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Specifically written for electronic system engi-
neers and technicians, this practical volume
provides instantly usable state-of-the-art infor-
mation on one of the lzﬁst developments in
solid-state electronics: etal-Oxide-Semicon-
ductor/Large-Scale Integration (MOS/LSI), a
new and powerful form of electronic circuitry
which offers major cost savings in many fields.

Complete and easy to use, this volume covers
all aspects of MOS/LSI from basic principles to
various systems applications. Unified in presen-
tation, it begins with a review of device physics
and follows through into detailed circuit opera-
tional mechanisms and, finally, logic design. The
book is a concise yet fully rounded summary of
all the information pertinent to the subject of
MOS/LSI. Its material is up-to-date, and the
necessary fundamentals have been included to
give the user the capability of working with
future designs in the field.

All major applications of MOS/LSI are thor-
oughly examined, including inverters, static
logic, flip flops, shift registers, memory applica-
tions, and programmable logic arrays. The book
also covers other important areas in the field,
including . . .

e relevant device physics concepts necessary for
effective use of MOS/LSI

® a summary of the various technologies used in
fabricating MOS/LSI, including circuit per-
formance, economics, and suggested employ-
ment of various technologies

® a survey of present MOS analog applications
and future trends, including the development
of small signal models of numerous MOS
linear configurations

e the economics of MOS/LSIL including an
analysis of the concept of silicon real estate
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and an extensive discussion of custom and
catalog circuit approaches, with past, present,
and future economic trends

Practical, up-to-date, and filled with time- and
money-saving information, this volume covers
many advances, including: N-channel device
technology, nitride oxide sandwich structures,
the one chip calculator, two- three- and four-
phase shift registers, semiconductor memory,
read only memory for performing random logic,
and more.

An especially strong area in the book is its
coverage of applications—particularly the chap-
ter on programmable logic arrays, which is a
highly effective technique when rendered in
MOS/LSI. Probably no other treatment of the
newly developed method of programmable logic
arrays has been given to date with the clarity and
definitiveness of this presentation.

MOS/LSI DESIGN AND APPLICATION
provides in a single volume the overall capabil-
ities of and the essential data on MOS/LSI,
including detailed coverage of the electronic
system employment of cost effective MOS/LSI
methods. Clearly it belongs on the desk of every
systems engineer, MOS circuit designer, device
engineer, and fabrication technologist interested
in cutting costs and meeting competition.
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Preface

This book is written with the intended purpose of presenting a unified treatment
of MOS/LSI for the systems designer. Details of digital circuitry are therefore
stressed in Chapter 4—Inverters, Static Logic, and Flip-flops; Chapter 5—Shift
Register For Data Delay, Logic, and Memory; Chapter 6—The MOS/Bipolar
Interface; Chapter 7—Memory Applications; and Chapter 8—Programable Logic
Arrays. For completeness of circuit discussion, Chapter 9 on MOS Analog Circuitry
is included. Methods of achieving reliability in MOS integrated circuits and eco-
nomic aspects of MOS/LSI (probably the most important feature of these new circuit
methods) are presented in Chapters 3 and 10, respectively. Since MOS fabrication
techniques contribute to system performance, a discussion of the existing MOS
arsenal of technology is given in Chapter 2. The authors believe that without a
basic understanding of semiconductor device physics as it directly pertains to
MOS/LSI, the effectiveness of the systems designer will be impaired and therefore
Chapter 1, on this topic, has been included.

In a field which is advancing as rapidly as is MOS/LSI, it is difficult to choose
the propitious moment for documenting the status and methods provided by this
new and powerful form of electronics. The writer immediately finds that he is
involved in a struggle attempting to “tell it like it is” rather than “like it was.”
To cope with the situation, this book has been written with a conscientious effort
to present an up-to-date rendition of MOS/LSI methods and techniques—yet at
the same time it is tempered with the approach of presenting fundamental concepts
which the systems designer can utilize in accommodating his analyses to future
technology advances. In our presentation of fundamentals, we have purposely
omitted discussion of second-order effects and have thereby sacrificed rigor in order
that basic principles will be made evident to the reader.

We are indebted to our colleague Herman Van Beek who has aided us in assem-
bling a major portion of the text. Keith Lovelace and John Hodge provided many
of the details pertaining to reliability aspects of MOS/LSI. We received helpful
comments with respect to the economics of MOS/LSI from Charles Phipps and
Daniel Baudouin. M. Ramanathan assisted in the computer calculations of Chapter
4 and his special contribution to the programable logic array presentation has been
very helpful. We acknowledge our disciplinarian Donald Scharringhausen whose
overt influence contributed to bringing the book to successful completion. Our
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editors John Miller and Bob Sawyer have most importantly contributed to ensuring
that the text has been made readable.

The authors are fortunate to have the continued assistance of J. S. Kilby. = This
acknowledgment falls far short of adequately expressing our appreciation for his
helpful suggestions and encouragement pertaining to this book.

Finally, although Texas Instruments, Incorporated has provided the means by
which this book is brought to press, the authors assume full responsibility for the
interpretations and forecasts which appear herein.

William N. Carr

Jack P. Mize
Dallas, Texas
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MOS Device Physics

1.1 INTRODUCTION
1.1.1 Metal-Oxide-Semiconductor (MOS) Device Physics

In view of the formidable array of new technologies and methods presently facing
the electronic engineer, the question arises as to the necessity for devoting attention
to the particular discipline of MOS device physics where silicon is primarily used
as the semiconductor element. Justification can best be made for the required effort
by separately considering the situation relevant to:

1. The system designer
2. The circuit designer
3. The device technologist

The system designer should understand that MOS technology has not, as yet, settled
into a routine prescription which is completely specified, understood, and defined.
Fortunately, MOS technology and circuit innovations continue to unfold and gener-
ate dramatic improvements in circuit performance. It presently appears that MOS
ranks as a serious contender for utilization in large blocks of electronic functions
formerly reserved for bipolar transistors. The present-day employment of MOS and
bipolar devices in electronic systems can be likened to the structure of a building,
In the analogy, MOS /LSI (metal-oxide-semiconductor large-scale integration) serves
as large “building blocks,” and bipolar circuits (TTL gates, for example) serve as
the “mortar or concrete” which interconnects the building blocks to one another
and to external appendages such as meters, visual displays, motors, or printers.
The system design engineer must select from the rich spectrum of MOS technology
that method which will optimumly provide the building blocks for his particular
electronic system. A fundamental knowledge of MOS device physics will make his
task easier and his judgment more effective.

The MOS circuit designer operates in an arena of ever-increasing complexity and
design sophistication. To work effectively he must fully exploit the metal-oxide-
silicon field-effect transistor (MOSFET) in circuit design. A basic understanding
of the device and its operation is an essential requirement for the circuit designer
who expects to accomplish his tasks successfully.
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The device technologist involved with MOS processing and technical innovation
must understand how his fabrication methods affect the device performance in the
integrated circuit. A lack of understanding of MOS device physics will reduce the
performance of the technologist to that of an automaton who merely passes semi-
conductor silicon slices through the process subject to the whims of the circuit
designer. This is a situation to be avoided, since many of the advances in MOS
technology during the past several years have been brought about through a strong
interaction between circuit designer and technologist—an interaction which must
be maintained to ensure future evolution of MOS in electronic systems.

