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Announcement

The lecture on Electronic Circuits
will be read by prof. Bogdan Pankiewicz
at a room NE232, on 14th. Dec. 2017, from 9:15 to 11:00 AM.

For laboratory classes on Electronic Circuits:
1. get prepared - before coming to the class download

please and study materials available at
www.ue.eti.pg.gda.pl/~bpa/ec

2. class for group A  of 10 students - room EA322, on 14th. 
Dec. 2017, from 14:15 to 17:00 PM;

3. class for group B of 10 students - room EA322, on 15th. 
Dec. 2017, from 14:15 to 17:00 PM.

Room EA 301
ph. 58-347-1634
e-mail: pplotka@eti.pg.gda.pl

Piotr Płotka, DEng., DSc.

Gdańsk University of Technology, 
Faculty of Electronics, Telecommunications and 

Informatics

Semiconductor Devices

Electronics – preparatory course
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Holes and electrons in 
semiconductors
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Covalent bonding in Si crystal

An atom of Si crystal lattice shares its 4 valence 
electrons with 4 neighbour atoms, creating 
covalent bonds.

5

),()(),()(
2

2
2

krkkrr Ψ=Ψ







+∇− EV

m


Schrödinger equation for a single electron in a crystal lattice

gdzie 

π2
h=

h – Planck constant; 
r = (x,y,z)T - vector of position in the XYZ space;
k - wave vector;
m – electron mass;
V(r) – periodic potential energy function of electric field related to the periodic crystal 

lattice;
E(k) – allowed values of electron energy (Eigenvalues);
Ψ(r,k) – wave-function of the electron.

a – size of a crystal primittive cell.
Schrödinger equation for a single electron in a crystal lattice after many simplifications:
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E(k) dispersion - dependence of electron energy on wave vector E(k)

Si GaAs
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reduced wave vector  k·a
ka=πka=−π ka=0 ka=πka=−π ka=0

conduction band bottom
schematically marked electrons -

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006
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reduced wave vector  k·a

valence band top
schematically marked holes +

Effective mass, group velocity and quasi-momentum of electron

Si
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Reduced wave-vector  k·a
ka=πka=−π ka=0

Top of a
valence band

Bottom of a 
conduction band

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006 Close to the local maxima and minima, the E(k)

function may be approximated with a parabolic expression
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where m* is the effective mass of electron
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tensor of mij
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Group velocity of electron is expressed as 

dk
dEvg 

1=

Quasi-momentum of electron is expressed as

p = ħk
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Bandgap  Eg – forbiden band

Si
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ka=πka=−π ka=0

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006 Neither electrons, nor holes can populate 

states in the bandgap (forbiden band)

Ev < E < Ec

where
Eg = Ec - Ev

bandgap value. 

Eg(T) dependence 
for Si and GaAs
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Reduced wave-vector  k·a

Top of a
valence band

Bottom of a 
conduction band

Band structure of electron energy in a crystal

Strukt_pasmowa_2
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• Pauli exclusion principle requires splitting of electron energy levels of separated atoms into 

energy bands in a crystal.
• Electrons present in the conduction band, can move (nearly) freely there.

• Holes – missing electrons – present in the valence band can move (nearly) freely there.
• Electrons of the valence band and lower bands can not move freely.

Bandgap  

Conduction
band  

Valence
band  

Top of a
valence band

Bottom of a 
conduction band

Fermi level         

Position in a normal space x         

El
ec

tro
n 

En
er

gy
 E

   
   

   



6

amorficzny Si – 1 Energetic structure of amorphous semiconductors

H H

H

H
H

H

Schematic picture of periodic 
bonds of Si atoms in a 
monocrystal

Two-dimensional schematic 
picture of amorphous Si with 
„dangling” bonds terminated 
with hydrogen atoms. Note: -
number of hydrogen atoms is  
lower in real crystal.

Schematic picture of 
amorphous Si. Its structure 
has many defects  - missing 
atoms, „dangling” bonds.... 
There is no far distance order. 

S.O.Kasap, Principles of Electronic 
Materials and Devices, McGraw-Hill, 2002

Amorphous semiconductor:

• No periodic order of far distance.
• Periodic order of short distance  - typically at a 

distance of 1 nm.
• Large defect concentration.

Kasap, Capper, Springer Handbook of 
Electronic and Photonic Materials, 2006
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amorficzny Si - 2 Energetic structure of amorphous semiconductors

H H

H

H
H

H

Two-dimensional schematic 
picture of amorphous Si with 
„dangling” bonds terminated 
with hydrogen atoms. Note: -
number of hydrogen atoms is  
lower in real crystal.

E

N(E)

Ec

Ev

Dependence of state density on energy N(E)

states related to defets

states related to lack of far 
distance order

Density of states in the energy interval of Ev < E < Ec is not equal 
to 0, in contrast to  a monocrystal. M.Polowczyk, E.Klugmann, Przyrządy 

Półprzewodnikowe", Wyd.PG, 2001

12

states related to lack of far 
distance order
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Intrinsic semiconductor - monocrystal

h+
e–

Thermal vibrations of atoms can break 
bonds and thereby create electron-hole
pairs.

There should be no electrons in the conduction 
band and no holes in the valence band in an ideal 
crystal at the absolute zero temperature.

S.O.Kasap, Principles of Electronic 
Materials and Devices, McGraw-Hill, 2002

At T > 0 K thermal vibrations of atoms result in breaking of 
some bonds. This is generation of electron-hole pairs. 
Their intrinsic concentrations are equal ni = pi.

Electrons in the conduction band and holes in the valence 
band are called charge carriers – they contribute to 
electric current.

T.Floyd, Electronic Devices, 
Prentice-Hall, 1999

13

Free hole motion in the valence band
T.Floyd, Electronic Devices, 
Prentice-Hall, 1999

14
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Doped semiconductors

T.Floyd, Electronic Devices, 
Prentice-Hall, 1999

P, As, Sb –donor dopants 
at Si

Donor concentration is 
denoted as ND

15

n – type semiconductors, 
intentionally doped to have large 
concentration of electrons in 
conduction band

p – type semiconductors, 
intentionally doped to have large 
concentration of holes in valence 
band

B, Ga, In –acceptor 
dopants at Si

Acceptor concentration is 
denoted as NA

koncentracja n -2 Electron and hole concentrations

Electron n and hole p concentrations depend on density of energetic states N(E)
and on probability of their population by electrons f(E).
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Fermi-Dirac function –
probability of population of 
electron states f(E)
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EF –Fermi energy; mean value of 
electron energy at the thermal 
equillibrium
kB - Boltzmann constant, kB =  
1,38·10-23 J/K
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Poziom Fermiego EF - 4 Fermi Level EF

intrinsic semiconductor

n-type semiconductor
(of large electron concentration, 
doped with donors)

Energy 
bands

Densities 
of states

Probability 
functions 
for electrons

Population of bands with 
electrons and holes

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006
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p-type semiconductor
(of large hole concentration, 
doped with acceptors)

18
Ruch termiczny 

nośników -1

krzem typu n

Distributions  of 
electrons and 
holes

2

2*vn
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mEE +=electron energy

potential kinetic

Average energy of a thermal motion for an electron

2
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mnth
mE =

*
3

n

B
mnth m

Tkv = (kB –Boltzmann constant)

TkE Bmnth 2
3=

(Si, 300 K – vthav = 200 km/s)

Thermal motion of electrons and holes in semiconductor

Average velocity of a thermal motion for an electron
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mechanizmy transportu – drift-dif

• For currently produced devices the lengths of electron paths are 
so long, that electrons many times collide with Si atoms. Their 
energies and momenta relax.

• It is convenient to use an average drift velocity of electrons in 
electric field E on their ways between scattering events.

• Carrier transport is described with ideas of:

dyffusion,

and drift in electric field E with velocity averaged for the 
thermal motion.

source drain

Diffusion and drift in electric field

Mechanisms of electron and hole transport 19

For silicon, at T = 300 K λmn
mean free path of electrons 
between collisions with 
crystal lattice is about  7 nm. 

L >> λmn

L – length of electron path in a 
device. 

Si, T = 300 K
L >> 7 nm

controlled 
potential barrier

En
er

gy

fT – current-gain cut-off frequency  a transistor - the highest frequency at 
which the the current-gain of the transistor is not smaller than 1

fmax – power-gain cut-off frequency  a transistor - the highest frequency at 
which the the power-gain of the transistor is not smaller than 1

HF transistors fmax-fT

Record high fT i fmax values for transistors and  requencies of circuit operations fcircuit 20
(2015 r)
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Semiconductor in electric field

E – energy
E – intensity of electric field
Ψ – electric potential
q – elementary charge, q = -e ≈ 1,6·10-19 C = 1,6·10-19 A·s

dx
dE

qdx
d

qE

⋅=Ψ−=

Ψ⋅−=
1

E

EC

EV

EC

EV

direction of electric field Edirection of electric field E

21

22
pojecie ruchliwości

Mobility of electrical charge carriers in semiconductor

L >> λmn

For long devices, when carrier scatering can not be neglected 

• Electrons (holes) are many times scattered. 

• At the background of this chaotic thermal motion only the 
average drift velocities vdrift in external electric field E are 
considered.

• For low E the average drift velocity of electrons vdriftn:

Endriftn μ−=v

• For low E the average drift velocity of holesvdriftp:

Epdriftp μ=v
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23
ruchliwość -

domieszkowanie

Mobility of electrical charge carriers in semiconductor

• thermal vibrations of crystal lattice

• dopant atoms –donors and acceptors.

Mobility valueses of electrons and holes, µn oraz µp, for Si result 
from scattering at: 

J.-P. Colinge, C.A. Colinge, "Physics of Semiconductor Devices", Springer 2002

Si, Ge, GaAs
T = 300 K

Drift current in electric field

Apply an electric field Ex to an Si sample. 
Electrons drift to the right with an average 
velocity of vnx. During the time interval of

Density of electron current Jnx is 
expressed as:

zyqnv
t

zyxqn
t
QI xn ΔΔ−=

Δ
ΔΔΔ−=

Δ
Δ−=Δ

all electrons from this  ΔxΔyΔz cube escape 
through the right wall. The electron current 
may be expressed as:

nxvxt /Δ=Δ

nx
n

driftnx qnv
zy

IJ −=
ΔΔ

Δ=

thus xndriftnx qnJ Eμ=

24

electron
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25

elektronowy i 
dziurowy prąd 

unoszenia

Drift current in electric field

For constant electrons n and holes p concentrations: 

xndriftnx qnJ Eμ= xpdriftpx qpJ Eμ=

xpxndriftx qpqnJ EE μμ +=

Jdriftnx and  Jdriftpx are electron and hole components of the drift current Jdriftx in the direction of  x.

Conductivity σ (characteristic conductance, inverse of characteristic 
resistance – reistivity ρ) 

pn
x

drifx qpqn
J

μμ
ρ

σ +===
E

1

It happens often for an n-type semiconductor, that 

n

i
nDn n

npNn
2

≈>>≈

26
elektronowy prąd 

unoszenia

Drift current in electric field

xndriftnxdriftx qnJJ Eμ=≈

nqnμ
ρ

σ ≈= 1

n

i
nDn n

npNn
2

≈>>≈

thus 

driftpxdriftnx JJ >>

It happens often for an n-type semiconductor, that 

Conductivity σ (characteristic conductance, inverse of characteristic 
resistance – reistivity ρ) 
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27
dziurowy prąd 

unoszenia

Drift current in electric field

xpdriftpxdriftx qpJJ Eμ=≈

pqpμ
ρ

σ ≈= 1

p

i
pAp p

nnNp
2

≈>>≈

driftnxdriftpx JJ >>
thus 

It happens often for a p-type semiconductor, that 

Conductivity σ (characteristic conductance, inverse of characteristic 
resistance – reistivity ρ) 

28
vdrift vs. E

Dependence of drift velocity on electric field intensity

Endriftn μ−=v

Epdriftp μ=v

For small intensities of 
electric field E

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006

For large intensities of electric field E, 
at silicon E > 104 V/cm
vdriftn = vsatn

vdriftp = vsatp
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29
impact ionization-1 Impact ionization 

– mechanism of avalanche breakdown

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006

At very large intensities of elecctric field E, 106

V/cm at Si, despite the scattering, some 
electrons  or holes gain so high energies that an 
impact ionization is possible

- electron of a conduction band passes its excess 
energy to an electron of the valence band, and 
the energy is higher thaan the bandgap – there 
is created an additional electron-hole pair;

- this process may proceed in an avalanche 
manner – avalanche breakdown.
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Electron_tunneling_2

Current of electrons tunneling through a rectangular barrier

S.M. Sze, K.K. Ng, "Physics of Semiconductor 
Devices", 3 ed., Wiley 2007, p. 48

A.F.J. Levi, "Applied Quantum Mechanics" 
2ed., Cambridge Univ. Press, 2006, pp. 145-
149 and 182-188

[ ]1 1 3 32 3
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NC1, NC3 – densities of electron states in regions 1 and 3;
f1, f3 – Fermi-Dirac probability functions of population
of electron states f(E) in regions 1 and 3.

