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Conclusion: In this n-type material the free-holes concentration, 
minority charge carriers, is orders of magnitude smaller  
than that of electrons, the majority charge carriers.

material characteristicmaterial characteristic

Application: Consider silicon with Nd = 1018 cm-3. Determine the 
free charge carrier concentration in thermal 
equilibrium

Valid if material is in thermal equilibrium and
if Boltzmann approximation is valid!
Valid if material is in thermal equilibrium and
if Boltzmann approximation is valid!
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Generation/RecombinationGeneration/Recombination

– In thermal equilibrium: thermal generation is equal to 
thermal recombination. 

– In static equilibrium: excess generation equal to 
excess recombination.
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Two generation-recombination processesTwo generation-recombination processes

– Direct generation-recombination: generation and 
recombination of electron-hole pairs (thermal and as a 
result of other energy supply) across the forbidden energy 
band gap ⇒ “band-to-band recombination”.

– Generation and recombination via energy states in the 
forbidden energy band gap.
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Study of recombinationStudy of recombination

Study recombination by investigating the effect of switching 
off a disturbance ⇒ find the relaxation time (life time) of the 
system to return to thermal equilibrium. 
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Determination of direct recombinationDetermination of direct recombination
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“Low-level” injection for n-type:
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Here, Cp is proportional to the capture cross section for holes

and Nt is the density of states in the gap (trap density).

Recombination via states in the gapRecombination via states in the gap
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Ambipolar transport equationAmbipolar transport equation

Important: the charge-carrier transport is determined by the 
minority charge carriers!!! Under the condition of low-level 
injection. 
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Calculation electric fieldCalculation electric field
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Calculation Vbi
Calculation Vbi
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Calculation depletion widthCalculation depletion width

Depletion width follow from charge neutrality: Naxp = Ndxn

...... and from: W = xn + xp

Then we obtain:
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Applying a reverse biasApplying a reverse bias

– Increase the barrier for electron injection from the n-type 
region into the p-type region and vice versa.

– Hardly any currents are flowing ⇒ electrostatic 
approximation, so:
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Assumptions for ideal J,V relationAssumptions for ideal J,V relation

1. Abrupt boundaries between quasi-neutral region and 
depletion region.

2. Maxwell-Boltzmann approximation is valid.

3. Assume low-level injection.

4. In the structure:

– The total current is constant

– Individual electron and hole currents are 
continuous.

– Individual electron and hole currents are constant 
in the depletion region.
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Determination of the boundary conditionsDetermination of the boundary conditions
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Apply ambipolar transport equation:Apply ambipolar transport equation:
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The current density through the junctionThe current density through the junction

The total current is the addition of the electron and hole 
currents and is determined by the minority properties!!!
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x = 0−xp xn
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Diode equationDiode equation
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Generation-recombination currentGeneration-recombination current
Assumptions:
1. In the whole depletion region n = p = 0
2. Further: τ0 = (τn0 + τp0)/2, and use: 1/NtCp,n = tp0,n0

3. Trap energy level Et in the middle of the gap → n' = p' = ni
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Forward recombination currentForward recombination current

– Charge carriers injected in the depletion region under 
forward bias, can recombine in that region via states in 
the band gap.

– First determine where the recombination rate, R, is 
maximal.

– R is maximal when:

1. The product np in the numerator is maximal and → if x = 0
2. The trap energy level Et (that determines n' and p') is close to

Efi.
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Forward recombination currentForward recombination current

From the assumptions →

And thus the recombination and 
the current becomes ↓
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– In this case the time dependent transport equation for 
minority carriers should be applied: E = 0, g' = 0 and ∂/∂t ≠ 0.

– The bias across the depletion region is equal to the applied 
bias at any moment.