1.1.2 Basic Structure of the MOSFET

A cross-sectional view of a p-channel MOSFET is shown in Fig. 1.1. Note that
the device consists of p-type source and drain regions diffused into an n-type silicon
substrate. A very thin layer of insulating SiO, is positioned on top of the silicon
between the source and drain regions. This insulator is called the gate oxide and
is nominally 1000 A thick. Positioned on top of the gate oxide is a metal field plate
(usually aluminum) which is referred to as the gate. When a voltage is applied
to the gate, negative with respect to the substrate, positive charge is brought to the
surface of the silicon between source and drain. If the negative gate voltage is large
enough (a few volts), the channel between the source and drain will become p-type
(inverted). Under these conditions, electrical conduction will take place between
the source and drain when a potential difference is applied between these two
terminals. In the absence of the inversion layer, the source and drain in Fig. 1.1
are effectively isolated from each other. It is to be noted that the device exhibits
bilateral symmetry; i.e., the source and drain regions are electrically interchangeable
and are not defined until the device is connected to voltage or current nodes within
a circuit.

The inversion layer which forms the conducting bridge between source and drain
is the seat of the electrical activity exhibited by the device. The analytical description
of the inversion layer basically involves extension of concepts pertinent to that of
bulk silicon. Other bulk silicon properties such as junction capacitance, junction
avalanche breakdown, and junction leakage current play important secondary roles
in MOS device action. In view of the importance of bulk-silicon concepts and

Fig. 1.1. MOSFET struc-
ture.
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properties, a summary of those relevant to MOSFET performance will first be
presented.

1.2 THE SILICON BULK

1.2.1 Definition of the Bulk

By the term bulk silicon we mean that body of silicon infinitely removed from
the surface, the surface thereby having no influence on the bulk properties. The
bulk silicon referred to is, of course, single crystalline in theory and in practice.

1.2.2 Crystalline Structure of Bulk Silicon

(a) The Cubic Lattice. Silicon crystalline structure is characterized by periodic
repetition of silicon atoms. The crystallographer classifies single-crystal silicon as
a diamond-lattice structure which consists of two interpenetrating face-centered cubic
sublattices. In practical terms this means that silicon can be thought of in certain
considerations as a simple cubic crystal. Although the crystal structure is repetitive,
let us consider for analysis a single “cube” of silicon positioned on the x, y, z axes
as shown in Fig. 1.2.

In MOS technology it is frequently necessary to specify various planes in a silicon
crystal. Miller indices are employed for this purpose. To specify the Miller indices
of a plane:

* Determine the intercepts a, b, ¢ of the plane with the three axes x, y, z, respec-
tively. The plane must be chosen so that no intercept is at the origin.

» Form the reciprocals of these intercepts.

* Express the reciprocal terms with the smallest set of integers that can be obtained
by multiplying each of the fractions by the same number (i.e., reduce the terms to
the smallest set of integer values possible).

examples

1. The (111) plane (Fig. 1.3). In this example the plane intercepts the axes at
unit axial lengths 1, 1, 1. The reciprocals of these unit values is unity, and since

Fig. 1.2. Simple cubic crystal structure.
a = b = ¢ = unity, and axes are mutually
perpendicular. X
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z

—>38

>

X X
Fig. 1.3. The (111) plane. Fig. 1.4. The (100) plane.

no common factors other than 1 are present, the Miller indices are (111) and this
plane is called the (111) plane.

2. The (100) plane (Fig. 1.4). In this example the plane intercepts the three axes
at axial lengths of 1, o0, co. The reciprocals of these values yield the Miller indices
of (100) and the plane is called the (100) plane.

3. The (110) plane (Fig. 1.5). In this example the plane intercepts the three axes
at axial lengths of 1, 1, co. The reciprocals of these values yield Miller indices of
(110) and the plane is called the (110) plane.

It is of importance to observe that, excluding signs, the Miller indices are to be
reduced to the smallest set of integers. Thus, for example, the plane with intercepts
2, 2, oo has Miller indices of (110) and is parallel to the plane shown in Fig. 1.5.
Also note that a bar over a number indicates a negative intercept. Thus a plane
having intercepts of 1, 1, co with the x, y, z axes, respectively, has Miller indices
of (110) and is a plane parallel to the (110) plane.

(b) Physical Consequences of Crystal Symmetry. The fact that bulk silicon is
characterized by a cubic-crystal structure places certain symmetry constraints on the
physical properties of the material. The constraints obey a physical law given by
Neumann,! which can be stated in elementary terms: The physical properties of a
crystalline material must exhibit the same symmetry properties as those of the crystalline
structure of the material. Since the cubic structure of silicon exhibits complete
rotational symmetry, the physical parameters such as electrical and thermal conduc-
tivity, mobility, dielectric constant, and diffusivity are always isotropic in bulk silicon.

z

—8

X Fig. 1.5. The (110) plane.
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Fig. 1.6. Covalent bonding of silicon atoms.

(c) Covalent Bonding. The silicon crystal is held together by covalent bonding
forces between silicon atoms. The covalent bonding forces arise from sharing
valence electrons between neighboring atoms in an effort to complete and close an
outer shell of electrons, thereby forming a configuration which is energetically most
favorable. In a pure silicon crystal each silicon atom shares its four valence electrons
with four neighboring silicon atoms, forming four covalent bonds. The situation
is summarized in Fig. 1.6.

1.2.3 Intrinsic Silicon

Semiconductors are characterized by valence, forbidden, and conduction regions
depicted for silicon as shown in Fig. 1.7. An energy level E;, called the intrinsic
level, is drawn midway between the valence and conduction band edges E, and
E,, respectively. The width of the silicon forbidden gap, E,, is 1.1 eV at 300°K.
The drawing of Fig. 1.7 has physical meaning in the vertical direction only (it is
a one-dimensional energy-level diagram).

For finite temperatures a probability exists that electrons from the top of the
valence band will be thermally excited across the forbidden band into the conduction
band. It can be shown that for pure, single crystalline silicon at 300°K, the number
of electrons #n; residing in the conduction band as a result of thermal excitation from
the valence band is?

n, = 39-. 1016T3/2e—1.21/2KT/Cm3 (1_1)

where n, = 1.4-10%%/cm? at T = 300°K

\ } Conduction band
Ec

Hole  Electron Eg=llev Ei | Forbidden band
energy  energy

& Yvatence band
/ }aence an

Fig. 1.7. Energy-level structure of silicon.
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These n; electrons are available for conduction, as are the holes (positive charges)
left behind in the valence band. The number of electrons is equal to the number
of holes

n=p=n;

in the absence of impurities, and the silicon under these conditions is designated
as intrinsic. For the intrinsic condition, the Fermi level® E; can be shown to lie
at the midgap position E;, if the mass of the electron is taken equal to that of the
hole. Tt is to be noted that although pure silicon does not exist in practice, the
concepts of E;, n;, and intrinsicity will be found to be of great importance in the
analysis of MOSFET electrical characteristics.

1.2.4 Extrinsic Silicon

(a) Doping of Silicon with Phosphorus. All the silicon regions of the MOSFET
contain dopant impurities that are purposely placed in the semiconductor body. The
dopants most often used in MOS technology are boron and phosphorus. The effect
of boron doping or phosphorus doping on the electrical conductivity of silicon is
profound. We shall first consider the effect of phosphorus doping on silicon.

When phosphorus is added to silicon in minute quantities—in practice only a few
parts per million—excess electrons become available for conduction. The phospho-
rus impurity atom is called a donor atom since it contributes a negatively charged
mobile carrier to the crystal lattice. The excess electrons contributed by the phos-
phorus donors arise from two basic mechanisms:

1. The valence of phosphorus is five, and therefore when a phosphorus atom
is substituted into a silicon lattice site, only four valence electrons are involved
in covalent bonding, and the fifth electron can become available for con-
duction. The situation is summarized in Fig. 1.8.