JT – current density of tunneling electrons:

Tt(E) – probability of tunneling of an electron having energy En:

( )
122 2

21 2
2

1 2

( ) 1 sinh
2t n

k kT E k W
k k

−
  +
 = +  
   
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*

1 2 /nk m E= 

( )*
2 02 /nk m U E= − 
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Dyfuzja dziur i 
elektronów - 1 31Diffusion currents of electrons and holes

• Suppose that we have a not uniform distribution of electrons or holes.
• In this situation there are present fluxes of electron and hole diffusion, that is diffusion current  –

„trying to equillibrate the concentrations”.
• Diffusion current may be nonzero even when the intensity of the electric field E is equal to zero.

L >> λmn

For long devices, when carrier scatering can not be neglected 

Dyfuzja dziur i 
elektronów - 2

32Diffusion currents of electrons and holes

dx
dnqDJ ndifnx =

dx
dpqDJ pdifpx −=

q
TkD B

nn μ=

where the diffusion costants Dn and 
Dp were determined by Einstein:

q
TkD B

pp μ=

• Suppose that we have a not uniform distribution of electrons or holes.
• In this situation there are present fluxes of electron and hole diffusion, that is diffusion current  –

„trying to equillibrate the concentrations”.
• Diffusion current may be nonzero even when the intensity of the electric field E is equal to zero.
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33
prad przewodzenia Density of conduction current J in semiconductor

Density of an electron component of conduction current Jn in a semiconductor is a sum of 
a component related to the drift in electric field E and of a component related to the 
diffusion:

difnxdriftnxnx JJJ +=

dx
dnqDqnJ nxnnx += Eμ

Density of a hole component of conduction current Jp

difpxdriftpxpx JJJ +=

dx
dpqDqpJ pxppx −= Eμ

Density of a conduction current J in a semiconductor :

pxnxx JJJ +=

34
Diffusion constant Diffusion constant value – Einstein relation

• Let us take a semiconductor sample, e.g Si, nonuniformly doped with donors.
• Let it be in thermodynamic equillibrium, which requires:

We see that Dn may be expressed as: q
TkD B

nn μ=

dx
dnqDqn nxn += Eμ00=nxJ or

We take into account that n and Ex may be expressed as:
( )1 c

x
dE x

q dx
=E







 −−≈
Tk
EENn

B

Fc
C exp*

we calculate:
* ( )expC c F c c

B B B

N E E dE dE xdn n
dx k T k T dx k T dx

 −≈ − − ⋅ = − ⋅ 
 

Taking into account that
( ) 0FdE x

dx
=

Note: at room temperature T
≈ 300 K thermal voltage VT

The expression for Jnx takes form of: ( ) ( )0 c c
n n

B

dE x dE xqn nD
dx k T dx

μ= − ⋅

Similarly, Dp may be expressed as: B
p p

k TD
q

μ= 25 mVB
T

k TV
q

≡ ≈

in thermodynamic equillibrium,
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35
Electric field in nonuniform Electric field E in nonuniformly doped semiconductor

• Let us take a semiconductor sample, e.g Si, nonuniformly doped with donors or 
acceptors.

• Let it be in thermodynamic equillibrium, which means:

The obtained electric field Ex at nonuniformly doped semiconductor is nonzero at 
equillibrium:

dx
xdn

xnq
TkB

x
)(

)(
1⋅−=E

dx
xdp

xpq
TkB

x
)(

)(
1⋅=E

For n-type semiconductor, when n ≈ ND >> ni : For p-type semiconductor,  when p ≈ NA >> ni
:

dx
xdN

xNq
Tk D

D

B
x

)(
)(

1⋅−=E
dx

xdN
xNq

Tk A

A

B
x

)(
)(

1⋅=E

q
TkD B

nn μ=

2
inpn =

dx
dnqDqn nxn += Eμ0

0=nxJ

thus

We see that the drift current component and the diffusion current component 
compensate each other. We substitute the Einstein expression for the diffusion 
constant Dn:

and

generacja -
rekombinacja - 1

• Generation and recombination processes take place in semiconductors;
• spontaneously – as an effect of thermal vibration of crystal lattice,
• or stimulated, eg. by illumination.

36Generation and  recombination of electrons and holes

Generation and recombination models 

direct at GaAs, GaN ... indirect w Si, Ge, SiC ...
generation recombination generation recombination

generation
- recombination
- center
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generacja -
rekombinacja - 2

37Generation and  recombination of electrons and holes

Let there be no current flow in the semiconductor sample.

τ
0nnGUG

t
n

nn
−−=−=

∂
∂

τ
0ppGUG

t
p

pp
−−=−=

∂
∂

Generation caused by an 
external excitation.

n0 , p0 - equillibrium concentrations of electrons and holes.
Gn , Gp - electron and hole generation rates.
Un , Up - electron and hole recombinationrates.
G - Generation rate (or recombination rate – if negative) due to an external excitation.
τn = τp = τ - lifetime of excess electrons and holes.

Decay of the excess carriers
- return to equillibrium

generacja -
rekombinacja - 3

38Generation and  recombination of electrons and holes

G – rate of generation caused by illumination.

τ
0nn ppG

t
p −−=

∂
∂

G(t<0) > 0
G(t≥0) = 0

pn0 ≈ ni
2/ND - equillibrium concentration of holes.

τn = τp = τ - lifetime of excess electrons and holes.

An  n-type Si sample was uniformly illuminated with light of  quantum energy of radiation 
larger than Eg. The illumination was turned off at t = 0. How does the hole concentration pn
change in time?  

0

0

n

nn

p
pp −

t - in arbitrary 
time units.

Solutions for two different 
values of  excess carrier 
lifetime.
τ = τp1 and τ = τp2 = 10τp1
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ciaglosc ladunku

39Equation of  charge  continuity

Let us neglect generation and recombination process. 
An electron current of  Inx = Jnx ΔyΔz flows into a cube of  ΔxΔyΔz

while the current of Inx + ΔInx = (Jnx + ΔJnx)ΔyΔz flows out.
The differece of ΔInx charges the element of ΔxΔyΔz:

tIQ n Δ⋅Δ−=Δ

zyxnqQ ΔΔΔ∂−=Δ tzyJtI nn ∂⋅ΔΔ⋅Δ−=∂⋅Δ−

xqt
n n

∂
∂=

∂
∂ J1

After accounting for the generation Gn and recombination Un we obtain the continuity equation for 
electrons:

xq
UG

t
n n

nn ∂
∂+−=

∂
∂ J1

Similarly - the continuity equation for holes:

xq
UG

t
p p

pp ∂
∂

−−=
∂
∂ J1

electron

podstawowe 
rownania

40
Basic equations for analysis of semicoductor device operation

This equation set is used in computer simulation of devices. Apropriate boundary and initial conditions 
have to be applied also in these simulations. Analytical solutions require many simplifications.

xq
UG

t
n n

nn ∂
∂+−=

∂
∂ J1Continuity equation for 

electrons:

Continuity equation for 
holes:

dx
dnqDqnJ nxnnx += Eμ

dx
dpqDqpJ pxppx −= Eμ

pxnxx JJJ +=

Density of electron 
conduction current:

Density of hole conduction 
current:

Density of totalconduction 
current :

Poisson equation – for 
potential distribution Ψ :

( )
0

2

2

εε

+− −+−=
∂
∂ DA NNpnq

x
Ψ

NOTE:

They may be applied 
only for long devices, 
when carrier 
scatering can not be 
neglected. xq

UG
t
p p

pp ∂
∂

−−=
∂
∂ J1

L >> λmn
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Introduction to operation and 
construction of Si MOSFETs 

41

Static characteristics of a metal oxide 
semiconductor field-effect transistor 

(MOSFET) with an enhanced channel

42MOS_IV_title

xninvnD WQI Eμ−=

Most important assumptions (simplifications)

xndriftnv Eμ−=

• Average drift velocity vdriftn of electrons is proportional to the electric field E :

• The current is conducted in extremely thin layer of the channel, having two-
dimensional charge density of Qinvn.

xnn qnJ Eμ=
• Ohm law expressed in terms of electron concentration n and  E :
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Equal work functions and no trapped 
charge assumed.

Zero VGS and VDS voltages

Idealized flat-band diagram

• Equilibrium electron concentration 
n in Si is extremely small, eg. 102

cm-3.

• Equilibrium hole concentration p
in Si is large, eg. 1018 cm-3.

• Thus, there is no continuous 
electron conduction path between 
source and drain. Potential 
barrier,ΨB at the n source 
perimeter is high.

• Therefore, drain current ID is 
negligible even when VDS>0 V. 

43

VGS greater than threshold voltage VTn , VDS ≈ 0 V 44

• Si under SiO2 interface in a state of 
strong inversion.

• Transistor „turned ON” VGS > VTn > 0 V.

• Conducting channel of n-type created 
between source and drain.

• Applying VGS = VTn > 0 results in 
lowering potential barrier ΨB to 
negligibly small value – for transistor 
with drift-diffusion transport.

• When VDS > 0 V then a current ID flows, 
carried by electrons.

Idealized band diagram
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VGS > VTn , 0 V < VDS < VGS - VTn

• Si under SiO2 interface in a state of strong 
inversion.

• Drain current ID. flows.

• Wzdłuż kanału o długości L przepływ Flow 
of ID influences a potential distribution 
Ψ(x) along the channel of L length:

)()( xVxV GSG Ψ−=

Ψ(x=0) = 0 V
Ψ(x=L) = VDS

where 
x=0 at source edge,
x=L at drain edge.

• The voltage VG(x) between the metal gate 
and the channel changes along the 
channel as:

VGS > VTn , 0 V < VDS < VGS - VTn 45

Charge of electrons in a channel

)()( xVxV GSG Ψ−=

Ψ(x=0) = 0 V
Ψ(x=L) = VDS

VGS > VTn , 0 V < VDS < VGS - VTn

• Consider the conducting channel as a 
lower electrode of a capacitor with SiO2
dielectric and a metal gate as an upper 
electrode.

• VG(x) - VTn voltage induces a charge per 
unit area in the channel Qinvn:





 ⋅−=−⋅−=  ∞− 2

0
),(])([

m
sAdyyxnqVxVCQ TnGoxinvn

ox

SiO
ox t

C 02εε=where tox – gate oxide thickness
εSiO2 ε0 – dielectric constant of  SiO2





 ⋅Ψ−−⋅−= 2)]([

m
sAxVVCQ TnGSoxinvn
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• The voltage VG(x) between the metal gate 
and the channel changes along the 
channel as:

Crude approximation!
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Drain current in triode (linear, nonsaturation) area

VGS > VTn , 0 V < VDS < VGS - VTn • We use the expression for the charge of 
electrons per unit area in the channel 
Qinvn:

ox

SiO
ox t

C 02εε=where 

)]([ xVVCQ TnGSoxinvn Ψ−−⋅−=

• and expression for current in a thin 
layer Inx

xninvnD WQI Eμ−=
• This yields the increment of potential at 

a small distance of dx

)]([
)(

xVVWC
dxIxd

TnGSoxn

D

Ψ−−⋅
⋅=Ψ

μ

ID

 ⋅=Ψ⋅Ψ−−⋅
L

D

VDS

TnGSoxn dxIdVVWC
00

][μ
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Prąd drenu w obszarze triodowym - 2

VGS > VTn , 0 V < VDS < VGS - VTn

• Drain current intensity is constant at the 
entire channel length.

ox

SiO
ox t

C 02εε=gdzie 

ID

 ⋅=Ψ⋅Ψ−−⋅
L

D

VDS

TnGSoxn dxIdVVWC
00

][μ

Drain current in triode (linear, nonsaturation) area

• After integration we obtain expression for ID(VDS, VGS) 

48
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Prąd drenu w obszarze triodowym - 3

VGS > VTn

0 V < VDS < VGS - VTn

• It holds for the following range of VDS i VGS

ox

SiO
ox t

C 02εε=where

• Expression for static characteristics of a 
MOS field effect transistor  ID(VDS, VGS) :

ID ( ) 







−⋅−⋅=

2

2
DS

DSTnGSoxnD
VVVV

L
WCI μ

Drain current in triode (linear, nonsaturation) area

• At this range of VDS values the VGS voltage is large enough to invert the channel 
at its entire length.

