, synergies with micro 
electronics industry.

Diamond (CVD or single crystal): Large band gap (6 eV), requires no 
depletion zone, very radiation hard, drawback is a low signal and high 
cost

Compound semiconductors: GaAs (faster than Si, no good insulating layer), 
CdTe (large Z, hence efficient for photodection); 
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Bond model of semiconductors

Example of column IV elemental semiconductor (2dim projection)

Each atom has 4 closest neighbors, the 4 electrons in the outer shell are shared 
and form covalent bonds.
At low temperature all electrons are bound
At higher temperature thermal vibrations break some of the bonds èfree e- (n) 

cause conductivity (electron conduction)
The remaining open bonds attract other e- è The “holes” (p) change position 

(hole conduction)
Intrinsic carrier concentration ni: n = p = ni ~ 1x1010 cm-3 (T=300K) (In contrast, in 
metals ~ 1022/cm3)

T = 0 K T >  0 K
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Transport of charge carriers

Transport of charge carriers in a semiconductor: diffusion and drift

Diffusion: proportional to the gradient of the carrier density
Drift: proportional to the applied electric field

Einstein’s 
equation

D: diffusion coefficient 
[cm2/s]
µ: mobility [cm2/(Vs)]

Valid at low/moderate fields; for large fields (>~ 5x103 V/cm) the carriers 
velocities saturates (Si: v ~ 107 cm/s) è 10-30 ns collection time

µ depends on doping and temperature.
For intrinsic silicon: µn~ 1350 cm2/(Vs), µp ~ 450 cm2/(Vs)
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FAST!
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Estimate SNR in an intrinsic silicon detector
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N-doping

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

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

14

Electrons (holes) are called majority 
(minority) carriers.
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P-doping

Doping with an element 3 atom (e.g. B, Al, Ga, In). One valence bond 
remains open
The doping atom is called acceptor
The acceptor atom in the lattice 
is negatively charged

15

Holes (electrons) are called majority 
(minority) carriers.
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The p-n junction

At n-type and p-type interface: diffusion of surplus carries to the other material
until thermal equilibrium is reached.
The remaining ions create a space charge and an electric field stopping further
diffusion.
The stable space charge region is free of charge carries: the depletion zone.
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The p-n junction – forward and reverse bias

p-n junction in forward biasApplying a forward bias voltage V,
e- and holes are refilled to the depletion
zone.
The depletion zone becomes narrower

That’s not what we want!

17

+ -
V

p-n junction in reverse biasApplying a reverse bias voltage V,
e- and holes are pulled out of the
depletion zone.
The depletion zone becomes larger.

That’s the way we operate our semiconductor detectors!
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Electric field and carriers speed
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CHAPTER 2. SILICON DETECTORS FOR HIGH ENERGY PHYSICS
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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.!
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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.!

Figure 2.9: P-n junction formation. (Left) Two oppositely doped semiconductors are compared.
(Rigth) The p-n junction is formed. (After [31]).

doped than the other one2. The heavily doped side is usually indicated with a +, hence560

we will talk of p+°n and n+° p junctions. In Figure 2.10 the charge distribution of an561

abrupt asymmetric n+° p junction is depicted; the dopant concentration, the resulting562

bulk effective doping concentration and the bulk thickness are indicated too.563
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0 

Figure 2.10: Charge distribution in an abrupt asymmetric n+°p junction.

To estimate the voltage needed to completely deplete the junction bulk we introduce564

the concept of effective doping concentration Ne f f :565

Ne f f = Nd °Na (2.21)

which will reduce to simply Nd for p+°n junctions and °Na for n+°p junctions. By inte-566

grating twice the Poisson’s equation over the semiconductor thickness we get the voltage567

needed to achieve the complete depletion of the junction volume, the so-called depletion568

2The way in which these junctions are fabricated is beyond the scope of this report
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Figure 2.11: Electric field profiles in an abrupt asymmetric n+°p junction. A doping profile like
the one reported in Figure 2.10 is assumed. Electric field profile (left) at depletion voltage; (right)
in over depletion.
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V

(2.27)

where A is the surface of the p °n junction. Equation 2.27 is used to extract the depletion604

voltage Vdepl and the effective doping concentration Ne f f in real p ° n junctions. An605

example of a C°2 vs V plot for an n °on °p diode is shown in Figure 2.12.606
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Figure 2.12: C°2 vs V of a 285 µm thick n °on °p diode.