2. There exists a small but finite binding energy for the fifth electron to the
donor atom phosphorus. The fifth electron resides in a shallow energy state
below the lowest electron state in the conduction band. This energy state
for phosphorus lies 0.039 eV below the conduction band as shown in

Positive

%ion
AN

Excess
electron

Fig. 1.8. Covalent bonding of phospho-
rus-doped silicon.
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\ e 2
T_____L _____________ Ec

0.039eV T

I.lev

Fig. 1.9. Phosphorus donor level in sili- _ l
con. A\ _ Ev

Fig. 1.9. At room temperature essentially all the donor electrons become
thermally excited to the conduction band, where they can contribute to elec-
trical conduction. With the availability of excess electrons, the semiconduc-
tor is classified as being extrinsic and is called n-type since conduction
proceeds by negative carriers.

Because of the binding energy involved, the number of electrons excited to the
conduction band from the donor level will be a function of temperature. Figure
1.10 pictorially indicates the number of electrons excited to the conduction band
from a 1015/cm? donor impurity concentration as a function of temperature.> Note
that carrier freeze-out begins to play an important role below =100°K. For tem-
peratures above 550°K, n; contributes appreciably to the electron population in the
conduction band. As temperature continues to increase above 550°K, the equal
number of holes and electrons resulting from n; generation brings the Fermi level
for the n-doped extrinsic material back toward midband. At sufficiently high tem-
peratures the Fermi level resides essentially at midband, and the material is said to
have “gone intrinsic” (even though it had been extrinsic in the region of 300° K=+ =~
200°K).

For n-type extrinsic semiconductors, the Fermi level E; lies above the intrinsic
level E; by an amount given by the expression®

n = nie(E,—E,.)/kT = n;e* (1_2)

3%10° —

1k2><|o‘5 -

a B
E

i -

= —

0% —

I 1A N B S
Fig. 1.10. Temperature dependence of elec- 0 100 200 300 400 500 600 700

tron concentration in n-type silicon.® T(°K) —
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Ef -
kT

kT = 0.026 eV at T = 300°K

n; = 1.4-10%/cm? at T = 300°K

E;, . .
where u = * (dimensionless)

Thus at 300°K for an n-type donor doping density of 10!5/cm? (typical for silicon
on which p-channel MOSFETs are fabricated), E; — E; is, from Eq. (1-2):

_ i _ 1015
Eg— B, = kTln = 0026 In s
and E,—E, = +029 eV
0.29
006 ~ T

The energy-level diagram for phosphorus-doped bulk silicon with a donor doping
level of 10%5/cm® and all donors ionized (implying that all donor electrons are
thermally excited to the conduction band, as they would be at 300°K) is shown in
Fig. L.11. A plot of E; — E; versus impurity doping level is shown in Fig. 1.12.

(b) Doping of Silicon with Boron. When silicon is doped with boron, a situation
develops which is essentially the inverse of that for the phosphorus-doped silicon
case. The presence of boron in the silicon lattice provides for a “negative” excess
of electrons, resulting in the existence of positively charged carriers called holes.
The boron impurity atoms are called acceptor atoms since they can be thought of
as accepting an electron from the valence band (or equivalently exciting a hole into
the valence band), thereby completing a covalent bond and leaving a mobile posi-
tively charged hole in the valence band which can contribute to electrical conduc-
tion. The excess holes contributed by the boron acceptors arise from two basic
mechanisms:

1. The valence of boron is three, and therefore when boron is substituted into
a silicon lattice site, only three valence electrons are available for covalent

500
Donor electrons :_—'7 400
S
11818 /18/8/E/8/E/6//8/8 c
LI [ i Lrd f DL O D e Iy EC e
£ 300
ko)
¥ E¢ s
0.29ev T 200t i
Llev ¥ E =
'“ 100} .
u T =300°K

} |OI4 lolS |OI6 |OI7 'OIB
Fig. 1.11. Energy-level diagram for Nplem™3)
silicon with phosphorus doping concen- Fig. 1.12. E, — E, vs. impurity doping
tration of 1015/cm3. level N,
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Fig. 1.13. Covalent bonding of boron-doped
silicon.

bonding, and a hole can become available for conduction. The situation
is summarized in Fig. 1.13.

2. Since there exists a small but finite binding energy for the hole to cling to
the boron atom, the hole lies in a shallow energy-level state above the highest
electron state in the valence band. The resulting hole energy state lies 0.045
eV above the valence band as shown in Fig. 1.14. At 300°K, essentially
all the acceptor holes are thermally excited into the valence band, where
they can contribute to electrical conduction.

In analogy with the phosphorus-doped silicon example, in the presence of excess
holes the semiconductor is extrinsic and is called p-fype because conduction proceeds
by positive carriers. The same considerations summarized in Fig. 1.10 hold for
p-type material. For p-type extrinsic semiconductors the Fermi level lies below the
intrinsic level E; by an amount given by Eq. (1-3), and for a p-type donor doping
density of 10%°/cm? we find

p= nie(Ei—Ef)/kT = nie_“ (1-3)
E. — E;
where y = L ——* T * (dimensionless)
E,— E, = —029 ¢V
u= —11.1
T = 300°K

The energy-level diagram for boron-doped bulk silicon with a doping level of
10%5/cm? and all acceptors ionized (implying that all holes are thermally excited

£ izt

Llev 0.045 eV

Fig. 1.14. Boron acceptor level in silicon.
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T

Ilev T Ei
0.29 eV
] £,
Ey
\\Q\Q\‘@\\@\@\\Q\\@\‘@\@\\@\\\\\ Fig. 1.15. Energy-level diagram for silicon
Acceptor holes with boron doping concentration of 10*%/cm?.

to the valence band) is shown in Fig. 1.15. A plot of E; — E; versus impurity doping
level would be identical to that of Fig. 1.12, with the exception that the quantities
E; — E; and u are negative for the boron-doped silicon case.

1.2.5 Electrical Conductivity of Extrinsic Bulk Silicon

(a) Carrier Mobility. When an electric field & is applied to an extrinsic semicon-
ductor, a drift velocity v is imparted to electron charge carriers if the material is
purely n type, or to hole carriers if the material is purely p type. The drift velocity
of the charge carrier is directly proportional to the applied electric field and the
proportionality factor is defined as the carrier mobility p. The relationship can be
summarized as:

v =& (1-4)

Although the path of the charge carriers is fraught with collisions within the crystal
lattice (lattice scattering) or by encounters with ionized impurities (impurity scatter-
ing), the concept of drift velocity (although it be an averaged velocity) is of great
importance in describing semiconductor device phenomena.

Carrier mobility in bulk silicon is a function of doping concentration, as would
be expected from consideration of the impurity scattering process of Coulombic
origin (recall that phosphorus donor atoms or boron acceptor atoms are fully ionized
in their lattice sites at room temperature). Measurements employing the Hall effect
coupled with electrical conductivity on silicon samples reveal that the majority carrier
electron mobility value (electron mobility in n-type silicon) is greater by a factor
of =3 than that for majority carrier hole mobility values (hole mobility in p-type
silicon). The data are summarized in Fig. 1.16.7 Mobility values exhibited by
minority carriers (electrons in p-type silicon or holes in n-type silicon) are quite
similar to the values they exhibit as majority carriers.?