• For the larger VDS values the inversion layer is not induced on the drain side of 
the channel.

49

(A crude approximation!)

Prąd drenu w obszarze triodowym - 4 Drain current in triode (linear, nonsaturation) area 50

VGS > VTn

0 V < VDS < VGS - VTn

• For the VDS i VGS voltages of

• A single  ID(VDS) curve at a fixed VGS has a shape of a an inverted parabola with a 
maximum at VDS=VGS-VTn – that is at the limit of applicability.

• This operation area is refered to as a triode area or linear or nonsaturation or non-
pinch-off operation area of a MOS transistor.

( ) 







−⋅−⋅=

2

2
DS

DSTnGSoxnD
VVVV

L
WCI μ

IV characteristics
of an ideal
MOSFET, 
VTn = 1,0 V

ox

SiO
ox t

C 02εε=

ID
Saturation region
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Prąd drenu w obszarze nasyc - 1 Drain current in saturation (pentode, pinch-off) area 51

VGS > VTn

VDS > VGS - VTn

• For the higher VDS voltages, 
when

• This operation area is refered to as a saturation area or pentode or pinch-off 
operation area of a MOS transistor.

ID ( )
2

2
TnGS

oxnD
VV

L
WCI −⋅= μ

• Inversion layer of the n type channel is
induced only under a part of the gate
SiO2 – near the source.

• The drain current ID flows.

• The drain current ID for a given value of 
VGS is equal to the maximum value of ID
at a triode area :

• The drain current ID depends only on VGS
and is independent of the VDS value.

• IV curves of  MOSFETs in modern 
integrated circuits differ from this simple
model.

Saturation region Characteristics of 
ideal MOSFET, 
VTn = 1,0 V

Output IV characteristics of idealized MOSFET with induced n-channel
52

VGS > VTn

VDS > VGS – VTn > 0 V

• For saturation region, when

( )
2

2
TnGS

nD
VVI −⋅= β

VGS > VTn

0 V < VDS < VGS - VTn

• For triode operation 
region, when

( ) 







−⋅−⋅=

2

2
DS

DSTnGSnD
VVVVI β

• Characteristics of modern MOSFETs in integrated circuits differ from this model.

• It can be used, however, as a coarse approximation for designing new circuits.

S

G

D

VGS < VTn
cutoff
ID ≈ 0

ox

SiO
ox t

C 02εε=
ID

L
WCoxnn μβ =
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Transfer characteristics of MOSFET with induced n-channel
53

VGS > VTn

VDS > VGS – VTn > 0 V

• For saturation region:

( )
2

2
TnGS

nD
VVI −⋅= β

S

G

D

VGS < VTn
cutoff
ID ≈ 0

ID

L
WCoxnn μβ =

Idealized
IV-curve

Actual IV-curve

Effect of series
resistance

DI

VGS

Threshold voltage VTn of MOSFET with induced n-channel
54

• Si under SiO2 interface in a state of strong
inversion - „band bending” of  2ΦFBulk ,

• which results in a voltage drop across the 
gate oxide of the value of :

- QB/Cox

• where QB – electrical charge of ionized
acceptor atoms in the deletion layer under
the gate oxide.

• Effect of metal-semiconductor work-function
difference Φms;

• Effect of electrical charge trapped at the 
oxide-semiconductor interface and at the 
gate oxide Qf :

ox

B
FBulk

ox

f
msTn C

Q
C
Q

V −Φ+−Φ≈ 20

Idealized band diagram
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Effect of   VBS - bulk-source (substrate-source) potential difference
55

VBS = 0 V

• Application of  nonzero bulk-source voltage, 
VBS ≠ 0, results in a changed thickness of a 
depletion layer under the gate. 

• This leads to a change in the total electrical
charge of ionized acceptors in the depletion
layer, which in turn affects the value of   VTn .

• The substrate (bulk) may be used as an
additional gate for the drain current control, but 
its efficiency – related transconductance - is
small. 

( )FBulkBSFBulkTnTn VVV Φ−−Φ+≈ 220 γModeling of VBS effect in SPICE program: 

Effect of high intensity electric field E in a channel
56

For high intensities of electric field E, in silicon E > 104 V/cm, drift velcities of electrons and 
holes reach the saturation values vdriftn ≈ vdriftp ≈ vsat ≈ 107 cm/s. It happens in modern transistors
of short channels.

In the pentode area

( )
2

2
TnGS

oxnD
VV

L
WCI −⋅= μ ( )TnGSoxsatD VVWCvI −=

Quadratic dependence of ID on VGS .

Assuming that µn = const. Assuming that vdriftn≈ vsat

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006

increasing
VGS

increasing
VGS

Linear dependence of ID on VGS .
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2nd Generation 32-nm High-k + Metal Gate Transistors - Intel 2010
57

P. Packan i in., IEDM 2009 ss.659-662

VGS =1.0V

0.8V

0.6V

ID(VDS) characteristics for fixed VGS values

ID(VDS)
[mA/µm]

-ID(VDS)
[mA/µm]

Channel length L = 32 nm.

E > 104 V/cm, therefore, the drift velocities of electrons and holes approach the 
sauration values:  vdriftn ≈ vdriftp ≈ vsat ≈ 107 cm/s. 

( )TnGSoxsatD VVWCvI −=

This is the reason for nearly proportional dependence of ID on VGS .

• Drain current |ID | does not increase with 
|VGS| square.

• VDS has significant influence on ID that is
rDS ≠ ∞.

• These are results of short channel lengths, 
32 nm.

Assume VDS = 0,5 V and let us estimate the 
electric field intensity E :

V/cm105,1
2nm3

V5,0 5⋅≈≈E

n-channel MOS transistor. p-channel MOS transistor.

58
nMOS i pMOS - 1

nMOSFET i  pMOSFET – comparison of output IV characteristics

MOSFET with induced
n-channel

MOSFET with depleted
n-channel

MOSFET with induced
p-channel

MOSFET with depleted
p-channel
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nMOS i pMOS - 2

nMOSFET i  pMOSFET – comparison of output IV characteristics

MOSFET with induced, n-type channel

S

G

D

ID

S

G

D

ID

ID > 0 VTn > 0 ID < 0 VTp < 0

µp = µn/3  - thus |ID| about 3 times 
smaller for pMOS than for nMOS at 
similar |VGS – VTn(p)|

MOSFET with induced, p-type channel

60
nMOS i pMOS - 3

nMOSFET i  pMOSFET – comparison of IV characteristics

S

G

D

ID

S

G

D

ID

ID < 0 VTp < 0

ID > 0 VTn > 0

saturation area:  VGS > VTn ,  VDS > VGS – VTn > 0 V

( )
2

2
TnGS

nD
VVI −⋅= β

linear area:  VGS > VTn , 0 V < VDS < VGS - VTn

( ) 







−⋅−⋅=

2

2
DS

DSTnGSnD
VVVVI β

cut-off area:  VGS <= VTn
0≈DI

saturation area:  VGS < VTp ,  VDS < VGS – VTp < 0 V

( )
2

2
TpGS

pD

VV
I

−
⋅−= β

linear area:  VGS < VTp , 0 V > VDS > VGS - VTp

( ) 







−⋅−⋅−=

2

2
DS

DSTpGSpD
VVVVI β

cut-off area:  VGS >= VTp
0≈DI

L
WCoxnn μβ = L

WCoxpp μβ =

MOSFET with induced, n-type channel MOSFET with induced, p-type channel

µp = µn/3  - thus |ID| about 3 times 
smaller for pMOS than for nMOS at 
similar |VGS – VTn(p)|
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nMOS i pMOS - 4

nMOSFET i  pMOSFET – comparison of transfer IV characteristics

D
D

D I
I
I

VGS0

S

G

D

DD

I

S

G

ID

S

G

D

DD

I

S

G

ID

S

G

D

DD

I

S

G

ID

S

G

D

DD

I

S

G

ID

MOSFET with depleted,
n-type channel

MOSFET with induced,
p-type channel

MOSFET with induced,
n-type channel

MOSFET with depleted,
p-type channel

62A direct-current operation point of a MOS transistor

( ) ( )GSDSGSDSD VVfVVI ,, =

DDLDDS VRIV =+

We solve the set of two equations:

- equation of static characteristics of 
the transistor

- equation of the load line

Note:

The characteristics of transistors are usually described
withdifferent forms of the equations for cut-off, triode-, 
and pentode-regions of operation.

For finding the DC operation point (ID0 , VDS0 , VGS0) by 
solving equations it is convenient to: 

• assume that the transitor operates for instance at the 
saturation region,

• solve the set of the respective set of the equations,
• verify the applicability of the assumption,
• if the applicability was not confirmed then change the 

assumed operation region and again solve the respective set 
of equations..

For a transistor of known characteristics we want to find DC current
and voltages VGG = VGS0 = 0,5 V.

VGG = VGS0
= 0,5 V.
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63Response to a small variation of a gate-source voltage ΔVGS

Suppose that in the beginning VGG = VGS0 = 0,5 V.

Suppose also that VGS is varied: VGS2 = VGS0 + ΔVGS.

Let us find: ID2 , VGS2.

02 DDD III −=Δ

( ) ( )1201 DDDDD IIIII −+−=Δ

GS
constVDSGS

D
DD V

V
III Δ⋅

∂
∂

≈−
= .

01

DS
constVGSDS

D
DD V

V
III Δ⋅

∂
∂

≈−
= .

12

DS
constVGSDS

D
GS

constVDSGS

D
D V

V
IV

V
II Δ⋅

∂
∂

+Δ⋅
∂
∂

≈Δ
== ..

64

Odpowiedź DVGS  -2

DS
constVGSDS

D
GS

constVDSGS

D
D V

V
IV

V
II Δ⋅

∂
∂+Δ⋅

∂
∂≈Δ

== ..

Response to a small variation of a gate-source voltage ΔVGS

Let us define transconductance gm:

.constVDSGS

D
m V

Ig
=

∂
∂≈

Let us define output conductance gDS and resistance rDS :

.

1

constVGSDS

D

DS
DS V

I
r

g
=

∂
∂≈=

Therefore: DSDSGSmD VgVgI Δ⋅+Δ⋅≈Δ

And, using the load
line equation: DLDS IRV Δ⋅−=Δ

Finally:
GS

LDS

DSm
D V

Rr
rgI Δ⋅
+

≈Δ

GS
LDS

LDSm
DS V

Rr
RrgV Δ⋅

+
−≈Δ

Suppose that in the beginning VGG = VGS0 = 0,5 V.

Suppose also that VGS is varied: VGS2 = VGS0 + ΔVGS.

Let us find: ID2 , VGS2.
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65
schemat malosygn m.cz.

Equivalent small-signal transistor circuit for small frequencies

Calculated amplitudes of 
small-signal components:

gs
Lds

dsm
d V

Rr
rgI ⋅

+
≈

gs
Lds

Ldsm
ds V

Rr
RrgV ⋅

+
−≈

)sin(0 tVV
V

ggGG

GG

ω+
=

.
0

const
VV DDDD

=
=

)sin(0 βω ++= tVVv dsDSds

)sin(0 αω ++= tIIi dDd

DSds rr ≈where

We have thus linearized the characteristics of our transistor in the process of  solving for the 
response of the circuit at small-signal variation of some voltage close to the DC operation
point  (ID0 , VDS0 , VGS0).

It is to note , that exactly the same, linear
dependencies between the AC components of 
currents and voltages are obtained for the 
circuit as below. 

66
schemat malosygn m.cz.

Equivalent small-signal transistor circuit for small frequencies

)sin(0 tVV
V

ggGG

GG

ω+
=

.
0

const
VV DDDD

=
=

)sin(0 βω ++= tVVv dsDSds

)sin(0 αω ++= tIIi dDd This linearized circuit is called a small-signal
equivalent circuit..
The small-signal equivalent circuit of a MOS 
transistor in a common source configuration is
marked with a red envelope line below.