The bulk depletion corresponds to a linear increase of C°2, up to a “kink”, after which607

the capacitance C is basically constant. The voltage at which the “kink” happens is a good608

estimate of the depletion voltage Vdepl .609

The depleted region of a p °n junction is out of equilibrium; in particular, since pn <610

n2
i , in the depleted region the generation process is dominant over recombination. Ther-611

mally generated electron-hole paris are separated by the electric field and so they cannot612

recombine. A net flow of current appears, carriers will be collected at the ends of the semi-613

conductor volume. If we assume a constant generation rate G the generated current for a614

depleted semiconductor of area A and thickness w is equal to:615

Ileak =
qw A

2
G (2.28)
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Depleted bulk 
=

sensitive volume

At depletion 
voltage

In overdepletion
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HEP silicon detector production
Detectors produced on wafers

M. Moll, Bethe Forum on Particle Detectors, Bonn – April 2014
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HEP silicon detector production
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Detectors produced on wafers

Diameters: from 10 cm (picture ) 
to 20 cm (depending also on 
industry trust)

Thicknesses: 300 µm down to 
100 µm or less (most recent I 
tested: 50 µm)~ 2 cm

~ 2 cm
Pixel 
Detector

25
0 

µm

50 µm

Each pixel cell is an n-o-p diode

Diodes
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A carrier that completes its path to the collecting electrode by moving from the position ~ri670

where it was created to the final (electrode) position ~r f induces the total charge Q given by671

the Ramo theorem, where Vw (~r ) represents the weighting (or Ramo) potential evaluated672

at the position ~r :673

Q = °q
°
Vw (~r f )°Vw (~ri )

¢
(2.34)

The relation between the weighting potential and field is of course:674

~Ew = °rVw (2.35)

A carrier q that is produced at position ~ri and trapped at position ~r f , before reaching675

the electrode, induces a smaller charge Q on the electrode by the same formula (carrier676

trapping will be presented in detail in Section 2.5.4). It has to be noticed that both trapped677

electrons and trapped holes reduce the final signal amplitude.678

2.4.2 Pad detectors679

We now consider p °n junction diodes. A single p-n diode in reverse bias is the simplest680

silicon radiation detector; often it is called pad diode. Ionising particles interacting with681

the detector material produce electrons and holes in the depleted bulk volume; those682

carriers drift toward the collecting electrodes which are placed at the edge of the detector683

p °n junction. To ensure a good ohmic contact heavily doped implants are present on684

both sides of the detector. In Figure 2.14 the schematic representation of a n-on-p pad685

diode silicon detector is shown. External voltage to ensure sensor bulk depletion is also686

indicated.687
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3.1 Microstrip Detector  
DC coupled strip detector!
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!  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:!
!

Figure 2.14: Silicon pad detector. Detector polarisation and carrier drift due to ionising particles
is indicated too. The symbol on top of the n+ implant is used to indicate the readout electronics.

The size of pad detectors varies between few mm2 to few cm2, including Guard Rings688

(GRs). GRs, placed all around the pad area, can help to improve the voltage-handling689

capability, since they act as a voltage divider, assuring a smooth transition of the voltage690

drop between one side and the other of the junction. Normally in pad diodes signals are691

read-out only from one side of the junction; it is customary to call that side as frontside,692

the other being the backside. For example, in Figure 2.14 the frontside is the n+ one.693

The pad side from which the depletion volume grows is called junction side; the other694

one is indicated as the ohmic side.695

2.4.3 Microstrip detectors696

The spatial resolution of pad detectors is roughly the size of the pad itself. It can be greatly697

improved by segmenting the electrodes, just one of them or both. Historically the first seg-698

mented silicon detector for high energy physics purpose was created by aluminum strips699

24

A single p-n junction diode in reverse bias is 
the simplest silicon radiation detector
Often it is called pad diode

The size varies between few mm2 to few cm2

Guard Rings (GRs) assure a smooth transition 
between the High Voltage (HV) and the 
Ground (GND) potential

Simplest silicon sensors: the pad diode

GRs
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Central openings in the aluminium layer for 
visible/IR photon detection
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P-n junction – width of the depletion zone
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Depletion voltage: howto

• By definition, differential capacitance is the change in charge (Q) in a 
device that occurs when it also has a change in voltage (V):

• One general practical way to implement this is to apply a small AC 
voltage signal (millivolt range) to the device under test, and then 
measure the resulting current. Integrate the current over time to 
derive Q and then calculate C from Q and V. 