It is to be noted that the data of Fig. 1.16 are applicable when the value of the
electric field is less than =103 V per cm. For higher field regions the mobility values
actually decrease, resulting eventually in the saturation of drift velocity. The
mobility is then referred to as being field dependent. The reduction of carrier
mobility in high-field regions is caused by a fundamental change in the interaction
of carriers with the lattice. The change is brought about by the carriers becoming
“hot”; i.e., the carriers acquire velocity components that are large in comparison
to the velocity associated with thermal motion.
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Bulk carrier mobility values exhibit a strong and somewhat complex dependence
on temperature. The functional dependence on temperature arises from the nature
of the scattering mechanisms, i.e., whether lattice scattering or impurity scattering
dominates the particular situation. The temperature dependence of carrier mobility
in bulk silicon for various impurity concentration values is summarized in Fig. 1.17.°

Since carrier drift velocity is directly proportional to carrier mobility, it would
be expected that the inherent frequency response of a semiconductor device should
be a direct function of mobility. It is thus observed that bulk-silicon devices which
rely on drift or diffusion of electrons as their basic conduction mechanism (NPN
bipolar silicon transistors) are “faster” in circuit performance than hole-carrier
devices (PNP bipolar transistors)—all other parameters being equivalent, of course.
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(b) Resistivity-Conductivity Equations. From the fundamental definition of cur-
rent density in terms of electric field € and conductivity o, for the case of an n-type
semiconductor:

Jn = 0,8 (1-5)

In terms of electron charge (¢ = 1.6 - 1071° Coul), carrier density », and carrier
velocity v, current density can also be expressed as

Jn = 1qU (1-6)
Then from Eqs. (1-4), (1-5), and (1-6)
Ja = 1qU = ngue = 0, (1-7)
and therefore
On = Nty (1-8)
Similarly for a p-type semiconductor, conductivity 6, can be expressed as
Op = P4ty (1-9)

Since resistivity p is the reciprocal of conductivity, the expressions for resistivity
readily follow and are:

1
p, = 1-10
ngu, (1-10)
1
p, = (1-11)
P pauy

If an extrinsic bulk semiconductor is doped with both donors and acceptors, the
resistivity is expressed as

1

p=—1 (1-12)
nqy, + Pqly
Intrinsic carrier generation

2

2

b3t

2

8| Carrier saturation,

mobility decrease Carrier
freeze out
1 l
500°K I00°K Fig. 1.18. Generalized dependence of silicon

~—— Temperature conductivity with respect to temperature.
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Fig. 1.19. Silicon conductivity versus temperature for various impurity
concentrations.*?

Since conductivity and resistivity are functions of carrier concentration and
mobility [Eq. (1-12)] with both of the latter being temperature dependent, it is to
be expected that conductivity and resistivity will also be temperature dependent.
The general behavior of bulk-silicon conductivity as a function of temperature is
summarized in Fig. 1.18. The actual data are shown in Fig. 1.19.1°

A graph showing the relationship between resistivity and doping level (Fig. 1.20)
has been prepared for silicon by Irvin.!* The data of Fig. 1.20 have been obtained
from a compilation of a large number of measurements on silicon samples containing

either donor or acceptor impurities. Figure 1.20 is probably the most frequently
used graph in silicon device design.

10' N
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Q

Fig. 1.20. Silicon resistivity at 300°K as
a function of impurity concentration.!
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1.3 THE SILICON p-n JUNCTION

1.3.1 The p-n Junction at Equilibrium—the Built-in Potential

In Sec. 1.2.4 it was pointed out that for n-type material the large number of excess
electrons move the Fermi level E; above the center of the forbidden energy gap
E;. Similarly, the large number of excess holes in p-type material move the Fermi
level downward and below the center of the forbidden energy gap E;. When an
interface of p- and n-type silicon is formed (for example, by impurity doping of
boron into n-type material), a carrier gradient is produced which results from the
net transfer (by diffusion) of electrons from n material to p material and the net
transfer of holes (by diffusion) in the opposite direction. Equilibrium occurs when
a built-in (contact) potential Vp, with accompanying electric field, is developed to
counteract carrier diffusion across the interface of the resulting p-n junction.

To derive an expression for the built-in potential Vg, assume that a “step” p-n
junction has been formed as shown in Fig. 1.21. A large gradient of holes and
electrons will appear in the vicinity of x = 0 as a result of the abrupt doping profile.
Since the electron and holes are mobile, we would expect them to diffuse from the
step profile region of impurity dopants Nj, and N,, respectively. The diffusion of
mobile carriers is described by Fick’s law:

j = —gD (gradient of carrier concentration)
j= —qD%g (in one dimension where C defines
x carrier concentration and D is
the diffusion coefficient) (1-13)

The resulting diffusion of mobile hole and electron carriers uncovers N, and Nj,
stationary dopant impurities, respectively, which are ionized. The stationary dopant
impurities set up an electric field which is generated in a direction to oppose the
further diffusion of electrons and holes from their respective gradients. The interface
region now possessing an electric field is called the transition or depletion-layer

pt n

=4
>

o

—<—Concentration—>

Z
o

Fig. 1.21. Impurity concentration profile
for the step p-n junction.
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region. Current equilibrium conditions eventually result when the electric field
driving force develops a drift current Cgu8 which is equal and opposite to the diffusion
current developed by the diffusion gradient driving force. The situation can be
mathematically described as:

j =0 = —gD (gradient carrier concentration) + Cqu& (1-14)
or gD (gradient carrier concentration) = Cqué (1-15)

KTp
q

To draw the energy-level structure for the p-n junction in equilibrium (zero
external bias), first consider the behavior of the Fermi level. The Fermi level can
be considered to be the “chemical potential” for electrons or holes. Since the
condition for equilibrium in any system is that the chemical potential should be
constant throughout the system, the constancy of the Fermi level throughout the
semiconductor at equilibrium follows. Another way of stating the foregoing (and
of great importance to MOS analyses) is: 4 necessary and sufficient condition for
the absence of net current flow in a semiconductor is that the Fermi level be constant
throughout the system. With the condition of equilibrium prevailing, the energy-level
diagram for the p-n junction can be constructed by bringing Fig. 1.22a and b together
to form Fig. 1.22¢ with the Fermi level throughout being constant.

The fact that E; is not constant, as represented in Fig. 1.22¢, indicates the presence
of a built-in potential V3 for the junction at equilibrium defined as:

E, — E

where!? D =

g —— (1-16)
q
" 2%
E. 'l'— ot :8 @6: n —|||
Sle)
E;
Ey
Ev Eep
(a)
Eip ¢
" E 'll III Efn
Ec g I I c
vp .
E, n
E;
EVI‘\
Ev bt
(b) (c)

Fig. 1.22. (a) Energy-level diagram for n-type silicon; (b) energy-level diagram
for p-type silicon; (c) energy-level diagram for silicon p-n junction with zero
applied bias.
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To calculate V75 in terms of the doping concentrations on both sides of the junction
interface, recall from Eq. (1-2) that the concentration of electrons on the n side is
given by:

n, = ne* = n,e@nLul/kT (1-2)
E, — E, n,

. “fn __Tin - 1-17
Therefore T In n, (1-17)
The concentration of holes on the p side is given by:

p, = me~" = ne"CnEu)/kT (1-3)
E, — E; Py

. _ =2 1-18
Therefore T In n, (1-18)
Adding Egs. (1-17) and (1-18) yields

Efn - E1‘ Efp — Eip n, Po
— =1Iln—>2 o -1
T T In n, +In ”i (1-19)

And since E;, = E;, as shown in Fig. 1.22¢ (zero-bias condition), it follows that

E._—E,
i kTE1 = —nZ2Lp (1-20)
and therefore from Eqs. (1-16) and (1-20)
Vy = _%Tlnﬁn'%ﬂ (1-21)
i

To calculate a typical value of Vj for a silicon p-n junction, consider
n, =14-10%/cm3  p, =14-10"/cm3> T =300°K

1.4-10%-1.4-10Y7

v
(1.4 - 1010)2

Vg = —0.026In

Vg=-07V

A built-in voltage value (voltage barrier) of = —0.7 V as calculated above indi-
cates that application of an external voltage of =~ +0.7 V forward bias to the junction
(p region positive with respect to n region) would reduce the barrier height shown
in Fig. 1.22¢, thereby permitting a copious amount of “forward current” to flow.
This of course happens in practice, and the calculated value of V5 (Eq. 1-21) is in
accord with the observation that a silicon p-n junction has a forward voltage drop
of =~ +0.7 V under conditions of heavy current flow in the forward direction.