Method of obtaining the small signal equivalent
circuit :
• substitute the independent voltage sources in the 

real circuit with conductor lines (short-circuits);
• substitute the independent current sources in the 

real circuit with openings (open-circuits);
• substitute the transistors with their small-signal

equivalent circuits.
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67Small-signal transistor equivalent circuit for medium frequencies

- including gate-source capacitances CGS and gate-drain
capacitances CGD, as well as parasitic elements

parasite

oxGS CWLC ⋅≈
2
1 The capacitances account for the electric

charges of the flowing carriers and, also, 
for the charges stored in the depletion
layer under the gate oxide.

parasite parasiteparasiteGate

Source

Drain

oxGD CWLC ⋅<
2
1

For a direct-current operation
point belonging to the pentode

region:

68Cut-off frequencies for operation with small signals

Only the most important elements taken
into account, including the series resistance

of the gate,  rgg’ . 

Gate

Source

Drain

The current-gain cut-off frequency fT of a MOS transistor is the highest frequency at which
the extrapolated current-gain of the transistor is not smaller than 1.

The power-gain cut-off frequency fmax of a MOS transistor is the highest frequency at
which the extrapolated power-gain of the transistor is not smaller than 1.

( )GDGS

m

ox

m
T CC

g
WLC
gf

+
=≈

ππ 22

GDgg

T

Cr
ff

'
max 8 ⋅

≈
π
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69Two-port network type models of a transistor
Gate

Source

Drain A small-signal eqiuvalent circuit of a 
transistors may be presented as a two-port 
network.
Source i shared by input and output –
common source configuration.
ig = i1 ,  vgs = v1
id = i2 ,  vds = v2

ig id

dsSgSd

dsSgSgs

VhIhI
VhIhV

2221

1211

+=

+=
Hybrid-type
equations

dSgSds

dSgSgs

IzIzV
IzIzV

2221

1211

+=

+=

dsSgsSd

dsSgsSg

VyVyI
VyVyI

2221

1211

+=

+=

∞→
→

)(
0

21 fh
f

S

Current gain:

For field effect transistors we have:

0

21 )(
)()(

=

=
dsVg

d
S fI

fIfh

we wy

0

21

=

==
dsVgs

d
Sm V

Iyg

Transconductance of a transistor:
[hij], [yij] i [zij] matrices are equivalent and may be 
transformed one into other one. At microwave frequencies
it is convenient to use another equivalent matrices - [Sij] 
matrices.

Impedance-type
equations

Admitance-type
equations

Rekord fT w tranzystorach CMOS IBM 2007 - a

IEDM 2007, art. s10p04, IBM

Record high current gain cut-off frequencies fT of CMOS transistors
fabricated in 45-nm technology - IBM 2007

pMOS

nMOS

70

Magnitude of current
gain in a common-
source configuration

0
)(
)()(21

=

=
dsv

fi
fifh

g

d
S
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71

Nonlinear operation of MOS 
transistor in a pulse circuit

MOS_switch_title

72

MOS_switch_1

Tngs Vv <= 0

TnINgs VVv >=

DONd Ii =
o

DD

R
V

Zmiana napięcia vgs powoduje zmianę 
prądu drenu  id oraz napięcia vds. Punkt 
pracy przesuwa się wzdłuż prostej 
obciążenia ze zwłoką wynikającą z 
ładowania pojemności tranzystora przez 
prądy o ograniczonych wartościach.

o

dsDD
d R

vVi −=

Operation of MOS transistor in a pulse circuit
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MOS_switch_2

Changing vgs leads to varying id current
and  vds voltage. The operation point is
being shifted along the load line. The  delay
of this process is due to charging of the 
capacitances of the transistor with currents
of limited values.

Operation of MOS transistor in a pulse circuit

CDS
CGD

CGS

D

S

G

Hypothetic inertion-less 
trasistor with added
external capacitors.

74

MOS_switch_3

• Rin lead is switched from ground to VIN.
• vgs<VTn - Cgs capacitance being charged from 0 V to 

VTn.
• id ≈ 0 for time shorter than td(ON) from the pulse edge

(td(ON) – turn-on delay time).

DDdsd Vvi ≈≈ ,0

IDON

Operation of MOS transistor in a pulse circuit
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75

CMOS inverter
– a basic CMOS gate

76Example CMOS inverter with transistors of 50-nm channels

VDD = 1,2 V

MnA

MpA

Vwy

Vwe

IDp

IDn
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77Graphical method of transfer IV characteristic of CMOS inverter determination

VDD = 1,2 V

MnA

MpA

Vwy

Vwe

IDp

IDn

IDn = - IDp

VDSn = VDD + VDSp

VGSp = VGSn - VDD

Corresponding pairs of characteristics for nMOS and pMOS 
transistors plotted with the same colors.

pMOS transistor serves as load 
for nMOS (and oppositely

Static transfer characteristic for CMOS inverter is usually calculated
numerically

78

VDD = 1,2 V

MnA

MpA

Vwy

Vwe

IDp

IDn
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MnA

MpA

VDD > 0 V

Vwy
Vwe

CL

MnA

Vwy
Vwe

CL

VDD

0

After Vwe step down from VDD to 0 V the Mn
transistor is quickly turned off. Load 
capacitance CL is being charged up to VDD
through Mp. 

After Vwe step up from 0 V to VDD the Mp
transistor is quickly turned off. Load capacitance 
CL is being discharged to 0 V through Mn. 

VDD

0 0

VDD

0

MpA

VDD > 0 V

Vwy

Vwe

CL

Pulse operation of CMOS inverter

80Power loss at CMOS inverter

Power loss for 
D-S DC leakage

Power loss for charging
and discharging of load
capacitance CL

Power loss for gate 
dielectric conduction 
(tunnelig current).

DDVGSDDDVDDVGSGDDLtot VIVIfVCP ⋅+⋅+⋅⋅=
== 0

2

• In older CMOS circuits power was consumed mainly for charging 
and discharging capacitancies CL of subcircuits.

• Few years ago, for gate dielectric layers thinner than 5 nm, power 
loss resulting from tunneling currents in gate dielectrics become 
considerable. 

• Few years ago, for channel lengths L smaller than 50 nm, power 
loss resulting D-S leakage become considerable.
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Scaling down field effect transistors 
in CMOS integrated circuits

30 Years of CMOS Scaling  1978 - 2008 82

Mark Bohr, The New Era of Scaling in an SoC World, 2009 ISSCC

transit

transit
cutoff v

lf
π2

≤• Device operation speed is limited by a path 
length and velocity of electrons.

• Number of logic gates per unit area increases as 
the size of device decreases.

2
minl

Area
N ∝
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83Scaling coefficients of CMOS transistors at conservation of fixed electrical field 
intensities and power density

Parametr Scaling
coefficient

Parameter

Rozmiar (tox, rj, W, L) λ−1 Dimension (tox, rj, W, L)
Napięcie zasilania (VDD) λ−1 Supply voltage (VDD)

Napięcie progowe (VTn, VTp) λ−1 Threshold voltage (VTn, VTp)
Koncentracje domieszek (NA, ND) λ Dopant concentrations (NA, ND)
Pojemność charakt. bramki (Cox) λ Specific gate capacitance (Cox)

Pojemność bramki (CG) λ−1 Gate capacitance (CG)
Prąd drenu (ID) λ−1 Drain current (ID)

Gęstość prądu (J) λ Current density (J)
Moc zasilania (P) λ−2 Power consumption (P)

Gęstość mocy (P/Area) 1 Power density (P/Area)
Opóźnienie bramki (td) λ−1 Gate delay (td)

Iloczyn moc·opóźnienie (td·Pg) λ−3 Power-delay product (td·Pg)
Ilość tranzystorów na cm2 λ2 Integration density (transistors/cm2)

P.K.K. Ko, "Approaches to scaling", Advanced MOS device physics, VLSI 
electronics microstructure science, Vol. 18, Academic Press, pp. 1-37, 1989

W
e 

ch
an

ge
W

e 
ob

ta
in

•  Very little change in physical gate length, only ~0.9x per node
•  The gate pitch is scaling fast, as 0.7x per node and area scales as 0.5x
•  Most of the transistor innovation is in stress engineering and HKMG

V. Moroz, SYNOPSYS
Berkeley Seminar 2011

100 nm

Changes in transistor size 84

K. Kuhn, CNNA, Berkeley 2010

Crossections of INTEL MOS transistors
130 nm
(2000)

Node
Year

90 nm
(2003)

65 nm
(2005)

45 nm
(2007)

32 nm
(2009)

Node
Year

All TEM images here have the same scale
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Influence of Si stress engineering, metal gate and high permittivity
dielectric on speed of pMOSFET

85

source: K. Kuhn et. al, ECS 2010
- Intel

• intentionally introduced strain into Si;
• applying of metal gate and gate 

dielectric of high permittivity.

Conventional scaling rules fail.

Improvement of speed is obtained by 
increasing of drain current per unit length 
of channel width, which results from:

2007
2009

862013 INTEL processor with „tri-gate” (FinFET) CMOS transistors

2013: Procesor Core i7-4770K 
(Haswell)
with CMOS tri-gate (FinFET) 
transistors fabricated at a 
technology node of 22 nm.

electrode 

Gate high-k
dielectric 

source: M. Bohr, K. Mistry, 
Intel’s Revolutionary 22 nm Transistor Technology, May, 2011

Sept. 2013:
Intel – 14-nm Broadwell 
Processor Consuming 30% 
Less Power Than 22nm 
Haswell

source: Intel, 2013

Oct. 07 2013:
TSMC – 16-nm FinFET 
technology to be presented 
in December at IEDM
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87Traditional planar MOS FET vs. tri-gate MOS FET (FinFET)

source: M. Bohr, K. Mistry, 
Intel’s Revolutionary 22 nm Transistor Technology, May, 2011

Traditional 2-D planar transistors 
form a conducting channel in the 
silicon region under the gate 
electrode when in the “on” state.

electrode 

Gate 

electrode 

Gate high-k
dielectric 

3-D Tri-Gate transistors form 
conducting channels on three sides 
of a vertical fin structure, providing 
“fully depleted” operation.

Planar MOS FET Tri-gate MOS FET (FinFET)

88Traditional planar MOS FET vs. tri-gate MOS FET (FinFET)

source: M. Bohr, K. Mistry, 
Intel’s Revolutionary 22 nm Transistor Technology, May, 2011

32 nm planar MOS FET 22 nm tri-gate MOS FET (FinFET)
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89INTEL processor with fully depleted 22-nm tri-gate MOS 
FET (FinFET)

source: Chris Auth, et. al., 2012 Symposium on VLSI Technology, Hawaii

TEM Image of nMOS Gate and Fin 
Structure  

Generic Idea of a Transistor -

(Not quite) A General Recipe for a 
Transistor
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MOSFET_band_diag

91MOS field effect transistor

Our way of looking at the main 
current of a transistor may be 
applied to MOSFETs.

• Potential barrier is lower than for BJT,

• current is limited mainly by transport in the channel.

S.M.Sze, K.K.Ng, Phys. 
Semicond. Dev., 3rd. ed.

Want to make a new kind of a transistor – quite different?

• Take a reservoir of electrons (source, 
emitter..).

• Take a second reservoir of electrons 
(drain, collector...) and put it at a lower 
energetic level – bias it positively with 
respect to the first one VDS>0V.

• Insert a semiconductor of low n
concentration between the source and 
the drain.

• Create in this region a potential barrier of  
ΨB height, which can be electrically 
regulated with changes of the control 
voltage VGS.

You have an useful transistor if you do it 
and obtain a power gain!

92

Recipe:
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Effect of potential barrier on drain current 93

• Electrons in the 1st. reservoir, source, 
have different energies  E≥Ec. Probability 
of state occupation decreases strongly 
with increasing E.

• Electrons of higher energies contribute to 
overcome the barrier ΨB by some 
electrons.

• Electrons which managed to overcome 
the barrier ΨB drift in electric field E
heading the 2nd. reservoir - drain. They 
create drain current ID.

• Lowering of |ΨB| results in increasing 
number of these electrons – Larger ID
flows.

• Increasing of  |ΨB| results in decreasing 
number of these electrons – Smaller ID
flows.

Band diagram for a transistor

• This is a diagram for a transistor made of 
one kind of a semiconductor (Si).

• Bandgap value

Eg = Ec - Ev

is constant in entire, transistor from 
source to drain.

• In general case different 
semiconductors, of different Eg values 
may be used for making different 
fragments of a transistor. 

94
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Możliwe mechanizmy transportu dziur i 
elektronów -1

Source Drain

Diffusion and drift in electric field

Possible mechanisms of electron and hole transport 95

Source-drain distances for transistors in mass production today are so large 
that electrons are many times scattered. Their energies and momenta relax.

Transport of carriers is described in terms of
diffusion
and drift in electric field E with averaged velocity.

