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electrical resistance R = ρ l
A

[length l, cross section A] , electrical resistivity ρ , electrical conductivity σ = 1
ρ

,
electrical conductance G = 1

R
.

Drude-modell: σ = e−nµ , charge of an electron e−, charge carrier density n, mobility of the charge carriers µ.
For hole- [density p, mobility µ+] and electron-conduction: σtot = e−nµ− + e−pµ+ .
Matthiesen-rule: 1

τtot
= ∑i 1

τi
, total collision time τtot, collision times of the involved processes τi.

µ = qτtot
m∗

, charge q, effective mass m∗ = h̵2

d2E
dk2

.

Typical band structures of semiconductors: direct semiconductors
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In direct semiconductors the excitation is a two-particle process [→ electron, photon]; in indirect semiconductors a
transition is a three-particle process [→ electron, photon, phonon] and thus much less propable.

Energetic state densities: conduction band [CB] DCB(E)dE = 1
2π2 [ 2m∗

e

h̵2 ]
3
2 [E −EC] 1

2 dE ,

valence band [VB] DVB(E)dE = 1
2π2 [ 2m∗

p

h̵2 ]
3
2 [EV −E] 1

2 dE .

Occupation propability is described via the Fermi-Dirac distribution: f(E) = 1

1+e
E−µ
kBT

, chemical potential µ.

[EF ≈ EC+EV

2 , µ(T ) = EF − [kBT ]2 π2

6
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Doping:
additional free carriers via elements with a different number of valence electrons.
n-doping: elements from the fifth group, p-doping: elements from the third group

donor concentration ND = N0
D°

neutral donor concentration

+
ionized donor concentration«

N+

D , acceptor concentration NA = N0
A°

neutral acceptor concentration

+
ionized acceptor concentration«

N−

A .

n - concentration of e− in conduction band , p concentration of holes in valence band. Neutrality n+N−

A = p+N+

D.

For moderately n-doped materials: N+

D(T ) = ND

2 e
EF−ED

kBT +1

, EF = 1
2 [ED +EC] + 1

2kBT ln(ND

2n0
) and

n = n0 e−
EC−EF

kBT + 1
2ND e−

EF−ED

kBT .
pn-Junction:
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Diffusion voltage VDiff = kBT
e−

ln (ND

NA
) .

The free majority carriers in each region [e− in n-doped region,
h in p-doped region] diffuse into the other region [there they
are the minority charge carriers]; thereby an electrical field is
build up that counteracts the diffusion and thus eventually an
equilibrium. [space charged region = depletion layer]

Forward bias → + to p-doped and − to n-doped region.

Current j = [ e−Dp

lp
pn + e−Dn

ln
np] [e

e−V
kBT −1]

Dn,Dp - diffusion coeff., ln,lp - diffusion lengths, [subscripts → carriers]
np,pn - minority carrier concentrations [subscripts → region]
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Breakdown Reverse
Bias

Forward
bias
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VS - threshold voltage, IS - leakage current, VBr - breakthrough voltage,
Pw - working point, Rd = dV

dI ∣
Pw

- differential resistance.

depletion layer thickness d =
√

2ε0εr[VD−V ]

e−
[ 1
NA

+ 1
ND

]
∂VS

∂T
∣
T≈300 K ≈ − 2 mV

K

In a semiconductor without an externally applied voltage the Fermi energy is
the same everywhere.

VD ≈ 1
e−

[ECp −ECn] ≈ 1
e−

[EVp −EVn] ≈ kBT
e−

ln (nn

np
) ≈ kBT

e−
ln ( pp

pn
)

is the diffusion induced voltage in a p − n-junction with the band-edge-energies
ECp , EVp in the p-doped and ECn , EVn in the n-doped region.

Breakdown in reverse bias mode via (a) avalanche effect [accelerated free charge collides with other charges and sets them
free; these are accelerated and set others free → avalanche; low doping] or (b) Zener breakdown [high doping → thin depletion
layer → tunnerling current].
Heterojunctions: contact of two different materials [(a) 2 different semiconductors: (ai) pn-junction, (aii) iso-junction;
(b) semiconductor and metal: (bi) ΦM ≈ Φsc [„ohmic contact“], (bii) ΦM > Φsc [„Schottky contact“], (bii) ΦM < Φsc].
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broken gap [type 3]electron affinity χ = Evacuum −EC
work function Φ = Evacuum −EF

For pn-junctions potentially discontinuities in the conduction [∆EC ] and in the valence band [∆EV ] can occur [notches,
spikes], as in the depletion layer of the n-side a band bending to higher energies and in the depletion layer of the p-side
a band bending to lower energies occurs. [∆EC =]

Optical devices

Lambert’s law: I = I0 e−αabz , absorption coefficient αab.
Absorption processes: [all of them are saturated for high intensities!]

