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For summer 2018
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Outline

● Principle of operation of semiconductor detectors
● Properties of semiconductors (band structure)
● Intrinsic material
● Extrinsic (doped) semiconductors 
● p-n junction 

● Signal generation 
● Ionization yield and Fano factor

● Energy measurement with semiconductor detectors
● Position measurement with semiconductor detectors

● Micro-strip detectors
● Silicon drift detectors
● Pixels

● Charge-coupled devices (CCDs)
● Radiation damage

TODAY
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Basics 

IONIZATION as in gas detectors
               →  Now in semiconductors = solid materials with crystalline        
                     structure (Si, Ge, GaAs)                                                          
               →  electron-hole pairs (instead of electron-ion)

+  use microchip technology: structures with few micrometer precision 
can be produced at low cost. Read-out electronics can be directly 
bonded to the detectors

+  only a few eV per electron-hole pair → 10 times more charge 
produced (wrt gas) → better energy resolution

+  high density compared to gases → need only thin layers (greater 
stopping power)

–  apart from silicon, the detectors need to be cooled (cryogenics)

–  crystal lattices → radiation damage
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Applications

Main applications:

● γ spectroscopy with high energy resolution
● Energy measurement of charged particles (few MeV) and particle 

identification (PID) via dE/dx (multiple layers needed)
● Very high spatial resolution for tracking and vertexing

They will be discussed in detail in the next two lectures

A few dates:
1930s – very first crystal detectors
1950s – first serious developments of particle detectors
1960s – energy measurement devices in commerce
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Principle of operation

● Detector operates as a solid state 
ionization chamber

● Charged particles create electron-hole 
pairs

● Place the crystal between two 
electrodes that set up an electric field → 
charge carriers drift and induce a signal

● Less than 1/3 of energy deposited goes into ionization. The rest goes 
into exciting lattice vibrations 

● Effect: along track of primary ionizing particle plasma tube of electrons 
and holes with very high concentration (1015 – 1017 cm-3)

● Challenge: need to collect charge carriers before they recombine → 
very high purity semiconductor materials needed!!
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D-tour: band structure of electron levels

Solid → crystalline structure of atoms in a lattice, with covalent bonds.
The periodic arrangement of atoms in the crystal causes an overlap of 
electron wave-functions, which creates a “band” of energy states allowed 
for the outermost shell energy levels. 
Electrons are fermions: the Pauli principle forbids to have more than 
electron in the same identical state and this produces a degeneracy in the 
outer atomic shell energy levels. This produces many discrete levels 
which are very close to each other, which appear as “bands”
The innermost energy levels are not modified, and the electrons remain 
associated to the respective lattice atoms.

CONDUCTION BAND: electrons are detached from parent atoms and are 
free to roam about the whole crystal
VALENCE BAND: electrons are more tightly bound and remain 
associated to the respective lattice atom
FORBIDDEN BAND: in pure crystals, between the two bands above there 
are NO available energy levels
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Band theory of solids

The width of the energy bands and the energy gap is determined by the 
inter-atomic spacing. This depends on temperature and pressure.

Bands determine the density of available energy states
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Band theory of solids

The width of the energy bands and the energy gap is determined by the 
inter-atomic spacing. This depends on temperature and pressure.

Bands determine the density of available energy states
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Fermi-Dirac distribution

At normal temperature, thermal energy might be enough to move an 
electron in the conduction band: in a semiconductor if sufficient, always 
in a metal, never in an insulator.