1.3.2 The p-n Junction with Applied Forward Bias

In Sec. 1.3.1 the concept of a transition region (henceforth referred to as a deple-
tion-layer region) was introduced. The depletion-layer region is located at the
interface of the p-n junction and for zero-bias conditions is formed in the process
of detailed balancing of drift and diffusion carrier current components. The princi-
ple of detailed balancing states that under equilibrium conditions, a given process and
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its reverse occur with equal frequency. Hence, the drift and diffusion components
of the electron and hole currents for the junction must be equal in magnitude but
opposite in direction throughout the junction in order that equilibrium be main-
tained. Thus with zero-bias conditions prevailing, the junction is at equilibrium
and tzhej np product outside of the depletion region |7, — #,| is constant!3 and equal
to n;%, 1.e.:

. n, are majority carriers
MpoPmo = N;2 on the n side o ajorty .
Pno aT€ minority carriers

Ppo 4Te majority carriers

— pn2 1
Ny, = 1 on the p side S .
Poltpo ! P n,, are minority carriers

where the subscript o indicates the equilibrium state. The np product constancy
is represented in a plot of the minority- and majority-carrier concentrations on each
side of the depletion layer as shown in Fig. 1.23.

When an external forward voltage V, is applied across the p-n junction, the
negative built-in potential barrier is effectively lowered (recall that voltages sum
algebraically), and the minority-carrier concentrations at the edges of the transition
region n,|, and p,|, are increased over their equilibrium value n,, and p,,. The
increase is described by the law of the junction and is given by

Pnltn :pnerVA/kT (1’22)
yly, = n,,e?"/ KT (1-23)

(Note, for example, that for V, = +0.6 V, e?74/*T = ¢23 = 9.7-10°) The carrier
concentrations for the forward-biased p-n junction are shown in Fig. 1.24. Note
that the minority-carrier concentrations are reduced to their equilibrium values in
a characteristic distance £ by the process of carrier recombination.1#

Depletion layer
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Npo————————— " In =
po ~L
=L, L
/
o ot b
Fig. 1.23. Carrier concentration for the Fig. 1.24. Carrier concentration for the

zero-biased p-n junction. forward-biased p-n junction.
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The law of the junction follows readily from the following considerations. From
Eq. (1-2) and the assumption that the minority-carrier injection level is small com-
pared to the majority-carrier concentration with n,, remaining at its equilibrium
value under forward bias, it follows that

Ryp = Nyl = nie" = n;eBm—Ein)/kT (1-24)
Therefore ei‘Tn = et/ = sl (1-25)
nn|tn L
From Eq. (1-3)
Pnlt,, — nie-u — nie—(Efp—Em’/"T — nie‘Em/"TeEin/"T (1-26)

Note in Eq. (1-26) that we have arbitrarily extended the Fermi level on the p side
of the junction (Ej,) across the transition region to the edge of the n region z,.

This extension is referred to as the quasi-Fermi level approximation.’® Then from
Eqgs. (1-25) and (1-26)

n.2
Pale, = ZimeuE/ET (1-27)

no

Since ¥, is positive and is defined as

v = En = Ep (1-28)
* q
n;?
therefore: Puli, = ——€174 = p, ,e?V/*T (1-29)
no
where the relation »n;2 = n,,p,, has been utilized.
By similar arguments it can be shown that:
Ryle, = My e?Va’ T (1-30)

Minority-carrier injection and resulting build-up of minority-carrier concentrations
at the edges of the depletion-layer region as a consequence of applied forward bias
create a gradient of carriers that in turn induce minority-carrier diffusion-current
flow. If we assume that the build-up of minority carriers has been reduced to its
equilibrium value within a diffusion length £ of the depletion-layer edges (the excess
minority carriers recombine within that distance and are “consumed”), then a
concentration gradient of minority carriers exists as shown in Fig. 1.24, and a hole
diffusion current is generated which is described by Fick’s Law, i.e.,

. Ap pn' n — Pno
Jr = "'quZ; ~ qu—tee_‘“ (1-31)

P

Combining Eqs. (1-29) and (1-31) yields

qVa/kT __
= qu Pno€ = Pno — qD£ano (quA/kT —1) (1-32)

P p
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and similarly an electron diffusion current is given by

D,
o= g @ 1) (1-33)

~

n

Since j, and j, flow in opposite directions, they combine algebraically to yield a
total current of

I = A(jp +Jn)
D,p D,n
I = Aq (—p no o L P po)(quA/kT— 1) (1-34)
£, £,

By defining saturation current I, as

D,p D,n D D
g (B Pe) (B D) g
° o) e, "\ n, T e,
where the expressions:
nnopno = ni2
Pponpo = ni2
and Ny, = N,
Pro = Pp
have been utilized, Eq. (1-34) can therefore be rewritten as
I = I(e9%+/*T — 1) (1-36)

Equation (1-36) is the Shockley diode equation. It describes current flow generated
by the diffusion of injected minority carriers in the forward- or reverse-biased p-n
junction.

To complete the discussion of the forward-biased p-n junction, note again that

Efn — Efp

i

v, (a positive quantity for p region

9 positive with respect to n region) (1-28)

Thus the Fermi level is in this case not a constant value across the junction (current
is flowing!), and the barrier height has been reduced in comparison to the zero-biased
case as shown in Fig. 1.25.

1.3.3 The p-n Junction with Applied Reverse Bias

When V, is made negative, the p-n junction is reverse biased and the negative
built-in potential is compounded by the applied bias. The law of the junction still
holds, of course, but now V, is negative and Eqs. (1-22) and (1-23) become:

Pn'tn = Pnoe—qVA/kT (1'37)
yly, = Mp,e9Va/*T (1-38)

Thus, for example, if a reverse-bias voltage of 1 V is placed across the junction,
the equilibrium minority-carrier concentrations at the edges of the depletion region
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are depressed by a factor of:
¢~ 1/0.026 ~ ,—40 7 ~ 300°K

A qualitative plot of the minority- and majority-carrier concentrations for the
reverse-biased p-n junction is shown in Fig. 1.26. It will be noted in Fig. 1.26 that
concentration gradients of minority carriers exist, and thus diffusion-driven minor-
ity-carrier current flows. The diffusion current is described by the diode equation
(1-36) as developed above. But now for the case of an applied reverse bias of, for
example, —1 V, the diode equation can be written as:

I = Io(eq(—l)/kT -1
I=I(e* -1  T=300°K
and [I=~ -1, (negative sign is consistent with reverse current flow)

It now becomes evident that I, is designated as saturation leakage current, since
under reverse bias the p-n junction current flow as described by Eq. (1-34) becomes
independent of applied reverse bias at relatively small potential values and ap-
proaches I,
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Fig. 1.26. Carrier concentration for the
o tn reverse-biased p-n junction.
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Fig. 1.27. Energy-level diagram for the p-n junction with
applied reverse bias.