Możliwe mechanizmy transportu dziur i 
elektronów -2

źródło dren

Ballistic transport

• Electrons are not scattered on a way from source to drain. Their energies and 
momenta do not relax.

• Their total energies do not change. 
• Momentum of electron increases in E field, on a way from source to drain, so the 

kinetic energy increases too.
• Kinetic energy may be very high, transit time – very short.
• For GaAs the source-drain distance should be < 20 nm to avoid scattering, for 

silicon < 5 nm.
• These transistors could operate at  f > 1012 Hz  (f > 1 THz)  

96Possible mechanisms of electron and hole transport
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Możliwe mechanizmy transportu dziur i 
elektronów -3

źródło dren

Direct tunneling transport

• At very short source-drain distances probability of tunneling through the barrier 
becomes high.

• Tunneling current component exceeds ballistic component. 
• This happens for GaAs transistors with source-drain distance of 10 nm.
• These transistors could also operate at  f > 1012 Hz  (f > 1 THz)  

97Possible mechanisms of electron and hole transport

Effects limiting the transistor current

• Transport of electrons in a region of 
low E in channel (behind potential 
barrier). This is a case of field effect 
transistors eg. MOS.

• Two effects together. Injection of 
electrons over potential barrier ΨB and 
also transport in a region of zero or 
low E inside base (behind potential 
barrier). This is a case of bipolar 
junction transistors.

• Injection of electrons over/through 
potential barrier ΨB. This is a case of 
transistors with very short channels. 
Ballistic or tunneling operation is 
expected.

98
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Semiconductor Diodes

MPolowczyk_Diody prostownicze 2 Rys: Prof. dr hab. inż. M. Polowczyk

Diodes for rectifiers
A property that makes diodes useful for converting the AC 
current into direct current that is for rectifying  is nonlinearity of 
its current-voltage characteristic.

ratio

- maximum average rectified current

100
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101

Rys: Prof. dr hab. inż. M. Polowczyk
MPolowczyk_Diody prostownicze 3

Silicon diodes in packages

low power diodes

high power diodes

102

Semiconductor pn junction
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103pn junction – schematic drawing of semiconductor structure

rys: za W. Marciniak, Przyrządy półprzewodnikowe i układy scalone, WNT 1979

Negatively charged 
atom of acceptor 
dopant - immobile

Positively charged atom of donor 
dopant - immobile

Positive charge of 
a hole - mobile 

Negative charge of 
electron - mobile 

Regions p and n types before connection. Regions p and n types after connection.

electric field

depletion
layer

104pn junction – cross-section of a chip

rys: W. Marciniak, Przyrządy półprzewodnikowe i układy scalone, WNT 1979

Epitaxial layer
(e.g.  10 µm)

Substrate
(e.g.  400 µm)
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105

vacuum energy level

ΦWFp ΦWFnχ χ

Workfunction is larger for p-type semiconductor than that for n-type 
semiconductor : ΦWFp > ΦWFn.

(Electron affinity χ is equal for n-
and p-type semiconductor samples.









⋅≈−

i

D
BiFn n

NTkEE ln 







⋅≈−

i

A
BFpi n

NTkEE ln

here Ei is a Fermi level for intrinsic semiconductor.

J.-P. Colinge, C.A. Colinge, "Physics of 
Semiconductor Devices", Springer 2002
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( ) ( )


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
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Creation of pn junction results in diffusion of electrons from n–type part 
to p–type part and diffusion of holes from p–type part to n–type part.









⋅≈Φ 2ln

i

ADB
bi n

NN
q
Tk

• Shorted juction – zero bias voltage.
• Average electron energies are equalized at 

entire semiconductor sample.
• Therefore, for n-type part, conduction and 

valence bands shifted downwards on energy 
axis with respect to p-type part.

• Built-in potential difference Φbi appears.

q
TkV B

T =gdzie T = 300 K, VT ≈ 25 mV
at room temperature
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Electron and hole currents are zero at equilibrium

Zero sum of drift and diffusion current densities for 
electrons, as well as for holes:

Jn =  Jdriftn + Jdifn = 0

Jp =  Jdriftp + Jdifp = 0

107

Note: arrows show directions of fluxes, 
not of currents. 

108Positive bias of p–type region with respect to n–type region  – in forward 
direction – results in decreased potential barrier Φb of pn junction

Effects of decreased potential barrier 
Φb:

increased densities of diffusion 
currents for electrons Jdifn and for 
holes Jdifp;
decreased densities of drift 
currents for electrons Jdriftn and 
for holes Jdriftp.

Diffusion currents dominate. 
In result, a large forward current 
flows in the diode, and its direction 
is as for Jdifp, that is from the p-type 
region to the n-type region.

Note: arrows show directions of fluxes, 
not of currents. 
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109Reverse bias of p–type region with respect to n–type region  – in reverse 
direction – results in increased potential barrier Φb of pn junction

Effects of increased potential barrier
Φb:

substantially reduced densities of 
diffusion currents for electrons Jdifn
and for holes Jdifp;
decreased densities of drift currents 
for electrons Jdriftn and for holes 
Jdriftp.

Drift currents dominate.  They are very 
small, because the hole concentration 
is very small in n-type region, and the 
electron concentration is very small in 
p-type region. 
A very small reverse current flows in 
the diode, and its direction is as for
Jdriftp, that is from the n-type region to 
the p-type region.

Note: arrows show directions of fluxes, 
not of currents. 

110Current-voltage characteristics of pn junction (qualitatively)

ID

VD0

+
-
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111
Distributions of electrons and holes in depletion layer of pn junction -

qualitatively

rys: W. Marciniak, Przyrządy półprzewodnikowe 
i układy scalone, WNT 1979

E
Φbi

E
−Φbi+V

−Ψ(x)

area  =
Triangle

112
Capacitance related to depletion layer of pn junction  - junction 

capacitance (barrier capacitance )

Depletion layer width ld depends on the voltage biasing the junction

( )V
NN
NN

q
l bi

AD

ADSi
d −Φ⋅+⋅= 02 εε

d

Si
Dj l

AC 0/ εε≈

• The change in the depletion layer width ld is related to the changing non-compensated 
electrical charge of ionized donors on the n-type side, as well as changing charge of ionized 
acceptors on p-type side. The absolute values of the both charges are equal.

• We have, therefore, a junction capacitance per area [F/m2] of:

( )V
NN
NN

q

AC

bi
AD

ADSi

Si
Dj

−Φ⋅+⋅
≈

0

0

2
/

εε
εε

here AD is an area 
of the junction.

rys: W. Marciniak, Przyrządy półprzewodnikowe i 
układy scalone, WNT 1979
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113Junction capacitance can be used as a capacitance of a value tuned 
with the DC bias, most conveniently at reverse DC bias

m

bi

j
j

V

C
VC









Φ

−

≈

1

)( 0

m = 1/2  - for junctions with step distribution of dopants,

m = 1/3  - for junctions with linear distribution of dopants.

Diodes predestinated for applications as voltage-tuned capacitors are 
refered to as capacitance diodes or varactors.

114
Capacitance related to charges of excess concentrations of electrons and holes 

in quasi-neutral regions – diffusion capacitance

• At a forward bias of a junction, the diffusion of electrical charge carriers leads to injection 
of holes from the p-type side to the n-type side, where they are minority carriers. The 
electron concentration increases there also to keep the electrical neutrality. 

• And electrons are injected from the n-type region to p-type region, which is accompanied 
with increase in hole concentration to keep the electrical neutrality.

• Total charges of injected carriers depend exponentially on the value of applied bias voltage.
• The dependence of the total charges of injected minority carriers stored in the forward 

biased junction indicates existence of an additional capacitance – a diffusion capacitance.

Excess charges of 
minority carriers stored 
in quasi-neutral regions 
for forward bias.

U.Mishra, J.Singh, Semiconductor Device Physics and 
Design, Springer 2007
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(

J -total current

electron flux direction
hole flux direction

115

Total current density J remains 
constant:

pn – IV - 1

We obtain – exponentially decaying excess 
minority electrons and holes distributions, 
as functions of x.

Voltage dependence of forward current of pn junction

from: W. Marciniak, Przyrządy 
półprzewodnikowe i układy scalone, WNT 
1979

Forward bias of a junction, 
V > 0 V.

and, accordingly, exponentially decaying 
distributions of electron and hole current 
densities.

pn JJJ +=



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Here, the saturation current density 
Js in a simple case of a step juction 
is expressed as:
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pn – IV - 2

Voltage dependence of pn junction current 
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Recombination of exceess holes and electrons injected into the 
quasi-neutral regions at the forward bias of the junction makes 
that fresh carriers are being injected continuously. The current 
value remains constant for the constant bias voltage.

Total current density J remains 
constant:

pn JJJ +=









−



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
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B
s

Here, the saturation current density 
Js in a simple case of a step juction 
is expressed as:


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


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
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Forward bias of the 
junction, V > 0 V.

Reverse bias of the 
junction, V > 0 V.
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Rys: Prof. dr hab. inż. M. Polowczyk









−



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


⋅≈ 1exp
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qVII

B
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117
Current-voltage characteristic of ideal pn junction

118
IV draft

Current-voltage characteristic of real pn diode

Forward range
Reverse blocking
range

Reverse 
breakdown
range
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119

from: W. Marciniak, Przyrządy półprzewodnikowe i 
układy scalone, WNT 1979

More realistic characteristics may be obtained if additional effects 
are taken into account

Depletion layer

Generation current Jg

Recombination
current Jg Additional current 

components Jr and Jg
obtained in second order 
simplification

Simplification 
of first order

Jdriftn

Jdriftp

Jdifn

Jdifp

120Characteristics of real diodes at forward bias

( )








−






 −⋅≈ 1exp
Tkn

rIVqII
Bideal

sDdcDdc
sDdc

Approximate expression for current-
voltage characteristics of a real 
diode at forward bias ( V > 0)

Series resistances rs should be taken into account 
for large currents . In addition, concentration of 
minority and majority carriers can be nearly 
equal, n ≈ p.









⋅≈

Tkn
qVII

Bideal

Ddc
sDdc exp

Electron-hole recombination in the depletion layer 
affects characteristics at small currents. from: W. Marciniak, Przyrządy półprzewodnikowe i układy 

scalone, WNT 1979

Large current range
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121Reverse currents of pn diodes for reverse blocking range






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−




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⋅≈ 1exp
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qVJJ
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For „ideal” pn junction at reverse 
bias for reverse blocking range

Saturation current Js usually dominates for 
germanium diodes, because of small Eg for Ge.

For Si diodes and diodes made of semiconductors 
having larger bandgaps Eg usually the densities of 
generation currents Jg are much larger than the 
densities of saturation currents Js .

from: W. Marciniak, Przyrządy półprzewodnikowe i układy 
scalone, WNT 1979

122Reverse currents of pn diodes at breakdown range

Energy band diagrams showing breakdown mechanisms.

Tunneling mechanism
(Zener mechanism)

Avalanche multiplication (example initiated by 
hole current Ip0).

S.M. Sze, K.K. Ng, "Physics of Semiconductor Devices", 3 ed., Wiley 2007, p. 104
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123
wplyw T na przewodzenie zlacza pn -1
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Rys: Prof. dr hab. inż. M. Polowczyk

Effect of temperature on 
current of pn junction

Reverse 
characteristics

Forward 
characteristics

DC
Blocking
voltage

124Effect of temperature on current of pn junction

Forward bias
V > 0

Reverse bias
V < 0

M.Polowczyk, E.Klugmann, Przyrządy 
Półprzewodnikowe", Wyd.PG, 2001

Avalanche
breakdown

Tunneling
breakdown

(Zener 
breakdown)
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Diodes for rectifiers
A property that makes diodes useful for converting the AC 
current into direct current that is for rectifying  is nonlinearity of 
its current-voltage characteristic.

ratio

- maximum average rectified current

125

Rys: Prof. dr hab. inż. M. Polowczyk

rectifier_diodes_1

126Diode in a rectifier circuit – large signal operation

Silicon diode having the breakdown voltage larger than 20 V and known I-V characteristic was applied in 
the rectifier circuit. Determine time dependencies of the diode current id(t) and the diode voltage vd(t). (For 
low frequencies, when diode capacitances may be neglected.)

Current-voltage static characteristic of 
the diode Loop equation

)()( tvRtie dd +⋅=

that is

R
tvtei d

d
)()( −=

valid at any time instant.