– The bias across the depletion region is in equilibrium with the 
minority carrier concentration on the depletion region edge at 
any moment.
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AdmittanceAdmittance

The admittance of the diode is:
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The transfer resistor...The transfer resistor...
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p+ nn++
Emitter

Base

Collector

(N
d

–
N

a)

Characteristics in forward-active modeCharacteristics in forward-active mode

– Short base width, so the emitter-base junction is in principle 
a short diode

– Emitter-base junction is forward biased, the base-collector 
junction is reversed biased

– In an n-p-n transistor electrons are injected from the emitter 
into the base

– The electron concentration near the depletion region of the 
base-collector junction is zero → large electron-concentration 
gradient
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– Ideally, all electrons injected into base reach collector →
collector current independent of base-collector bias and 
determined by the emitter-base bias

⇒Transistor action

Characteristics in forward-active modeCharacteristics in forward-active mode

IC

VBC

Is

VBE > 0

VBE = 0
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IC onafhankelijk van VBC

IC bepaald door VBE
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p nn
Emitter Base Collector
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Current components of the transistor and 
current gain factor

Current components of the transistor and 
current gain factor
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The dc common base current gain factor is defined as:
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If we assume that the emitter-base area is equal to the base-collector
area, we obtain:
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Small-signal common base current gainSmall-signal common base current gain

We are interested in the collector current-change as a 
function of the emitter-current change:
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– Emitter efficiency injection factor, γ: ratio electron diffusion 
current / total diffusion current

αT

– Base transport factor, αT: determines the efficiency of charge 
transport across the base, in other words is a measure for the 
recombination losses in the base

δ

– Recombination factor, δ: measure for the quality of the emitter-
base junction and gives an indication about the recombination
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Non-ideal effectsNon-ideal effects

So far we assumed that:

– All regions are uniformly doped,

– Low-level injection is valid,

– The emitter- and base widths are constant,

– The band gap is constant in the whole device,

– The current densities are uniform and

– There is no breakdown

x = xBx = 0

Base

Increasing
minority

carrier
gradient

Moving space
charge edge
with increasing
C-B voltage
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Ebers-Moll modelEbers-Moll model
– Transistor represented by two interacting diodes with common 

base
– Forward current of one diode flows into the other reverse-biased 

diode. The emitter-base current is represented by IF

– This current is a function of the emitter-base bias, VBE

– In forward active mode a large part of the current injected into
the base reaches the collector

– This fraction is represented by a current source with value αFIF, 
in which αF is the common-base current gain

– In the inverse mode the base-collector junction is forward biased 
and conducts a current IR which is a function of the base-
collector bias, VBC

– Current across the base is now represented by a current source 
with value αRIR
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Ebers-Moll equationsEbers-Moll equations

The Ebers-Moll equations follow from the equivalent circuit:
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With IES and ICS the reverse-bias currents of the emitter-base and the
base-collector junction, respectively

(JC-VCB)Vbe characteristics

JC

VBC

Js

VBE > 0

VBE = 0

Jinjectie

Jdiode IR

αIF



47

BE

p n
np p

p

n+ buried layer

C'

B'
E'

B CC

+
+

−−

Ic
Ib

Vbe Vce

E

B
C

C'

rμ

Cμ

Cs

r0gmVb'e'
E'

B'

rπCπ

Cje
−

+
Vb'e'

C

E

B

rex

rcrb



48

Cut-off frequencyCut-off frequency
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Time required to travel from the emitter to the collector:

Charging time, τe, of the emitter-base junction capacitance:
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Time required to cross the depletion region between the base and
the collector:

s

dc
d v

x
=τ

with: xdc the base-collector depletion-region width and vs the
saturation velocity at high electric fields

Charging time, τc, of the base-collector junction capacitance:

( )scc CCr += μτ

with: Cμ the base-collector junction capacitance and Cs the 
collector-base capacitance
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Definition cut-off frequencyDefinition cut-off frequency
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Ideal junction characteristicsIdeal junction characteristics

Poisson equation:
s
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⇒ from C' measurement Vbi as Nd can be determined
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Current-voltage relationCurrent-voltage relation
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Differences between Schottky and p-n diodesDifferences between Schottky and p-n diodes

– In a Schottky diode the current is determined by the 
majority carriers, in a p-n diode by the minority carriers.

– In a Schottky diode charge transport is determined by 
thermionic emission of majority carriers over a potential 
barrier, in a p-n diode by the diffusion of minority carriers. 

– The saturation current of a Schottky diode is much larger 
than that of a p-n diode.

– A forward biased Schottky diode does not have diffusion 
capacitance → much faster device.
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