− fundamental absorption [αV C ; between valence and conduction band → Ephoton ≥ Eg [−Ephonon]]

− impurity absorption [αil; between, from and to impurity levels; shoulders for Ephoton < Eg]

− exciton absorption [αex; excitons are Coulomb-bound electron-hole-pairs, single line for Ephoton < Eg]

− intraband transition [αib; in doped materials within one band; light hole, heavy hole or split off band]

− free carrier absorption [αF C ; an already excited free carrier is excited even further; Ephoton ≪ Eg]

It is αab = αV C + αil + αex + αib + αFC .

Photomultiplier:
- high gain / amplification [∼ 106e−/photo − e−]
- low noise
- broad frequency response [110 nm . . .1100 nm,

photocathode-material-dependend [work-function!]]
- high sensitivity [∼ 1 A/µW]
- quantum efficiency [1 % . . .20 %]
- small response time [1 ns . . .20 ns]
- maximum anode current limited [> 1 mA]
- dark current [thermal → cooling]
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Photoresistor:

- high electric resistance [dark ∼ 106 Ω . . .107 Ω, lit ∼ 102 Ω . . .103 Ω]
- strong wavelength dependence
- slow repetitive measurements [ms . . . s; for special materials down to µs]
- high sensitivity

Photodiode [reverse bias mode]:

- photovoltaic effect leads to generation of electron-hole
pairs in the pn-junction at illumination [→ there
no recombination ⇒ current source]

- dark current
Idark current = Idiffusion c. + Isurface leakage c.

+Igeneration-recombination c. + Itunneling c.

- Idiffusion c. should be the main component

- all contributions show a different temperature dependence; material
[purity, structure, Eg, . . . ] and geometry factors influence them as
well

- [quantum] efficiency η =
Iphoto
q

Pincident
hf

=

S³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
Iphoto

Pincident

≈ 1
1,240 µm

λ
A
W«

q

hf
[responsivity S] is influenced by:

∼ reflectivity of incident light at the surface
∼ recombination of photo-induced carriers at the surface and in the depletion layer
∼ the optical absorption outside the depletion layer

- operation modes
∼ photo current Iphoto-measurement [without any additional voltage sources; small currents; rather slow]
∼ load resistor voltage measurement [additional voltage source necessary; rather fast [for small RL]]

A

RL

V

PIN-diode:

− i-layer [un- or only poorely doped layer [i[ν] [→ n−] or i[π] [→ p−], ∼ 1013 cm−3...1016 cm−3]
compared to p+/n+ layers [∼ 1018 cm−3]; intrinsic conduction] between p- and n-layer

− increases depletion layer width Wdl [⇒ higher quantum efficiency possible]

− higher reverse bias voltage Vb [Wdl ∝
√
Vb]; if just the whole i-layer is depleted then Vb = Vreach-through

− before break-through:

⋅ capacitance Cdl ≈ ε0εr,dl
A

Wdl
∝ 1√

Vb
⋅ resistance RD defined by residual part of the i-layer [mostly]

− cut-off frequency fc,RC ≈ 1
2πCdlRDL

, with 1
RDL

= 1
RD

+ 1
RL

[load resistor RL]

− transit time ttr of a charge carrier through the depletion layer is another frequency
limiting factor fc,tr = 1

ttr
− anti-reflective coating for low reflectivity at surface → higher efficiency
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Avalanche photodiode [APD]:

− similar to PIN-diode [i-layer for absorption], shows however an additional
poorly doped layer [here p, for charge carrier avalanching]

− multiplication factor
M = photocurrent amplified at high reverse bias in avalanche mode

photocurrent amplified at low reverse bias in photodiode mode
− RC- and transition time cut-off frequencies limit operation bandwidth
− typical: doping of depletion region low, band gap in depletion r. large, thick layer
− for too large Vb breakthrough [avalanche [charge carriers are accelerated this fast,

that they free other carriers] or Zener [tunneling of minority charge carriers]]
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