This equation represents the load line.
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127Diode in a rectifier circuit – large signal operation

R
vi d

d
−=

Load line:
for ωt = 0
e(t) = 20 V sin(ωt) = 0 

Cross-over point,
the solution for
ωt = 0

R
vei d

d
−=

Silicon diode having the breakdown voltage larger than 20 V and known I-V characteristic was applied in 
the rectifier circuit. Determine time dependencies of the diode current id(t) and the diode voltage vd(t). (For 
low frequencies, when diode capacitances may be neglected.)

Time  (T – period)

Current-voltage
static characteristic
of example diode

128Diode in a rectifier circuit – large signal operation

Load line:

for ωt = π/2
e(t) = 20 V sin(ωt) = 20 V 

Cross-over point,
the solution for
ωt = π/2

R
vei d

d
−=

R
vi d

d
−= V20

vdmax

idmax

20 V

20 V / R

Time  (T – period)Current-voltage
static characteristic
of example diode

Silicon diode having the breakdown voltage larger than 20 V and known I-V characteristic was applied in 
the rectifier circuit. Determine time dependencies of the diode current id(t) and the diode voltage vd(t). (For 
low frequencies, when diode capacitances may be neglected.)
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129Diode in a rectifier circuit – large signal operation

Load line:

for ωt = 3π/2
e(t) = 20 V sin(ωt) = -20 V 

Cross-over point,
the solution for
ωt = 3π/2

R
vei d

d
−=

R
vi d

d
−−= V20

-20 V
= vdmin

id ≈ 0

Time  (T – period)

Current-voltage
static characteristic
of example diode

Silicon diode having the breakdown voltage larger than 20 V and known I-V characteristic was applied in 
the rectifier circuit. Determine time dependencies of the diode current id(t) and the diode voltage vd(t). (For 
low frequencies, when diode capacitances may be neglected.)

130Diode in a rectifier circuit – large signal operation

R
tvtei d

d
)()( −=

Load line equation obtained 
from the circuit loop:

Current-voltage
static characteristic
of example diode

Time  (T – period)

Time  (T – period)
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131Diode in a rectifier circuit – large signal operation

Forward biased diode

Forward voltage of Si diode is 
approx. 0,7 V

Reverse biase diode (in a blocking 
direction). The diode current is 
small as long as the voltage is 
smaller than  the breakdown voltage

Current-voltage
static characteristic
of example diode

Time  (T – period)

Time  (T – period)

132Stabilization diode ("Zener" diode) in voltage stabilizer circuit

Loop equation:

DDIN VRIV +⋅=

that is

R
VVI DIN

D
−=

Ω=
+
+−≈

Δ
Δ= 10

0mA 10mA -
V9,9V10

D

D
Z I

Vr

Current-voltage
static characteristic
of example diode

This equation represents the load line.

Silicon stabilization diode of known current-voltage characteristics was applied in a 
circuit as below. Determine the diode current ID and the diode voltage  VD.
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133Stabilization diode ("Zener" diode) in voltage stabilizer circuit

R
VVI DIN

D
−=

Ω≈
Δ
Δ= 10

D

D
Z I

Vr

VD value remains close to VZ0 for 
changing  VIN at VIN < VZ0 .

This is how a voltage stabilizer works.

Silicon stabilization diode of known current-voltage characteristics was applied in a 
circuit as below. Determine the diode current ID and the diode voltage  VD.

Load line

Solution
VD = -10 V, ID = -10 mA.

Current-voltage
static characteristic
of example diode

134Stabilization diode ("Zener" diode) in voltage stabilizer circuit

R
VVI DIN

D
−=

Load line

Ω≈
Δ
Δ= 10

D

D
Z I

Vr

Solution
VD = -10 V, ID = -10 mA.

The solution may be obtained analytically.

Expression of the diode 
characteristic for VIN < VZ0 :

Z

ZD
D r

VVI || 0+≈

Load line:

Easy to solve set of 2 linear equations 
with 2 unknowns. Solution:
VD = -10 V, ID = -10 mA.

Silicon stabilization diode of known current-voltage characteristics was applied in a 
circuit as below. Determine the diode current ID and the diode voltage  VD.

Current-voltage
static characteristic
of example diode
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135Stabilization diode ("Zener" diode) in AC circuit at low frequency

Silicon stabilization diode of known current-voltage characteristics was applied in a circuit as below. The 
magnitude of the AC voltage source e(t) is larger than the stabilization voltage of the diode – i.e. the 
breakdown voltage. Determine time dependencies of the diode current id(t) and the diode voltage vd(t).

Current-voltage
static characteristic
of example diode

Load line

Ω≈
Δ
Δ= 10

D

D
Z I

Vr

R
tvtei d

d
)()( −=

Time  (T – period)

Time  (T – period)

136

Rys: Prof. dr hab. inż. M. Polowczyk

diody stabil - 1

Equivalent electrical circuit of a diode 
operating in the stabilization range
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137

Rys: Prof. dr hab. inż. M. Polowczyk

diody stabil - 2

diod stabilizacyjnych
Differential resistance 
of stabilization diodes

138

Rys: Prof. dr hab. inż. M. Polowczyk

diody stabil - 3

Avalanche
breakdown

Tunneling breakdown
(Zener breakdown)

Compensated
diodes

Temperature coefficient of 
stabilization voltage
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139Large signal dynamic operation of a diode  – pulse operation

Nonlinear equivalent diode circuits should be used at large magnitudes 
of time-dependent, fat-changing  signals.

d

DSi
j l

AC 0εε≈

1
2d dif DC C g τ≈ ≈ ⋅

exp 1D
D s

ideal B

qVI I
n k T

   ≈ ⋅ −  
   

ld – depletion layer thickness depends nonlinearly 
on the diode voltage VD

( )D sD
D

D ideal B

q I IdIg
dV n k T

⋅ +
= ≈

τ – transit time of electrical charge carriers in the 
diode, often close to lifetime of excess carriers

140Pulse operation of a diode

ton – turn on time (of diode current), time of 
charging of junction and diffusion 
capacitances;

trr – turn off time (of diode current), time of 
discharging of diffusion capacitance and 
recharging of junction capacitance;

tr – delay time (diode remains forward biased, 
"shelf" in reverse current), time of 
discharging the diffusion capacitance mainly ;

tf – fall time (of the reverse voltage), time of 
recharging of junction capacitance;

Qrr – difference between the total charges in 
diffusion and junction capacitances stored for 
forward and reverse directions, smaller by the 
charge of recombined holes and electrons.

p

n
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141Operation of a diode with small AC signal superimposed on large DC bias

The best method is to solve the 
electron and hole transport 
equations linearized around the 
operation point of VDdc , IDdc .

Usually a simpler method is 
used, which is linearization of 
the diode characteristic around 
the operation point of VDdc , IDdc .

I

V0

IDdc

VDdc

ΔV

ΔI
V
IgD Δ

Δ=

For signals of low frequencies:

Tideal

sDdc
D Vn

IIg +=

At forward bias:
Tideal

Ddc
D Vn

Ig ≈

IDdc +Id sin(ωt)

VDdc

D

Dsin(ωt)v

VDdc +Vd sin(ωt)
+-

+-

Id sin(ωt)

gDd sin(ωt)V Vd sin(ωt)+-

(e.g. VDC = 0,6 V)

(e.g. VD = 1 mV)

142Operation of a diode with small AC signal superimposed on large DC bias

Series resistance rS should be taken into account.
For high frequencies the junction capacitance  Cj and the diffusion capacitance  Cdif
should be included in the equivalent circuit.

d

DSi
j l

AC 0εε≈

Small signal equivalent circuit of  pn
diode - linear.

Cd ≈ Cdif – mainly a diffusion capacitance. Represents the charge of electrons and 
holes stored at the diode. Significant only at forward bias.

τDd gC ⋅≈
2
1

Here τ is a transit time of electrical charge carriers in the 
diode. At the simpliest case τ = τn = τp - lifetime of excess 
carriers

Tideal

sDdc
D Vn

IIg +=

Note: All elements are linear. The values 
of gD, Cj and Cd should be taken as for the 
diode biased at (VDC, IDC).



72

143

Rys: Prof. dr hab. inż. M. Polowczyk

diody uFalowe

Tideal

D
D

D Vn
Ig

r
≈=1

Tideal

F
F

F Vn
Ig

r
≈=1

Microwave diodes
Mixer, attenuator and switching diodes

For 
forward bias

For 
reverse bias

Metal-semiconductor diode 
- Schottky diode

144
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Metal-semiconductor diode

- Schottky diode

Diode of metal – silicon of n–type. 
Energy band diagram.

Simple structure of 
metal-semiconductor diode

• Semiconductors and metals may have different values of workfunctions.
• Therefore, it is possible to make a diode with a potential barrier at a metal-semiconductor interface.
• There is no injection and storing of minority electrical carriers in this device. A diode of this kind is 

very "fast".
• The high frequency operation and switching time are limited by a transit time of carriers, a junction 

capacitance and a series resistance.

S.M.Sze, Kwok K.Ng, Physics of 
Semiconductor Devices, 3 ed, Wiley, 2006

Millimeter Wave and 
Terahertz Wave Oscillators

with TUNNETT Diodes

TUNNETT_tytul

146
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TUNNETT - transit time oscillator diode
with tunneling injection of electrons 

structure  and electric field profile

p+ n+ n- n+

E

x

transit time 
region

tunneling
region

reverse bias 
(positive)

TUNNETT invention:
Nishizawa 1958

first operation:
Nishizawa 1968

TUNNETT_intro

147

Transit time of electrons in a diode in combination with impact
ionization breakdown or with tunneling breakdown at special
conditions may result in oscillations. It is used for designing of  
IMPATT and TUNNETT microwave oscillators.

Diode chip grown with MLE 

TUNNETT oscillator with waveguide resonant cavity

Assembled TUNNETT diode

Cu  stem

diamond
heatsink

Assembled TUNNETT diode

Waveguide

Sliding
short

Bias pin

TUNNETT

Stem
Quartz 
standoff Resonant cavity

metal body

coaxial line
λ/4 band-stop filter

Waveguide resonator
AuGe/Ni/Au

Ti/Pt/Au

p+ 100 nm   C doped  
6.3 x 1019 cm-3 (anode)

n+ 14 nm   Se doped  
5.5 x 1018 cm-3

n- 60-100 nm undoped
transit time layer

n+ GaAs (100) substrate
2 x 1018 cm-3

15
 µ

m
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Waveguide

Sliding
short

Bias pin

TUNNETT

Stem
Quartz 
standoff Resonant cavity

metal body

coaxial line

λ/4 band-stop filter

waveguide resonant cavities

WR-2.2: 0.559 × 0.279 mm for band of fcutoff = 
WR-1.5: 0.381 × 0.191 mm for band of fcutoff = 393 GHz to 750 GHz
WR-1.2: 0.305 × 0.152 mm for band of fcutoff = 492 GHz to 900 GHz

268 GHz to 500 GHz

cavities - flat

WR-1.0: 0.254 × 0.127 mm for band of fcutoff = 590 GHz to 1100 GHz

quartz
standoff

diamond heatsink

Au tape

TUNNETT

Au

149

waveguide resonators and measurement configurations

WR-2.2: 0.559 × 0.279 mm for band of fcutoff = 

WR-1.5: 0.381 × 0.191 mm for band of fcutoff = 393 GHz to 750 GHz
WR-1.2: 0.305 × 0.152 mm for band of fcutoff = 492 GHz to 900 GHz

268 GHz to 500 GHz

WR-1.0: 0.254 × 0.127 mm for band of fcutoff = 590 GHz to 1100 GHz

WR-3 : 0.864 × 0.432 mm for band of fcutoff = 174 GHz to 325 GHz

E/H tuner

TUNNETT
SBD
mixer

back

rectangular metal 
waveguide resonator

spectrum
analyzer

short

TUNNETT

Duty 50%
500 Hz

Stepping
motor 
controller

Pulse 
Generator

4.2 K  Si
Bolometer

Lens

Lock in
amplifier

PC

Lens

Fabry Perot 
Interferometer

f <300 GHz f >300 GHz

H
ig

h 
fre

qu
en

cy

TUNNETT oscillators with waveguide resonant cavities
150
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600-706GHz WR 1.0 spectra 131xls

600 - 706 GHz CW, 
fundamental mode TUNNETT
oscillation in metal, rectangular

WR-1.0 type cavity 
(0.254 × 0.127 mm)

Au ribbon

n+p+

diamond heatsink

Cu stem / Ni / Au plated

quartz
standoff

p++ C doped  100 nm  6.3e19 cm-3

anode
n+ Se doped  14 nm  5.5e18 cm-3

undoped  75 nm
transit time layer

n+ S.I. (100) GaAs 2e18 cm-3

substrate

Fabry-Perot mesh displacement  [µm]
0 200 400 600 800 1 000 1 200 1 400 1 600

0.00

0.02

0.04
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0.08

0.10

Ibias = 600 mA
Vbias = 8.20 V

λ = 425 µm f = 706 GHz
P = -67 dBm

R
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0 200 400 600 800 1 000 1 200 1 400 1 600
Fabry-Perot mesh displacement  [µm]

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Ibias = 620 mA
Vbias= 8.21 V

λ = 467 µm

f = 642 GHz
P = -68 dBm
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Bipolar transistors 152

M. Grundmann, The Physics of Semiconductors ..., Springer  2010
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153npn bipolar transistor 

Semiconductor structure of npn 
transistor

Anode-to-anode series 
connection of two pn diodes

Circuit symbol of npn transistor

154Bipolar npn transistor in silicon integrated circuit

rys: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007

epitaxy – growing a monocrystal on a 
monocrystal substrate.
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155pnp bipolar transistor

Semiconductor structure of pnp 
transistor

Cathode-to-cathode series 
connection of two pn diodes

Circuit symbol of pnp transistor

156
Band diagram of a bipolar trasistor in thermal equilibrium, at VBE = 0

and VBC = 0
BPT pasm 0 bias

• The diffusion and drift 
electron current components 
compensate each other at the 
base-emitter junction.