The energy-level diagram for the reverse-biased p-n junction is shown in Fig. 1.27
and is to be compared to the zero- and forward-biased junction examples of Figs.
1.22¢ and 1.25 respectively.

1.3.4 Junction Leakage Current

(a) Saturation Current I,. The leakage current for a typical silicon planar p-n
junction encountered in MOS circuitry at room temperature is very approximately
10~ Amp per mil? of junction area at a reverse bias of —10 V. Let us compare
this experimental value to a calculated value of the saturation leakage current 7.
From Eq. (1-35), with the following parameters assumed

A=1mi X 1 mil =6.5-107¢ cm?
g = 1.6 - 1071% Coul

D, = D, = 10 cm?/sec
L,=L,=10"3cm
n, = p, = 10%%/cm?

; = 1.4-101%/cm?
Then: 1, =510~ Amp

&

The calculated value of I, is essentially 2,000 times less than the experimental value!
In addition, it is experimentally observed that junction leakage current is dependent
on the applied voltage in a nonsaturating manner, whereas I, [Eq. (1-35)] does not
theoretically depend on the applied voltage. From these observations, it must be
concluded that the saturation current I, constitutes only a small fraction of the
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observed leakage current in silicon reverse-biased p-n junctions and that another
source of leakage current must be defined.

(b) Generation-recombination Current. The work of Sah, Noyce, and Shockley'¢
revealed that reverse-bias junction leakage current can have its origin in the depletion
layer of the p-n junction. This particular source of leakage current is called deple-
tion-layer generation-recombination current or simply generation-recombination (G-R)
current. The G-R current has its source in crystal imperfections such as:

1. metallic impurities
2. crystalline defects

The imperfections disturb the otherwise perfect periodicity of the semiconductor
lattice, thereby introducing energy levels deep within the forbidden gap (near
midband). These deep-lying levels effectively act as stepping stones for the transition
of electrons and holes between the valence and conduction bands, by means of which
carriers then become available for current conduction. The imperfections populate
and depopulate at generation and recombination centers most readily when their
energy values lie at midband E;, as depicted in Fig. 1.28.

Under reverse bias, the depletion-layer region of the junction is virtually swept
free of all carriers. With a recombination center at midband, it can be shown that
the carrier-generation rate per cubic centimeter of semiconductor is

i (1-39)

=%,
where r = minority carrier lifetime

The total G-R current originating in the depletion-layer region of width W and area
A is, therefore:

Agn, W
J =1
g 2T

To determine if the G-R current has a value consistent with that of the experimentally
observed leakage current of the planar p-n junction assume: 7 = 10~7 sec, W = 0.15
mil for ¥, = —10V, T' = 300°K, and 4 = 1 mil2. Then, substituting in Eq. (1-40)
yields I, =~ 10~ Amp for a 1-mil-square junction. Not only is this theoretical value
for I, in accord with the experimental value for the leakage current of a 1-mil-square
junction, but in addition, the depletion-layer width is a function of the applied
voltage (see Sec. 1.3.5), thus providing the proper voltage dependence that is ex-

(1-40)

S]

Ee
Midband
ﬁ:ombinmion
center
______ { —_———F
Fig. 1.28. Carrier recombination and generation £
v

through a defect center at midband. ®
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hibited by the leakage current. Many detailed studies have now established the
validity of the Sah-Noyce-Shockley G-R current as the primary source of leakage
current observed in properly constructed silicon planar p-n junctions.

In MOS integrated circuits it is desirable to reduce the G-R leakage current to
as low a value as possible. Note in Eq. (1-40) that G-R current is inversely propor-
tional to the minority-carrier lifetime 7. It is therefore beneficial to “preserve” the
minority-carrier lifetime at as long a value as possible (in practice, a fraction of a
microsecond). Minority-carrier lifetime preservation can be accomplished in the last
step of the planar process (prior to contact metallization) by using a gettering method
at =~900°C, in which the presence of a boron- or phosphorus-doped surface oxide
tends to extract metallic impurities from bulk silicon. The gettering step?? is usually
followed by annealing the silicon wafer from the elevated processing temperature
down to room temperature to remove crystal defects, such as dislocations or crys-
talline slip, which can be introduced during the fabrication of the p-n junction.

(c) Temperature Dependence of Generation-recombination Current. Recalling that
the G-R leakage current is given by Eq. (1-40), let us examine the temperature
dependence of I,. The principal temperature-dependent contribution to I, is through
n;, where n; is given by

n;, = 3.9« 101673/ 2= 1.21/2kT /o3 1-1)

At 300°K, n; will double for approximately every 10°C increment of temperature
increase. I, will therefore approximately follow the temperature dependence ex-
hibited by n;. Thus the ratio of leakage current at 125°C to 25°C for a well-behaved
planar p-n junction is
1,(125°C)
L(25°C)

(d) Leakage Current Values for MOS Circuitry. From the above discussion we
conclude that generation-recombination of carriers in the depletion layer of the p-n
junction serves as the chief contributor to junction leakage current. A room tem-
perature value of =10~ Amp per mil? was thus calculated for junction leakage
current at a reverse bias of 10 V. In addition, it was stated that G-R current doubles
every 10°C increment of temperature increase for silicon. These considerations can
be utilized in estimating the leakage current values for MOS/LSI circuitry.

Consider, for example, a large MOS integrated circuit, ratioless type, with 4,000
MOSFETs present. The total junction area of the circuit would be ~10,000 mils2.
A room-temperature leakage current value for this circuit under 10 V reverse bias
would be (assuming that source regions are at zero bias)

10,000 mils2
Ljpsoc = -

Llpse0 =5+ 1078 Amp

210 =~ 1,000

] * (10711 Amp/mil?)

At 125°C the leakage current is larger than its room-temperature value by a factor
of =~1,000, and becomes

Il 125.c =~ 0.05 mA
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The above comments apply to well-behaved planar p-n junctions. Although this
is the rule rather than the exception, there are on occasion departures from the
leakage-current characteristics described above. The departures have their origin,
in many cases, in unremovable metal or oxide precipitates in the p-n junction (mainly
at the junction periphery). This phenomenon can enhance by orders of magnitude
the normal leakage current values.'® [Ill-behaved leakage currents can disrupt
operation of MOS circuitry; for example, the low-frequency operation of an MOS
dynamic shift register can be degraded by excess junction leakage current. Inordi-
nately high leakage current values will therefore be considered as a yield-loss
mechanism in MOS/LSI circuitry.

