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Preface

This book is based on one with the title VLSI Design, published by Oldenbourg for the
first time in 1990 and followed by four further editions. A substantially revised version
with the title System Integration was published by Oldenbourg in 2003 and is the basis
for this book. It includes lectures which the author teaches at the Bundeswehr Uni-
versity in Munich for graduate students and topics for adult education of professional
engineers and physicists.

In order to introduce the book it is appropriate to consider more closely the history
of silicon integrated circuits and how the design environment has changed over the
years.

The development began with the integration of a couple of bipolar transistors on a
piece of silicon. A similar development with field effect (MOS) transistors started later
because of several technical problems. The number of integrated MOS circuits produced
increased over the years enormously, compared to the number of bipolar circuits. The
better chip area utilization together with simplified processes and circuits with reduced
power consumption are some reasons for this development.

Due to a dramatic reduction in geometries and the availability of n-channel and
p-channel transistors simultaneously on the same chip in so-called CMOS technologies,
it is now possible to integrate millions of MOS transistors to a system on one chip.

This trend to ever-increasing chip density is going to continue in the foreseeable
future, whereby physical constraints are probably not a limiting factor. It is more likely
that the increase in complexity, in conjunction with production costs, will slow down
this development.

CMOS processes are today and will be in the future mainstream technologies for
integrating complex systems on chips. Despite this, bipolar technologies with a lower
level of integration offer attractive solutions to the designer, particular in the area of
analog and high frequency designs. These options are especially appealing when a
BICMOS technology is available. The advantages of using bipolar and MOS transistors
simultaneously in innovative designs of large scale integrated circuits are manifold.

The development of large scale integrated systems on a chip has changed the
environment of circuit designers dramatically over the years. Initially hand calculations
were sufficient to design a circuit. This became extremely troublesome with the ever-
increasing transistor count. The situation was eased by the introduction of circuit
simulation programs. But the number of transistors per chip continued to increase.
The testing of the design, e.g. for electrical parameters, electrical rules, or the layout for
design rule violations prior to production, became a problem. This conflict was eased
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with the introduction of appropriate CAD tools. Unfortunately other handicaps
unfolded. The technologies became more complex due to the continued scaling of
transistor geometries. New effects had to be taken into account in the design. This
meant further that the accuracy of the transistor models used in the circuit simulation
programs was no longer sufficient. As a consequence, many improved transistor models
were developed and will be developed and adopted to each new technology. A further
implication of the scaled transistor geometries is that quality and lifetime questions of a
product gain more and more significance, not to mention the testing of these properties.

It is obvious from this discussion, that not one designer but a whole team of
specialists has to be available to cope with the challenges. If something is overlooked
in the design phase, the IC might not work or work only at a particular voltage,
temperature, and timing condition — an undesirable situation, as the system has to be
analyzed and a redesign started.

To cope with the mentioned or similar problems it is necessary to understand
thoroughly the physical interrelationship between the function of integrated circuit
components like transistors and their impact on circuit performance in an integrated
system.

The reader is thus introduced in the first four chapters to the basic behavior and
design of modern semiconductor components of integrated circuits.

With this background, the design of digital and analog circuits is presented in the six
following chapters, with the emphasis on CMOS implementations. One goal of these
chapters is to derive simple equations for an estimate of transistor performance, geo-
metry sizing, and circuit behavior. If one starts a design without this information the
possibility exists that an inappropriate circuit will be selected, innovations be suppressed
or unnecessary simulation runs performed without the desired success. Or if one starts a
failure analysis and in due cause a redesign without this knowledge, a wrong conclusion
may be drawn.
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Physical Constants and
Conversion Factors

Conversion factors

leV = 1.602- 10" J[Ws]
Im = 10°mm = 10° ym = 10° nm
1 F = 10° uF = 10° nF = 10" pF = 10" fF

Physical constants

Symbol Parameter Value

Q Magnitude of electronic charge 1.602 - 10719 C[As]

k Boltzmann constant 1.38- 1072 JK ' [Ws K]
kT/q = ¢, Temperature voltage 0.026V at 300K

g0 Permittivity of free space 8.854- 10" Fem™!

€ox Dielectric constant of silicon dioxide 39

Important electrical properties of semiconductors

Ge Si GaAs Unit
Band-gap E; 0.66 1.12 1.42 eV
Dielectric constant g, 16 11.9 13.1
Intrinsic carrier concentration »; 24108 1.45.10%° 1.79 . 106 cm™?
Effective density of states
Conduction band N 1.04 - 10" 2.8-101 4.7 10" cm™?

Valence band Ny 6.0 108 1.04 . 10" 7.0- 1018 cm™?