• Also the diffusion and drift 
hole current components 
compensate each other at the 
base-emitter junction.

• The diffusion and drift 
electron current components 
compensate each other at the 
base-collector junction as well.

• Also the diffusion and drift 
hole current components 
compensate each other at the 
base-collector junction.

IC = IB = 0

Note: arrows show directions of fluxes, not of currents. 
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Band diagram of a bipolar trasistor for reverse biased base-collector 

junction, VBC < 0, at VBE = 0
BPT pasm VBC rev.

• The diffusion and drift 
electron current components 
compensate each other at the 
base-emitter junction. The hole 
currents are compensated also.

• The drift components of the 
electron and hole currents at 
the base-collector juction 
outbalance the diffusion 
components.

• Electrons from the base that 
arrive at the edge of the base-
collector depletion layer drift 
towards the collector – but 
their concentration is small.

• Holes from the collector that 
arrive at the edge of the base-
collector depletion layer drift 
towards the base – but their 
concentration is small.

IC ≈ IB ≈ 0

Note: arrows show directions of fluxes, not of currents. 

158
Band diagram of a bipolar trasistor for active normal bias

that is at VBE > 0 andVBC ≤ 0
BPT pasm activ norm.

• The diffusion component of  
electron current is much larger 
than the drift component at the 
base-emitter junction. The 
same holds for holes.

• The drift components of the 
electron and hole currents at 
the base-collector juction 
outbalance the diffusion 
components.

• Electrons from the base that 
arrive at the edge of the base-
collector depletion layer drift 
towards the collector –
electrons are injected from 
emiter, their concentration is 
high.

• Holes from the collector that 
arrive at the edge of the base-
collector depletion layer drift 
towards the base – but their 
concentration is small.

IC ≥ 0 IB ≥ 0
usually also IC >> IB

Note: arrows show directions of fluxes, not of currents. 
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159Main components of currents of npn transistor for active normal bias

We use the index of N for current gain 
coefficients for active normal bias.

Emitter currnt may be expressed as:

IC > 0 IB > 0
Usually also IC >> IB

Active normal bias of npn
transistor









−







⋅≈ 1exp

Tk
qVII

B

BE
ESE

pESnESES III +=
where:

BCE III +=

B

C
N I

I=β
E

C
N I

I=α

These relations are used for the equivalent 
circuit for npn transistor operating at the active 
normal bias.









−







⋅= 1exp

Tk
qVII

B

BE
ESEF 








−







⋅= 1exp

Tk
qVII

B

BC
CSCR

IE

EFI CRI

160DC current gain coefficients  - definitions

IC ≥ 0 IB ≥ 0

IC >> IB

DC current gain at a circuit of common emitter β : 

IE

IE = IC + IB

B

C

I
I=β

DC current gain at a circuit of common base α : 

E

C

I
I=α

Looking at the circuit we note: 

Therefore, 

α
αβ
−

=
1 β

βα
+

=
1

Active normal bias of npn
transistor

Usually also
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161Current gain of npn transistor at active normal bias

It can be seen that the current gain βN is 
larger for the larger values of a ratio of 
donor concentration in emiter to 
acceptor concentration in a base:

IC > 0 IB > 0

B

C
N I

I=β









−







⋅≈≈ 1exp

Tk
qVIII

B

BE
pESpEB









−








⋅≈≈ 1exp

Tk
qVIII

B

BE
nESnEC

We know that:

pE

pE

DE

iE
pES

D
N

nqAI
τ

2

≈


≈

BW

AB

inBE
nES

dxxN

nDqAI
0

2

)(

AB

DE
N N

N∝β

The larger current gain βN can be 
obtained for larger values of excess 
electrons and holes lifetimes, because of 
reduced recombination currents.

Typical values of current gain βN are 100 –
300 for low frequency transistors, and  10 –
100 for radio frequency transistors.

IE

Active normal bias of npn
transistor

162

Forward Forward Forward
Reverse ReverseReverse

Saturation operation Active normal operation Cutoff operation

Saturation operation region – both junctions, 
base-emitter and base-collector, forward biased. 

• The base-collector junction can be also forward biased. When the both junctions are forward bias we 
refer to this operation mode as to operation at saturation. 

• Concentrations of both, electrons and holes in the base exceed the equilibrium values.

From: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007
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DC Ebers-Moll equivalent transistor model used for computer 

circuit simulation and design

• Symmetry of the equivalen circuit is related to the symmetry of the npn transistor structure. 
Differences in distributions of dopants at the emiter and collector result in different values of the 
model parameters. 

• The model applies for any combination of base-emiter and base-collector bias – forward or reverse.
• The current gain αR for the active reverse operation (VBE < 0, VBC > 0) is usually smaller than the αN

value for active normal operation.









−







⋅= 1exp
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


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


−







⋅= 1exp

Tk
qVII

B

BC
CSCR

R

R
R α

αβ
−

=
1

• The current gain βR for the active reverse operation (VBE < 0, VBC > 0) is usually small, in the range of 
1-10. It is a result of a lower dopant concentration at a collector than at an emitter.

EFI CRI

164DC transport model used for SPICE  program









−







⋅= 1exp
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BE
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






−







⋅= 1exp

Tk
qVII

B

BC
SR

ββ ≡N

CSRESNS III ⋅=⋅= αα

There are only 3 DC parameters of the model:
IS , βN , βR
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DC transport model used for SPICE  program simplified for  active 

normal operation   









−







⋅= 1exp

Tk
qVII

B

BE
SF

ββ ≡N

DC parameters of the model :
IS , βN

IE

166Static characteristics of ideal bipolar npn transistor

IE









−







⋅= 1exp

Tk
qVII

B

BE
SF

Model parameters :
IS , βN

Model parameters:
IS , βN , βR









−







⋅= 1exp

Tk
qVII

B

BC
SR

BNC II ⋅≈ β

BNC II ⋅≈ β

normal saturation
area

active normal 
area
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Characteristics of real bipolar transistors

pnp npn

from catalog of
SANYO Co.

168Characteristics of real bipolar transistors

2SA1252 - pnp 2SC3134 - npn from catalog of
SANYO Co.
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169Characteristics of real bipolar transistors

2SA1252 - pnp 2SC3134 - npn from catalog of
SANYO Co.

NeFE hh β≈≡ 21

170Characteristics of real bipolar transistors

2SA1252 - pnp 2SC3134 - npn from catalog of
SANYO Co.
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171Characteristics of real bipolar transistors

2SA1252 - pnp 2SC3134 - npn

Dopuszczalna moc wydzielana w tranzystorach w 
funkcji temperatury otoczenia.

from catalog of
SANYO Co.

172
Output and transfer characteristics of npn transistor at active normal 

bias

S.M.Sze, Kwok K.Ng, Physics of Semiconductor 
Devices, 3 ed, Wiley, 2006

The characteristics are measured 
at VBC = 0 , which is at VBE = VCE. 
They enable estimation of 
saturation current values and 
current gain values used for 
computer models of transistors.

Characteristics of a real transistor
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VCE

Normal saturation area

from: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007

Output characteristics of npn transistor working at 
common emiter configuration

VCE > 0

Active normal area

Reverse saturation area

Cut-off area

174

rys: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007

Output characteristics of npn transistor working at 
common base configuration

Normal saturation area

Active normal area

Cut-off areaapprox. -0,7 V VCB

Common base circuit
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wy MP

Author: Prof. dr hab. inż. M. Polowczyk

Output and transfer 
characteristics of npn transistor

176we MP

Input characteristic of
npn transistor

Author: Prof. dr hab. inż. M. Polowczyk
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177Large signal dynamical model









−







⋅= 1exp
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






−







⋅= 1exp

Tk
qVII

B

BC
CSCR

Junction capacitances are 
related to noncompensated 
electrical charges of 
depletion layers at the 
junctions.

Diffusion capacitances are related to injection of 
excess minority electrons and holes in the junctions.

T

tfEF
difE V

tI
C

⋅
≈

T

trCR
difC V

tIC ⋅≈

Here ttf , ttr – are transit times of electrons and holes (equal in ideal case).

EFI CRI

VCE

178

S.M.Sze, Kwok K.Ng, Physics of Semiconductor Devices, 
3 ed, Wiley, 2006

Pulse operation of bipolar transistor 
– case of rectangular current pulse applied to base

VC

C

IC
iB iB= iBON

iB= iBON

iC iC= iCON

IC= iCON
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Linearization of transistor model 

for a DC operation point belonging to active normal area

Let us bias a transistor so that its DC operation point 
belong to the active normal area VBEdc > 0, VCEdc > 
VBEdc. For this purpose we use R1 – R3,, R0 and Vcc at 
our circuit.
Let the magnitude Em of the AC voltage source be 
small, so that the variations of the voltages and currents 
vbe(t), vce(t), ib(t), ic(t) are very small as compared to 
their DC components VBEdc, VCEdc, IBdc, ICdc.

At these conditions, the I-Vs (the relations between the currents and voltages of the transistor) 
can be approximated with straight lines tangential to the I-Vs at the DC operating piont:

( ) [ ]

)2sin(

)(

fVgI

Vtv
dV
dIIti

beIImCdc

BEdcbe
IIbe

C
Cdcc

CdcC

CdcC

π⋅⋅+≈

−⋅+≈

=

=

( ) [ ]

)2sin(
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fVgI

Vtv
dV
dIIti

beIIbeBdc

BEdcbe
IIbe

B
Bdcb

CdcC
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π⋅⋅+≈

−⋅+≈

=

=

T

Cdc

Tideal

Cdc

IIbe

C
m V

I
Vn

I
dV
dIg

CdcC

≈≈=
=

Transconductance of the transistor: Base-emitter differential conductivity:

T

Bdc

Tideal

Bdc

IIbe

B
be V

I
Vn

I
dV
dIg

CdcC

≈≈=
=

180
Linearization of transistor model 

for a DC operation point belonging to active normal area

Under the condition that the time variations of the 
voltages and currents vbe(t), vce(t), ib(t), ic(t) are very 
small as compared to their DC components VBEdc, 
VCEdc, IBdc, ICdc,  the AC components of the voltages 
and currents can be calculated with the help of the 
linearized transistor model -

1) we calculate or measure the DC bias point of the 
transistor - VBEdc, VCEdc, IBdc, ICdc;

2) and use these values for estimation of the 
parameters of the linearized transistor model.
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Small signal transistor model 

for a DC operation point belonging to active normal area

1) It is known the DC bias point of the transistor -
VBEdc, VCEdc, IBdc, ICdc;

2) these values are used for estimation of the 
parameters of the linearized transistor model.

jEdifEE CCC +=

TN

Cdc

T

Bdc
eb V

I
V
Ig

β
≈≈'

jCC CC ≈

T

BdcN

T

Cdc
m V

I
V
Ig β≈≈

transconductance

The capacitances are approximated as fixed 
values, but depending on DC components of 
currents and voltages of the transistor - VBEdc, 
VCEdc, IBdc, ICdc

182
Small signal circuit model 

for a DC operation point belonging to active normal area

1) DC bias point of the transistor, VBEdc, VCEdc, IBdc, 
ICdc - already known;

2) these values were used for estimation of the 
parameters of the linearized transistor model;

3) we use the principle of superposition to obtain a 
small signal circuit model, useful for calculation of 
AC components of voltages and currents.