1.3.5 Electric Fields in the Reverse-biased, One-sided, Step p-n Junction—
The Depletion-layer Width

An external reverse bias applied to the p-n junction will simply add to the built-in
potential and will generate a depletion-layer width W as shown in Fig. 1.29. To
calculate resulting values for the electric field and for the depletion-layer width,
consider the case of the one-sided step junction (infinite doping on the p side).
Poisson’s equation will permit us to calculate the electric field throughout the
depletion layer if certain boundary conditions are established and the principle of
charge neutrality is invoked. Thus

N,
vy = 40 (1-41)
€si%
where ¢, = 8.85-10~* F/cm
€g; = dielectric constant of silicon
and since the problem is one-dimensional
02 N,
oV _ (1-42)
ox i€,
By definition = _or (1-43)
ox
—0&  —¢gN
Therefore S ) (1-44)
0x €56,
& z qN
Integrating: dé = | 1 2ax (1-45)
& 8 j()' j(; i
w
and g, = dNo* (1-46)
€si% o
De‘pleﬁon layer
x
U I - B v Lo
© of Yt
[
0 w
- x Fig. 1.29. The reverse-biased p-n junction.
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g = VW

max
€sio

A graph of & versus x through the junction is shown in Fig. 1.30. To define &

(1-47)

ax’

an expression for the depletion-layer width W must be determined for the junction

under reverse bias. From Egs. (1-43) and (1-45),

g— 0V _ dNox
0x €€,
v w
Integrating — f dVv = f gNpxdx
0 0 &sio
N, W?
yields _y=42"
2eg5¢,

and since V, and ¥} are negative
2¢5i€,| Vs + Vil
qNp

W=

where €5 = 12
€, = 8.85 - 10~1* Farad/cm

The maximum field becomes, from Egs. (1-47) and (1-51)

e [24NolVi+ Vil
max — €€
Sito

(1-48)

(1-49)

(1-50)

(1-52)

To calculate typical values for &,,, and depletion-layer width for typical MOS
circuitry, consider the junctions to be one-sided, with a step gradient, and that

substrate resistivity is 4 Ohm-cm 7 type, and

Np =~ 101%/cm?
V,=—10V
Vg=—05V

Then from Eq. (1-51)
2egi€,|Va + V3l

W =
qNp
(2)(12)(8.85 - 10-19)[10.5]
= =037-10"3
(1.6 - 10-19)(10%) 37+ 107 cm
= 0.15 mil
e 93
— s
l® og
e

i

Yo+ Vg

8m0X

Fig. 1.30. Electric-field distribution in the

X —>

|

i

(

|
one-sided step p-n junction. 0o W



26 MOS/LSI Design and Application

Forward conduction

I=1, (e 9V/*T-)
v

Avalanche

N . . \ -
multiplication R current

Fig. 1.31. General current-voltage char-

Avalanche .. .. .
acteristics of the silicon diode.

breakdown

Note the compatibility of the narrow depletion-layer width and the concept of
monolithic microelectronic circuitry! From Eq. (1-52)

& ax = 5.6-10* V/cm for this example

1.3.6 Avalanche Breakdown of the One-sided Step Junction

(a) Introduction. The presence of the junction electric field accelerates carriers
to velocities such that they are capable of carrier-pair generation upon impact with
silicon atoms in the depletion layer. The carriers so created are in turn accelerated
and produce additional pairs. This multiplicative process results in an avalanche
effect (similar to the Townsend avalanche evidenced in the electrical breakdown of
a gas). Avalanching in the p-n junction results in carrier multiplication M, which
can be shown!® to be represented empirically as

1
()

Veka
where n =~ 4 for most of the practical examples in silicon

Vara = Teverse-voltage value where current tends toward
infinity and avalanche breakdown occurs

M= (1-53)

If the applied voltage approaches a critical value V4, then M and the reverse current
approach oo, resulting in the situation shown in Fig. 1.31. Avalanche breakdown
is, in general, nondestructive to the junction, provided the acceptable power dissi-
pation of the junction is not exceeded.

Avalanche breakdown occurs when &, ~2-:10° V/cm. An experimentally
determined plot of junction breakdown voltage versus impurity concentration is
shown in Fig. 1.32.20

To test the concepts and equations developed in this section, let us calculate &_,,

400 |
200 28

100
6

VY
O OO0

= Fig. 1.32. The breakdown voltage of a
silicon step junction (n*p or p*n) as a func-

10" o o® 107 o® o° tion of impurity concentration on the
Impurity concentration on high-resistivity side, N (cm™®)  lightly doped side.2°

Breakdown voltage, V

a
2
|

N
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p+
. . . ; E Z‘—’<§ ~—Enhanced
Fig. 1.33. The planar junction with en- field region

hanced field regions. !

at avalanche from the data of Fig. 1.32 and then compare the calculated value to

an empirical value of &_,, =~ 2 - 105 V/cm at breakdown. Again, consider the case

Np = 10%/cm3. Then from Fig. 1.32,
Vg = 300 V
From Eq. (1-52)

max

& — /ZqND((VA + Va)l
esico
\/(2)(1.6 - 10-19)(1015)(300)
- (12)(8.85 - 10~ 14
=3-10°V/cm

Note the calculated &, ,, is consistent with the empirical critical field value of
~2 - 10% V/cm characteristic of avalanche breakdown.

(b) The Effect of Junction Curvature. If a p-n junction departs from true planarity
as it does when formed by the planar process (Fig. 1.33), the junction fields will
be enhanced in regions of junction curvature, and avalanche breakdown voltage
values will be reduced from the values shown in Fig. 1.32. The effect of junction
curvature on the breakdown voltage of a planar one-sided step junction is shown
in Fig. 1.34.2! The planar junctions in a conventional MOS circuit are diffused
to a depth of approximately 0.08 mil (= 2 microns). From Fig. 1.34 it is apparent
that substrate silicon having a background doping level of 10%5/cm3 and planar
diffusion depth of 2 microns will experience avalanche breakdown at =70 V. The
junction under these conditions is referred to as “diffusion limited” with respect to
avalanche breakdown.

103

ISOOA T T T |X~ I l—
;'oo 772 '{II‘
~50 —
=30 -
—20 Plane
L—i0 junction
—7. ]
= 5
S 1022 —
=~ o
o
[ X=lp
Fig. 1.34. Breakdown voltage of planar | L
. . . . . 1 1
one-sided step junctions possessing various "%14 ' — o 0’

radii of curvature.?! Cglcm™)
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1.3.7 The Depletion-layer Capacitance

(a) Capacitance of the Reverse-biased, One-sided Step p-n Junction. When an
increment of reverse voltage is applied to a junction, the depletion layer expands,
and charge from uncovered impurity atoms is “stored” on both sides of the depletion
layer. If the applied voltage is returned to its original value, carriers will flow in
a direction to neutralize the previous increment of charge. (In effect, the depletion-
layer width has been expanded and then contracted to its original dimension as a
result of the applied voltage.) The response of the p-n junction to incremental
reverse bias thus results in generation of an effective capacitance referred to as
depletion-layer capacitance (or as transition capacitance).

To derive an expression for depletion-layer capacitance, recall that the funda-
mental definition for capacitance per unit area in terms of incremental charge per
unit area dQ induced by incremental change in applied voltage dV is:

C do
—=— 1-54
A4 4V (1->4)
And since, for the one-sided step junction
d
0 =gNyw: 2 _gn, (1-55)

dw
and from Eq. (1-51)

gNpW? dvV  gNpW
V = 5 = -
2ege, AW €gi6, (1-56)

Therefore, from Eqgs. (1-54), (1-55), and (1-56)

€ _4d0 _ 9Np _ 5%
A AV gNpW/ege, W
Aesieo
=22 1-5
and hence C W (1-57)
Since w= [XslVa + Vsl (1-51)
qNp

€5:€,9Np
theref =4 [SelD 1-58
erefore C AV, + V| ( )

{b) Junction Capacitance of MOS Circuitry. To calculate the approximate junction
capacitance value for planar p*-n junctions formed in MOS/LSI with p-type dopant
diffused into n-type 4-Ohm-cm material (N, =~ 10'%/cm?3), consider junction capaci-
tance per square mil for the case of 10 V reverse bias, then from Eq. (1-58)
(12)(8.85 - 10-14)(1.6 + 10-19)(10%5)

(2)(10.5)
C = 0.02 pF/mil? (at 10 V reverse bias)