• C-V measurements in a semiconductor device are made using two 
simultaneous voltage sources: an applied AC voltage signal (dVac) 
and a DC voltage (Vdc) that is swept in time, as illustrated in the next 
slide. 
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C=ΔQ/ΔV



Voltage ramp for CV analysis
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time

V (extra: freq. depends on the detector conditions) 



Connections for CV analysis
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Recommendation

In that case, the Bias layer have to be connected to the AC guard. To apply 
dc bias to the AC guard, additional capacitance and resistance is required 
like the Cgs or Ciss measurement of MOS-FET.

As we discussed slides before, the configuration to measure the capacitance 
between the pixels depends on the structure of entire device.

B1500A Device Analyzer

2013/6/21Page 5
Agilent Confidential

HI terminal

LO terminal

LO

HI

GR



CV analysis: observables

M. Bomben - 16/3/2021 26

~ 1/Neff

log10(Vdepl)

C-2 vs V

log10(C) vs log10(V)
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Figure 2.11: Electric field profiles in an abrupt asymmetric n+°p junction. A doping profile like
the one reported in Figure 2.10 is assumed. Electric field profile (left) at depletion voltage; (right)
in over depletion.
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where A is the surface of the p °n junction. Equation 2.27 is used to extract the depletion598

voltage Vdepl and the effective doping concentration Ne f f in real p ° n junctions. An599

example of a C°2 vs V plot for an n °on °p diode is shown in Figure 2.12.600
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Figure 2.12: C°2 vs V of a 285 µm thick n °on °p diode.

The bulk depletion corresponds to a linear increase of C°2, up to a “kink”, after which601

the capacitance C is basically constant. The voltage at which the “kink” happens is a good602

estimate of the depletion voltage Vdepl .603

The depleted region of a p °n junction is out of equilibrium; in particular, since pn <604

n2
i , in the depleted region the generation process is dominant over recombination. Ther-605

mally generated electron-hole paris are separated by the electric field and so they cannot606

recombine. A net flow of current appears, carriers will be collected at the ends of the semi-607

conductor volume. If we assume a constant generation rate G the generated current for a608

depleted semiconductor of area A and thickness w is equal to:609

Ileak =
qw A

2
G (2.28)
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P-n junction – Current voltage characteristics

Typical current-voltage of a p-n junction diode: exponential current 
increase in forward bias, small saturation in reverse bias.

Ideal diode equation: 
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P-n junction – Current voltage characteristics

Typical current-voltage of a p-n junction (diode): exponential current 
increase in forward bias, small saturation in reverse bias.

Ideal diode equation: 

28

The leakage current 
doubles every 7 K

Detector 
volume

Generation 
lifetime

Leakage current origin: 
thermally generated carriers

In reverse bias:
extra contribution 

from bulk generated current
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IV in real life
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~Vdepl

Plateau => operation voltage

VBD

PAD

HV

GR



Silicon as detector material: summary 

Reverse biased p-n junction as radiation 
detector: the depletion region is virtually 
free of mobile carriers è in absence of 
radiation only the (small) diode reverse 
current flows in the junction 

Energy deposition: creation of a e-h pair for 
E ~ 3.6 eV (gas: 15-30 eV)èLarge signals!

High electric field in the depleted bulk 
è elec.s and holes drift very fast across      

the depletion zone: tcoll ~ 10-30 ns

Low doping concentration (high resistivity) 
of the bulk è Vdepl at low bias voltages 
(safely below VBD)
N-side of the junction: heavily doped
N+ implant on the n-side (ohmic side) of 
the detector to ensure a good ohmic 
contact.

n+/p+~1019/cm3
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Backup
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How to “see” particles?
• The goal is to measure position in space, charge, speed,  mass and  

energy of the particles produced in collisions
• In order to achieve this, HEP experiments are made of  several layers, 

each one with a specific task in the reconstruction of the collision event
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