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Semiconductor Detectors

Introduction

Main applications:
- γ-ray spectroscopy with very high energy resolution
- vertex detectors with high spatial resolution
- very accurate energy measurements of charged particles
- PID via dE/dx (multiple layers)

Many great advantage:
1000 times more dense than gases therefore compact
Best resolution in routine use radiation detectors
Relatively fast timing characteristics

Also few disadvantages:
Limitation to small size
Relatively high radiation damage susceptibility

Same principles of ionisation detectors: no ion pairs but electron-hole pairs
Technology started in early 1960s. Originally “crystal counters”, nowadays
“semiconductor” or “solid state detectors”.
Of all the semiconductors existing the main ones used in radiation detection are:

Silicon, used in charged particles spectroscopy
Germanium, widely used in gamma-ray measurements
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Band Structure
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Semiconductor Detectors Band Structure

Band Structure in Solids

Most commonly used semiconductors are single crystals with diamond (with Si and Ge) or
zinc blende (e.g. GaAs) structure

All atoms in the diamond lattice are
identical, while the two fcc sublattices are
built of different atoms in the case of III-V
compounds such as GaAs
The atoms are arranged in a tetrahedron
and each atom shares its four outer
(valence) electrons with those of the
neighbours, thus forming covalent bonds
Each tetrahedron repeats itself
At low temperatures all valence electrons
remain bound in their respective
tetrahedral lattice.
At higher temperatures thermal vibrations
may break the covalent bond and a valence
electron may become a free electron,
leaving behind a free place or hole

Both the electron and the hole are available for conduction
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Semiconductor Detectors Band Structure

Band Structure in Solids

Quantum mechanical calculations of the energy levels of the atoms as a function
of the lattice spacing (for Si) (left):

The spacing corresponding to silicon is indicated in the Figure above and
corresponds to the minimum total energy of the electrons and the lattice, not very
far from the minimum energy of the electrons in the filled valence band.
The difference between the valence and the conduction band is called bandgap
(Eg).
In the Figure on the right the different energy band structures of the different
solids are displayed.
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Semiconductor Detectors Band Structure

Charge Carriers in an Electric Field

As for gases, both charge carriers migrate with a combined random thermal velocity and a
net drift velocity parallel to E direction.
Contrarily to gases, the hole mobility is of the same order as for electrons
At low-moderate fields the drift velocity is proportional to E . For high E the drift velocity
reaches a saturation velocity.
Semiconductor detectors when operated at saturation have drift velocities of the order of
107 cm/s
For a 0.1 cm thick silicon detector (typical dimension) the charge collection time is in the
order of À 10 ns (fastest!)
The diffusion of the free electron-hole pairs is characterised by the standard deviation of
the Gaussian distributed arrival positions at the electrodes, given by:

σ =

c

2kTx
eE

(1)

Carefull! Diffusion broadening can limit precision of position reconstruction.
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Semiconductor Detectors Effect of Impurities and Dopants

Intrinsic and Extrinsic Semiconductors

From now on we will use the following notation:
! n the concentration of electrons in the conduction band
! p the concentration of holes in the valence band

intrinsic semiconductors:
very pure material, charge
carriers are created by
thermal or optical
excitation of electrons to
conduction band ni = pi

impurity or extrinsic semiconductors:
majority of charge carriers provided by impurity atoms at lattice sites of crystal
impurity atoms provide either an extra electron above the number required for
covalent bonds ÝÑ majority charge carriers are electrons ‘n-type semiconductor’
or
impurity atoms have insufficient number of electrons for covalent bonds, free hole
at impurity site ÝÑ majority charge carriers are holes ‘p-type semiconductor’
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Semiconductor Detectors Effect of Impurities and Dopants

most common:
crystal of element of group IV such as Si or Ge
impurities of group V (P, As, Sb) or of group III (Al, Ga, In)
but also GaAs or CdS

in semiconductors like Si, Ge, GaAs, lower edge of conduction band Ec only a few eV
above upper edge of valence band Ev .

The replacement of a proper
atom of the lattice by a
different atom is accompanied
by the creation of localised
energy levels in the band gap
These energy levels may be of
the donor (ED) or acceptor (EA)
type
donor levels ED are close to the
conduction band

at room temperature donor’s electrons will be transported to the conduction band
electron donors (P, Sb, . . .): 5th electron bound only weakly in crystal can easily be promoted

(‘donated’) into conduction band (Li-like)
electron acceptors (B, Al, . . .): only valence electrons, one unsaturated binding in crystal

tendency to ‘accept’ an electron from Si leaving behind a hole in valence band
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Semiconductor Detectors Effect of Impurities and Dopants

Law of mass action:

np = NcNv exp [´(Ec ´ Ev)/kT] = n2
i (2)

The product of n and p at a
given T is fixed, characterized
by effective masses and band
gap (often called law of mass
action)

Typical values at 300 K are:

Si: ni = 1.5 ˆ 1010 cm´3 (3)
Ge: ni = 2.5 ˆ 1013 cm´3 (4)
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Semiconductor Detectors p-n Junction

p-n Junction
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Semiconductor Detectors p-n Junction
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Semiconductor Detectors External Bias

External Bias
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Semiconductor Detectors External Bias

Gas Detectors PID 2019 - LNGS ADF 2019/10/22 21 / 56



Semiconductor Detectors Signal Generation

Signal Generation in SD
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Semiconductor Detectors Signal Generation
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Semiconductor Detectors Ionisation Yield and Fano Factor

Ionisation Yield and Fano Factor
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Semiconductor Detectors Energy Measurement

Energy Measurement
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Semiconductor Detectors Energy Measurement

Energy Measurement with SD
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Semiconductor Detectors Energy Measurement

2-band model of Schottky diode
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Semiconductor Detectors Energy Measurement
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Semiconductor Detectors Energy Measurement

p-i-n detectors Ge(Li), Si(Li)
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Semiconductor Detectors Energy Measurement

Bolometers
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Semiconductor Detectors Position Measurement

Position Measurement
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Semiconductor Detectors Position Measurement

Position Measurement with Semiconductor Detectors
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Semiconductor Detectors Position Measurement

Si vertex detectors
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Semiconductor Detectors Position Measurement

Microstrip Detectors
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Semiconductor Detectors Position Measurement

Double-sided Microstrip Detectors
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Semiconductor Detectors Position Measurement

Silicon drift Detectors
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Semiconductor Detectors Position Measurement

Pixel Detectors
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Semiconductor Detectors Position Measurement

Putting all together: pixel, strips and drift
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Semiconductor Detectors Position Measurement

Gas Detectors PID 2019 - LNGS ADF 2019/10/22 51 / 56



Summary

Lecture Summary
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