Symbols

Symbol Description Units
General

C Capacitance F

c Capacitance per area Fm™?
c* Capacitance per perimeter Fm™!
Q Charge C

p Charge per volume Cm™?
c Charge per area Cm™?
0} Semiconductor voltage \Y%

4 Applied voltage \Y%
Detail

A Area m?

a, (a,) Small-signal gain v,/v; (at ® — 0)

Br, Br Current gain; forward, reverse

BV Breakdown voltage \%

be Emitter width m

Cy Diffusion capacitance F
Ceior Coso Overlap capacitance: gate drain, gate source F

Ci, (Cio) Depletion capacitance (at Vpy = 0V) F
Cher Che BE- and BC-capacitance F
Cie, Cic BE- and BC-depletion capacitance F
Cieos Cieo BE- and BC-depletion capacitance at ¥ =0V F
c, Oxide capacitance per area Fm~?
D Electrical displacement Cm™
D, D, Diffusion coefficient: electrons, holes m?/s
d,yy Oxide thickness m

& Electrical field Vm™!
Efr, Ec, Ey Energy: Fermi level, conduction and valance band edge eV
E; Electron energy at intrinsic Fermi level eV
E¢ Band-gap eV
E,., Es; Electrical field: oxide, silicon Vm™!
F Probability of occupation by an electron

Hfr Frequency, transit frequency 1/s

G Rate of generation of electron-hole pairs 1/m’s
go Conductance Q!
&m Transconductance (gate) Q!




X SYMBOLS

Symbol Description Units
Emb Transconductance (substrate) Q!
Zn Input conductance Q!

I Current A

Ic, Ig, I Current: collector, emitter, base A

Ic, Collector current at Vg =0V A
Ixr, Ixg Knee current: forward, reverse A

Is Saturation current A
Iss, (Iss,) Transport current (Vge = 0V) A

Ips Drain source current A

s Ip Current density: electrons, holes Am™2
k Boltzmann constant 1.38 - 10~ JK ™!
ka, k, Gain factor of the process: n-channel, p-channel AV™?
L Length, channel length (drawn) m

Ie Emitter length m

l Effective channel length m

M Grading coefficient

N Emission coefficient

N4, Np Acceptor and donor density m™?
Ne¢, Ny Effective density of states: conduction band, valence band m-3
Ry Po Density at equilibrium: electrons, holes m-?
Ny, P Density in n-doped region: electrons, holes m-?
Muos Pro Density at equilibrium in n-doped region: electrons, holes m™3
Np, Pp Density in p-doped region: electrons, holes m~3
Apar Ppo Density at equilibrium in p-doped region: electrons, holes m-3
n; Intrinsic density of electrons and holes m™3
n;g, ip Intrinsic density: base, emitter m™3
n, Excess electron density in p-doped region m™3
P, Excess hole density in n-doped region m™>
P Power dissipation w

0 Magnitude of electronic charge 1.602-10-°C
Op O Charge: holes, electrons C
QOs. (Q5,) Base majority charge (Vpc = 0V) C

R Recombination factor 1/m’s
R Emitter resistor Q

Rg Base resistor Q

Re Collector resistor Q

Rg Sheet resistance Q/0
T Temperature K (¢C)
! Time s

ty Delay time s

!, Rise time s

t Fall time s

ts Storage time, switching time $

U Netto generation rate I/m?s
Var, Var  Early voltage: forward, reverse \%
Vac Voltage between base and collector v
Vae Voltage between base and emitter v
Vee, Vpp - Positive power-supply voltages \Y%



SYMBOLS xi

Veg Voltage between collector and emitter \Y%
Vps Voltage between drain and source \%
Ves Flat band voltage \Y%
Via Voltage between gate and bulk \Y%
Vis Voltage between gate and source \%

Vr Input voltage v
Ven Voltage between p- and n-doped region v

Vo Output voltage \Y%
Vsa Voltage between source and bulk A%
Vss Negative power-supply voltage v
Vrons Vrop  Threshold voltage: n- and p-channel transistor (Vsg =0V) V
Vim Vrp Threshold voltage: n- and p-channel transistor \Y%

Vi, Vp Average drift velocity: electrons, holes m/s
Vsar Saturation velocity m/s
w Effective MOS transistor width m

wg Effective emitter length m

Xy Depletion region width of MOS transistor m

X; Depth of source and drain diffusion m

Xp, Xp Width of depletion region: p-doped and n-doped region m
xg, (xgo) Base width (Ve = 0V) m

VA Inverter sizing parameter

B Small-signal current gain i,/i, Or ifis

B B, Gain factor: n- and p-channel transistor AV
¥ Body-effect parameter viz
& Permittivity of free space 8.854.10"12Fm™!
€ox Dielectric constant of silicon dioxide 3.9
€si Dielectric constant of silicon 11.9
A Channel length modulation factor v-!
My 1Ly Mobility: electrons, holes m?/Vs
I Depletion charge per volume Cm™?
P Base resistivity Qm
Oy Gate charge per area Cm™
Gy Inversion layer charge per area Cm™
Oy Depletion region charge per area Cm™?
Gss Interface charge per silicon/silicon-dioxide area Cm™
o Conductance (Qm)™!
r Effective transit time s

Tny Tp Effective transit time, lifetime: electrons, holes s

Tr, TR Effective transit time: forward, reverse s

lups Channel voltage, contact voltage \%

br Fermi potential, Fermi voltage \%

o, Built-in voltage \Y%
Oy Voltage across oxide layer \Y%

¢, Thermal voltage kT/q \Y%

g Surface potential, surface voltage A%

) (Angular) frequency 1/s
Or Unit-gain (angular) frequency /s
0, —3dB bandwidth, pole-(anguiar) frequency 1/s
, Zero-(angular) frequency 1/s
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