Independent DC voltage sources are modeled as short circuits, and 
independent DC current sources are modeled as open circuits for 
AC analysis.
CEE and CBB were assumed to be very large, so that they may be 
considered as short circuits for AC analysis.

CEE and CBB were assumed 
to be very large - they may 
be considered as short 
circuits for AC analysis.
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Small signal circuit model 

for a DC operation point belonging to active normal area

1) DC bias point of the transistor, VBEdc, VCEdc, IBdc, ICdc - already known;
2) these values were used for estimation of the parameters of the linearized transistor model;
3) we obtain a small signal circuit model, useful for calculation of AC components of voltages 

and currents;

4) the AC components of voltages and currents are calculated then;
5) the AC components and DC components are added to obtain the momentary values of 

voltages and currents.

( ) sin(2 )c Cdc ci t I I ftπ≈ + ⋅

( ) sin(2 )ce CEdc cev t V V ftπ≈ + ⋅
( ) sin(2 )b Bdc bi t I I ftπ≈ + ⋅

( ) sin(2 )be BEdc bev t V V ftπ≈ + ⋅

Note: Vbe, Vce, Ib, Ic – complex amplitudes of AC components.

184Forward short-circuit current gain h21e

Let us bias a transistor so that its DC 
operation point belong to the active normal 
area VBEdc > 0, VCEdc > VBEdc. Let us short 
the collector with the emiter using a 
capacitance of very large value. Let us 
measure the AC complex amplitudes of Ib
and Ic.

0
21

=

=
ceVb

c
e I

Ih

Small signal equivalent circuit of the transistor and the shorting capacitor.

Short-circuit for 
alternating current
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185Forward short-circuit current gain h21e
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186Two-port network models of transistor (for common emitter configuration)
Base

Emitter

Collector Small signal equivalent transistor circuit is 
a two-port network.
Emitter is common for the input port –
base, and for the output port – collector;
- a common emitter circuit.
ib = i1 ,  vbe = v1
ic = i2 ,  vce = v2
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hybrid 
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impedance 
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Current gain:

For bipolar transistors:
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c
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Transistor transconductance:

Matrices [hij], [yij] i [zij] are equivalent and they can be 
transformed to calculate parameters of any type having a one type 
matrix. Microwave engineers use [Sij] - other equivalent matrix.
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187Cut-off frequency of current gain

Author: Prof. dr hab. inż. M. Polowczyk

ttf - transit time of electrical charge 
carriers for active normal bias

ββ
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f
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f N
tf

T ⋅≈
⋅

≈
2

1

20 dB/decade

188Cut-off frequency of power gain fmax

The cut-off frequency of current gain  fT is defined as the frequency at which the common-
emitter short-circuit current gain drops to the value of 1.

The cut-off frequency of power gain fmax is defined as the frequency at which the
extrapolated common-emitter power gain drops to the value of 1.
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m
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π2

jCbb

T

Cr
ff

'
max 8 ⋅

≈
π

We can measure the cut-off frequency of current gain  fT at a large value of IC , so that the 
junction capacitances related to the depletion layers are neglible in comparison to the diffusion 
capacitance CdifE . The CdifE value may be used for calculation of the transit time ttf and for 
obtaining its dependence on IC ≈ IEF

T

tfC
difE V

tI
C

⋅
≈

T

BdcN

T

Cdc
m V

I
V
Ig β≈≈
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189

rys: U.Mishra, J.Singh "Semiconductor Device Physics and Design", Springer 2007

Determination of cut-off frequencies

190Semiconductor heterojunction
• Heterojunction – junction of different 

semiconductors, e.g. AlxGa1-xAs and 
GaAs, usually of different bandgaps 
EG .

• Important application – for 
heterojunction transistors.

• Another application - in 
optoelectronic devices to obtain direct 
bandgap or to tune wavelengths of 
emitted or absorbed light or to 
minimize the volume of crystal where 
radiative recombination of electrons 
and holes takes place.

• In thermal equilibrium, after bringing 
the materials into contact, the Fermi 
energy levels  EF align.

• But, the differences in workfunctions 
of the materials make the band offsets 
ΔEc and ΔEv not changed.

• Aligning of EF indicate existence of 
built-in potential difference Vbi
between the materials:

[ ] [ ]( ) ( )bi GaAs cGaAs FGaAs AlGaAs cAlGaAs FAlGaAsqV E E E Eχ χ− = + − − + −

electron affinity

v AlGaAs GAlGaAs

GaAs GGaAs

E E
E

χ
χ

Δ = +
− −

c AlGaAs GaAsE χ χΔ = −
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191Semiconductor heterojunction

2 2 2 1 1 1( ) ( )bi c F c FqV E E E Eχ χ− = + − − + −

Electron concentration: * exp c Fn
C

B

E En N
k T

 −≈ − 
 

( ) ( )*
*ln ln lnc Fn B B C B
C

nE E k T k T N k T n
N

 
− ≈ − = − 

 

Material workfunction:
*lnB
C

nW k T
N

χ
 

≈ −  
 

( )bi
c F

dV d dq E E
dx dx dx

χ− = + −

*

*
bi C

B B
C

dV dNd dnq k T k T
dx dx N dx n dx

χ− = + −

Built-in potential Vbi:

Its derivative Vbi:

192Semiconductor heterostructure

We need to derive an expression for Jn suitable for heterostructure 
systems. Let us include an additional component A, which we do not 
know now, in the expression for a homostructure material:

n n n
dnJ qn qD A
dx

μ= + +E

Suppose that our sample is at thermal equilibrium:

0 n n
dnqn qD A
dx

μ= + +E

*

*
1 C

n T T n T
C

dNd dn dnA qn V V q V
q dx N dx n dx dx

χμ μ
 

= − − + − 
 

bidV
dx

= −E

where:

and:
*

*
1bi C

T T
C

dV dNd dnV V
dx q dx N dx n dx

χ= − − +

*

*
1 C

n T
C

dNdA qn V
q dx N dx

χμ
 

= − − 
 

After substituting it into the expression for Jn we obtain:

*

*
1 C

n n T n
C

dNd dnJ qn V qD
q dx N dx dx

χμ
 

= − − + 
 
E
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193Semiconductor heterostructure

The expression for Jn is valid not only for thermal equilibrium.

*

*
1 C

n n T n
C

dNd dnJ qn V qD
q dx N dx dx

χμ
 

= − − + 
 
E

The second and third components may be interpreted as additional 
electric field related to varying  electron affinity χ and to varying 
effective electron state density NC

* , because of the bandgap engineering 
of the heterostructure :

*

*
1 C

hetn T
C

dNd V
q dx N dx

χ= − −E

( )n n hetn n
dnJ qn qD
dx

μ= +E +E

The expression for Jp can be obtained similarly:
*

*
1 1 G V

p p T p
V

dE dNd dpJ qp V qD
q dx q dx N dx dx

χμ
 

= − − + − 
 
E

*

*
1 1 G V

hetp T
V

dE dNd V
q dx q dx N dx

χ= − − +E

( )p p hetp p
dpJ qp qD
dx

μ= −E +E

194Basic equations for analysis of heterostructure device operation

*

*
1 C

n n T n
C

dNd dnJ qn V qD
q dx N dx dx

χμ
 

= − − + 
 
E

*

*
1 1 G V

p p T p
V

dE dNd dpJ qp V qD
q dx q dx N dx dx

χμ
 

= − − + − 
 
E

xq
UG

t
n n

nn ∂
∂+−=

∂
∂ J1Continuity equation for 

electrons:

Continuity equation for 
holes:

pxnxx JJJ +=

Density of electron 
conduction current:

Density of hole 
conduction current:

Density of total conduction 
current :

Poisson equation – for 
potential distribution V :

( )2

2
0

A Dq n p N NV
x x εε

− +− + −∂ ∂− = =
∂ ∂
E

xq
UG

t
p p

pp ∂
∂

−−=
∂
∂ J1

Note – approximation of completely depleted layer often can be used 
for junction analysis.

Note – Quantization of electron energy levels and two-dimensional electrical 
charge carrier distributions should be considered for narrow potential wells of 
widths comparable to the carrier de Broglie wavelengths.

v AlGaAs GAlGaAs

GaAs GGaAs

E E
E

χ
χ

Δ = +
− −

c AlGaAs GaAsE χ χΔ = −
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195Heterojunction bipolar transistor

Large bandgap
Eg at emitter

Smaller bandgap
Eg at base

from:P. Ashburn, SiGe Heterojunction Bipolar Transistors, Wiley 2003

• Emitter-base heterojunction – n-type 
semiconductor of large bandgap EG is used for 
emitter, and p-type semiconductor of small
bandgap EG is used for base.

• Semiconductors are selected so that ΔEv > ΔEc. 
Therefore, the potential barrier is larger for holes 
than for electrons. 

• As a result, at forward E-B bias, injection of 
holes from base to emitter is suppressed as 
compared to injection of electrons from emitter 
to base.

• The transistor has larger current gain βN = h21e
than a homojunction transistor.

• Or, the base acceptor concentration may be 
increased. The value of βN = h21e is moderate, but 
the base series resistance rbb' is reduced. This 
way the cut-off frequency of power gain fmax is
inreased:

Npn transistor

jCbb

T

Cr
ff

'
max 8 ⋅

≈
π

196IIIV - heterojunction bipolar transistor

from: M. Grundmann, The Physics of 
Semiconductors ..., Springer  2016

Schematic band diagram of a 
heterojunction bipolar transistor

(a) Schematic layout of a high-frequency HBT 
and SEM images (b) without and (c) with 
contacts. (d) Epitaxial layer sequence and (e) 
static performance data.
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197
HF transistors fmax-fT

Transistors with record high fT i fmax and operation frequencies of circuit fcircuit

fT – cut-off frequency of current gain, at this frequency  Iout / Iin > 1 for AC componets.

fmax – cut-off frequency of power gain, at this frequency   Pout / Pin > 1 for AC componets.

(2015 state of art)

198
Graded bandgap Eg at bases of N-Si/p-SiGe/N-Si heterojunction bipolar 

transistors

rys: J. D. Cressler, "SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices", CRC 2007

• Larger Eg at emitter than at base is used for limitation of hole injection from the base to the emitter.
• This enables using higher concentration of acceptors at the base. I effect a series resistance of the 

base is reduced and, in turn, the cut-off frequency of power gain fmax is increased.
• Graded bandgap Eg at a base of a heterojunction bipolar transistor N-Si/p-SiGe/N-Si acts as an 

additional built-in electric field, which accelerates electron motion through the base. The Eg badgap 
grading is obtained with graded Ge content - 30% - 0% typically.

(2007)

emitter base collector
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199
N-Si/p-SiGe/N-Si heterojunction bipolar transistors fabricated with BiCMOS 

technology

rys: J. D. Cressler, "SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices", CRC 2007

emitter
p type

emitter metal
base 
contact

n+ - mono Si 
collector

TEM cross section of a transistor with 
effective emitter width of 0.14 µm.

SIMS doping profile of the fabricated 
transistors.

200
N-Si/p-SiGe/N-Si heterojunction bipolar transistors fabricated with BiCMOS 

technology

rys: J. D. Cressler, "SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices", CRC 2007

Transfer characteristics of a transistor 
with AE = 0.14 x 2.6 µm2

Common emitter output characteristics 
of a transistor with AE = 0.14 x 2.6 µm2

IC

IB
IB = 5 µA

IB = 10 µA

IB = 25 µA

IB = 0 µA
BVCE0 = 1.7 V
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201
N-Si/p-SiGe/N-Si heterojunction bipolar transistors fabricated with BiCMOS 

technology

rys: J. D. Cressler, "SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices", CRC 2007

Measured frequency dependence of the small 
signal current gain |h21|2, the maximum stable 
gain MSG, and the unilateral gain U for 
transistors with AE = 0.14 x 2.6 µm2

Estimated from these type measurements values 
of the current gain cut-off frequency fT and the 
power gain cut-off frequency fmax

202
N-Si/p-SiGe/N-Si heterojunction bipolar transistors fabricated with BiCMOS 

technology

rys: J. D. Cressler, "SiGe and Si Strained-Layer Epitaxy for Silicon Heterostructure Devices", CRC 2007

(of ECL type bipolar logic gate in integrated circuit)
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Thank you for your attention!

203