Electrons in a band can be described as particles in a box or in a 
potential well → Fermi gas model: density of states is

Number of electrons versus E → Fermi-Dirac probability distribution:

where E
F
 is the so-called Fermi energy

Number of electrons per energy interval: n(E)dE = g(E) f(E) d(E)

gE =
g

dE /d
= 2m

ℏ2
= 2m3/2

22ℏ3 E

f E = 1

1e
E−E

F
/kT
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Fermi energy and type of solid

The characteristics of a solid are determined by the location of the Fermi 
energy relative to the energy bands:
● Metal: E

F
 below top of an energy band (V and C bands overlap)

● Insulator: E
F
 at top of valence band and gap to next allowed band too 

large to be bridged by optical or thermal excitation, or electric force at 
normal E-field

● Semiconductor: gap is smaller, so that electrons can be excited across 
thermally or optically. E

F
 between valence and conduction band
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Electron levels in semiconductors

Fermi-Dirac probability distribution

Density of    available     energy states

Resulting distribution of charge carriers
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Semiconductors: temperature dependence
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Semiconductors and Fermi level

Festkörperphysik (p. 389)
Siegfried Hunklinger
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Charge carriers in semiconductors

● Intrinsic semiconductors: VERY PURE material, tetravalent
Charge carriers are created by thermal or optical excitation of 
electrons to the conduction band: N

–
 = N

+

- Difficult to produce large volumes of so pure materials. 
- Extremely low concentrations of charge carriers

● Extrinsic or doped semiconductors:
Majority of charge carriers provided by impurity atoms at lattice sites of 
the crystal
● Impurity atoms (pentavalent elements, donors) provide extra electrons  → 

n-type (majority charge carriers: electrons)
OR
● Impurity atoms (trivalent elements, acceptors) have insufficient number of 

electrons for the covalent bonds, free hole at impurity site, provide extra 
holes →   p-type (majority charge carriers: holes)
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Intrinsic semiconductors

Crystalline lattice, of tetravalent elements (Si, Ge)
4 valence electrons → covalent bonds
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Intrinsic semiconductors
At zero temperature, all electrons participate in covalent bons.
At non-zero temperature: thermal energy can excite a valence electron 
into the conduction band. A hole = positive charge remains in the valence 
band
Under the action of an E-field: the electron can move in the conduction 
band. In the valence band, other electrons can fill the hole → effective 
movement of holes (electric current)

Intrinsic charge carrier concentration:

At T = 300 K,   n
i
 = 2.5 x 1013 cm-3  in Germanium

                        n
i
 = 1.5 x 1010 cm-3  in Silicon

                        wrt 1022 atoms cm-3

ni = NCNV⋅exp−
Eg

2kT
 = A T3/2 exp−

Eg

2kT


VERY LOW 
CONCENTRATIONS !!!
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Charge carrier densities

Density of electrons in the conduction band:

And correspondingly density of holes in the valence band:

N
c
, N

v
: effective density of states at edge of conduction and valence bands

                                     with effective masses m* of electrons and holes

→ much weaker T-dependence than exponential (looks like only levels at E
c
 and 

E
v
 are present, not broad bands)

Electric current has 2 components: movement of free electrons in conduction 
band and movement of holes in the valence band

n = ∫n− dE = ∫
Ec

∞
f gc dE = Nc exp[−Ec−EF/kT ]

p = ∫n dE = ∫
−∞

Ev

1−f gv dE = Nv exp[−EF−Ev/kT ]

Nc ,v = 2
mn,p

* k T

2ℏ2

3/2
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Charge carrier densities

For intrinsic semiconductors:

Product of n and p at a given T has fixed value, characterized by effective 
masses and band gap
→ often called: LAW OF MASS ACTION

Electric current has 2 components: movement of free electrons in 
conduction band and movement of holes in the valence band

Ec−EF = EF−Ev ⇒ ni = pi

np = Nc Nv exp−Ec−Ev
kT  = ni

2
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Mobility of charge carriers 
The electrical behavior is determined by the mobility of charge carriers:
● Drift velocity: v

D
 = μE   -   μ mobility

● Specific resistance: ρ  (Ωm)
● Resistance  R = ρ I / A, with length I and area A transverse to E
As in gases: random thermal motion + drift in electric field

In intrinsic semiconductors:
● μ ≃ const.  for E < 103 V/cm
● μ ∝ 1/√E   for  103 V/cm  <  E  <  104 V/cm
● μ ∝ 1/E   for   E  >  104 V/cm    →    v

D
 = μ ∙ E  is  CONSTANT  !!

Saturates at about 107 cm/μs (similar to gases / trade off between energy 
acquired and collisions with the lattice here)
→ fast collection of charges: 10 ns for 100 μm drift
→ v

h
 ≃ 0.3 – 0.5 v

e
 (very different from gases!)

I = e ∙ n
i
 (μ

e
 + μ

h
) E =  σ E → conductivity: σ = 1/ρ     ρ: resistivity
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Properties of intrinsic Si and Ge 
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Recombination and trapping

Relatively rare: direct recombination: an electron falls from the 
conduction to the valence band to fill a hole  → produces a photon.         
It is a rare process, with long lifetime (the exact energy is needed)

IMPURITIES in the crystal lattice can produce: (ALWAYS present!!)
RECOMBINATION CENTERS: additional levels in the forbidden gap can 
capture electrons from the conduction band, or holes from the valence 
band → reduction of the mean time a charge carrier remains free
TRAPPING: of only electrons or holes, for some time
→ If the release time of the charge carriers is longer than the collection     
     time in the detector, these processes produce a LOSS OF CHARGE 

STRUCTURAL DEFECTS include point defects (vacancies, positions in 
between lattice) and dislocations (displacement of a full line of atoms). 
Produced during growth of crystal or by thermal shock, plastic 
deformation, stress and radiation damage.
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Doping of semiconductors

              n-type                                                    p-type                      
pentavalent impurities                              trivalent impurities

Sb
As
P

B
Al
Ga
In

Extra electrons (n) and holes (p) respectively enhance the 
conductivity of the material!
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n-type

Majority charge carriers: electrons
Minority charge carriers: holes
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p-type

Majority charge carriers: holes
Minority charge carriers: electrons
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Additional levels from doping elements

Festkörperphysik (p. 392)
Siegfried Hunklinger

n-type / donors                 p-type / acceptors
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Additional levels from doping elements

Festkörperphysik (p. 394)
Siegfried Hunklinger
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Fermi level in doped semiconductors
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Intrinsic and extrinsic (or doped) semiconductors

Intrinsic: the smaller the band 
gap, the larger the number of 
charge carriers

n = ∫n− dE

p = ∫n dE
n = p

Doped semiconductors:

At T=0 → not conducting

At T>0         → Electrons                                     Holes
conducting                                conducting



Semiconductor detectors, May 24, 2017S.Masciocchi@gsi.de          31

Intrinsic and extrinsic (or doped) semiconductors

Electron density in the conduction band:
               In pure silicon
               In silicon doped with As (n-type, 1016/cm3)
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Charge carrier densities - 1

Donor atom is either neutral or ionized:    N
D
 = N

D
0 + N

D
+

Same for acceptors:                                  N
A
 = N

A
0 + N

A
 –  

Charged states determined by:         N
D

+ = N
D
 (1 – f(E

D
))

                                                           N
A

 –  = N
A
 f(E

A
)

Condition of charge neutrality:   n + N
A

 –  = p + N
D

+

(see intrinsic semiconductors): 

With N
c
, N

v
 effective density of states at the edge of the respective bands. 

n = Nc exp [−Ec−EF/kT]

p = Nv exp[−EF−Ev/kT]
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Charge carrier densities - 2
● n-type material (donors): Fermi energy at room temperature is close to 

E
D
  →  kT ≈ E

c
 – E

D
 = E

d
   and   exp[-E

d
/kT] ≈ 1

Charge carriers dominantly electrons of the donors. Nearly all donors 
ionized
n ≃ N

D
 ≈ const   ≫ n

i

● p-type material (acceptors): similar, now for the positively charged 
holes of acceptors

Typical dopant concentration: ⩾ 1013 atoms/cm3 (in Si: 5∙1023/cm3) 
Strong doping: n+ or p+          ≃ 1020 atoms/cm3 

Equilibrium between densities electrons and holes: holds the law of mass 
action:

Increase of one type of carrier concentrantion → reduction of the other 
due to recombination

n⋅p = nipi = A⋅T3exp −Egap

kT 
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Example

Silicon at 300 K:
n

i
 = p

i
 = 1010 cm-3

n = 1017 cm-3       →   p = 103 cm-3

The conductivity is determined by the majority carriers (electrons in n-
doped, holes in p-doped).
Role of minority carriers is negligible:

Typical values: pure Si           →     2.3 x 105 Ωcm
                 Si p-type 1013 cm-3 →     500 Ωcm

n ≃ ND

p ≃
nipi

ND

=
ni

2

ND

1


=  = e⋅ND⋅e
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p-n junction
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p-n junction 

● Bring p and n materials “into contact” (in reality, done otherwise)          
→ thermodynamic equilibrium

● Electrons diffuse from n to p semiconductor, and holes from p to n
● At the boundary there will be a zone with few free charge carriers 

(electrons and holes) → depletion layer
● Fixed charges are left behind (ionized donors and acceptors) → space 

charge
E-field builds up and counteracts the diffusion, which stops eventually 
with n≈N

D
 and p ≈N

A

● Difference between Fermi energies on both sides gives:

V
D
 = diffusion or contact potential

e VD = Ec − kTln
Nc

ND

− Ev − kT ln
Nv

NA

= Egap − kTln
Nc Nv

ND NA



Semiconductor detectors, May 24, 2017S.Masciocchi@gsi.de          37

p-n junction 
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                                        p-n junction 

Potential and space charge related by 
Poisson equation:

Approximation: free charge carriers in 
depletion layer set to concentration =0

Schottky model:

∂2 V x 
∂ x2 = −

x 
0
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p-n junction 

To determine the thickness of depletion layer d
p
 and d

n
: integrate Poisson equation in pieces:

n-doped region

P-doped region: equivalently

Impose condition of neutrality:      N
D
 d

n
 = N

A
 d

p

And of continuity of potential V(x) at x=0

∂2 V x 
∂ x2 = −

eND

0

Ex = − ∂V
∂ x

= − e
0

NDdn−x 

V x = Vn∞− e
20

NDdn−x 2

e
20

ND dn
2NA dp

2 = Vn∞−Vp−∞=VD
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p-n junction 

From above, we deduce:

Example: eV
D
  ≃  E

gap
  ≃  1 eV                                 d

n
 ≃ d

p
 ≃ 1 μm 

                 N
A
   ≃   N

D
  ≃  1014 cm-3                           E ≃ 106 V/m

Extremely small!!

Watch another problem: capacitance load on electronics: 

To achieve large width on one side chose ASYMMETRIC DOPING !!
Example: N

D
 = 1012 cm-3 and N

A
 = 1016 cm-3  (need very pure material to 

start with)

dn =  20 VD

e

NA /ND

NAND

dp =  20 VD

e

ND/NA

NAND

C =
A
d
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p-n junction: external field 

Most of the voltage drop U occurs in the depletion layer (very few free carriers, 
large ρ):    V

n
(∞) - V

p
(∞) = V

d
 – U

Chose sign such that positive U is opposite to diffusion (or contact) potential

FORWARD BIAS: U>0
● Holes diffuse in n-direction, electrons diffuse in p-direction, potential barrier is 

lowered 
● Majority carriers recombine in depletion region: “recombination current”
● Or penetrate to the other side “diffusion current”
● Depletion zone narrows:

REVERSE BIAS: U<0
● Electron-hole pairs generated in or near the depletion layer by thermal 

processes (or ionization) are separated: “leakage current”
● Depletion zone becomes wider (at 300 V order of 1 mm)

dnU = dn01−U/VD dpU = dp01−U/VD
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p-n junction: external field 
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p-n semiconductor detector
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Overview semiconductor detectors

● Principle of operation of semiconductor detectors
● Properties of semiconductors (band structure)
● Intrinsic material
● Extrinsic (doped) semiconductors 
● p-n junction 

● Signal generation 
● Ionization yield and Fano factor

● Energy measurement with semiconductor detectors
● Position measurement with semiconductor detectors

● Micro-strip detectors
● Silicon drift detectors
● Pixels

● Charge-coupled devices (CCDs)
● Radiation damage

TODAY

NEXT WEEK
May 31

JUNE 14 !!!