C = 1076 (2.54)2

We will frequently use this capacitance value in MOS circuit design.
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1.4 THE SILICON SURFACE

1.4.1 Introduction

Consider a p-channel MOSFET structure as in Fig. 1.1, where the work function
between metal gate and silicon ®,4 = 0, charge in the gate oxide Qg =0, and
charge at the silicon-silicon dioxide interface Qgq = 0. The energy-level structure
for the device in the n region under the gate oxide, with source, substrate, gate,
and drain grounded, is shown in Fig. 1.35. The horizontal structure of the energy
levels is referred to as the flat-band condition. It is to be noted that the energy-level
diagram is now two-dimensional, with distance into silicon represented in the hori-
zontal direction, and electron energy represented along the vertical direction. The
on state for the MOSFET is achieved by applying a gate voltage ¥, of proper polarity
between the metal gate (often referred to as the “field plate”) and the silicon
substrate. An applied negative-gate voltage V; thus sets up an electric field which
in turn bends the energy bands in the bulk silicon to the extent that E; crosses E;
and the surface region becomes p type (inverted) as shown in Fig. 1.36. The p
channel (inversion layer) electrically connects the p-type source and drain regions
to one another. The inversion layer is considered to be effectively present when
the silicon at the Si-SiO, interface is as heavily concentrated p type as is the bulk
n type. Mathematically this condition is stated as

¢, =2¢;  (cf. Fig. 1.36) (1-59)

where the surface potential ¢, = (E;pu — Ejsurtace)/q and the Fermi potential
¢ = (Eipu — Erpu)/q- Equation (1-59) will thus serve as a definition for onset

of inversion for n- or p-channel enhancement-mode devices.

= Electron
T energy
Drain
Ec
Es
¢¢=(Ei-E¢)q
- n Ei
-0 1
Substrate
E,
X—
Source X —>=

Fig. 1.35. MOSFET configuration with gate, source, drain, and
substrate at ground potential with accompanying energy-level dia-
gram for device terminals grounded and Qg = 0, Q,, = 0, and
Dy =0.
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Electron
tenergy
Drain
Ee
] $a =280 s
Gate f; Substrate b
Vg Iy -== Ei
g Fig. 1.36. MOSFET configuration with ¥
Ev negative and MOSFET energy-level diagram
X— with ¥ negative, Qgg = 0, Qg = 0, and
= Source X—> @, = 0. The channel is inverted.

Note in Fig. 1.36 that zero current flows in the x direction if the SiO, dielectric
is considered to be an ideal electrical insulator. It thus follows for the MOS structure
shown in Fig. 1.36 that the Fermi level is constant in the x direction. (Recall that
a necessary and sufficient condition for the absence of current flow in a semicon-
ductor is that the Fermi level be constant throughout the system.)

Band-bending to accumulate, deplete, or set the surface of n-type silicon at
intrinsicity is depicted in Fig. 1.37a, b, and ¢, respectively. The above considerations
serve as a basis for establishing the following definitions for the MOS device:

1. The silicon surface is defined as that region of semiconductor material
encompassing the outermost layer of structural silicon atoms inward to that
position within the bulk interior where the bands become flat. For example—
conduction takes place in the p-channel MOSFET between the source and
drain regions on the silicon surface. The silicon surface in this example is
composed of a p-type inversion layer of finite thickness.

2. The silicon-silicon dioxide interface is defined as that infinitely thin region
between an ordered structure of silicon and a pure amorphous silicon dioxide.

T/’_—_—Ec I\&—Ec ’LEC
N Ef N E¢ 5 E¢
| — i ] —F; ] E;
L (] @
5 5 :
O k3 s}
| — N~ i~ .
x—> R X—

(a) (b) ©
Fig. 1.37. Band-bending in silicon: (a) accumulation; (b) depletion; (c) intrinsic.
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1.4.2 Band-bending with Applied Gate Voltage for the Case ¢, =0, Oy =0

To gain quantitative insight as to band-bending in silicon when a voltage is applied
to the gate of a p-channel MOS structure (n-type substrate), consider how the applied
gate voltage is distributed across the gate-oxide and silicon-surface region of the
structure shown in Fig. 1.38. Applied gate voltage ¥V, will be divided across the
gate-oxide and silicon-surface region as:

Ve = Vox + 9 (1-60)

where V,,, = voltage across the gate oxide
¢, = voltage across the silicon-surface region (equivalent to the surface
potential)
The continuity of electric displacement vector D across the Si-SiO, interface
requires that at the interface

Eox€ox = Esitss (1-61)
The electric field directed info the silicon surface at the interface is, from the
theorem of Gauss

gy = —2 (1-62)

€si€o
where €5; = 12
€, = 8.85-1071* F/cm
O, = charge density (Coul/cm?) in silicon resulting from band-bending at
thesilicon surface. Band-bending is induced by potential drop ¢, across
the silicon-surface region.
The electric field is constant in the gate oxide and is by definition:

&y = Vox (1-63)
Ox
where 1, is the gate-oxide thickness.
Then combining Eqgs. (1-61), (1-62), and (1-63)
t
vy, = — elox (1-64)
€ox

Gate field plate

14

T Depletion layer

n-type silicon

Fig. 1.38. The MOS structure. =
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and therefore Vox = —% (1-65)
where the gate capacitance per unit area C, is defined as
c, =0 (1-66)
tOx
Eq. (1-60) therefore becomes
-0
= 2 1-67
VG C + ¢s ( )

0

The total charge induced in the silicon Q is equal, by definition, to the charge
induced i the surface depletion layer generated by ionized donor atoms (g, pius
the charge contributed by holes in the inversion layer Qp, i.e.,

O, =0p+ 0 (1-68)

The voltage ¢, developed across the silicon-surface region will in turn induce a
surface depletion layer whose depth, in analogy to Eq. (1-51), is given by:

2egi€, b
x, = [ 5 (1-69)
! gNp

If we make the assumption that for |¢,| < 2|¢;|, all charge induced by the applied
gate voltage accrues to the surface depletion layer with none accruing to the inversion
layer; whereas, for |¢,| > 2 |¢;|, all further charge induced by the applied gate voltage
accrues to the surface inversion layer with no additional amount accruing to the

depletion layer then
2€g;€, 12|
= —wmroer ti 1-7
Xgmax = ./ N, (1-70)

[Compare Eq. (1-70) to Eq. (1-51).]
Now to determine the gate voltage required for the onset of inversion, the condi-
tions become:

qbs = 2¢f
0, = 03 (all charge resides in the depletion layer
up to the point of onset of inversion)

From Eq. (1-70)
Op = qNpXymax = V2€5i€,qNp |2¢] (1-71)

Therefore Eq. (1-67) becomes for onset of inversion

- — V2e€,qNp|2
Ve = —CQB +2¢, = s LLL/i Y (1-72)

o 0

Further increase of the absolute value of applied gate voltage results in enhance-
ment of the inversion-layer charge density, Eq. (1-68), described by
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=0 0Op = V2eg€,gNp |20 Op
Vo= ot = g+ 20y = —E 4T

As an illustration of the above concepts, consider the following example where
the gate voltage required to bend the bands through 2¢; and produce onset of
inversion is calculated:

n-type substrate with N, = 1015/cm?

2¢, = —0.58 V (from Fig. 1.12) 75, = 1000 A

C, =35-10"° F/cm?

From Eq. (1-70), x4 . = 0.88 - 107% cm = 0.035 mil

At onset of inversion for this example, Eq. (1-72) becomes

Vo= — ﬁ_.g V2)(12)(8.85 - 10-%)(1.6 - 10-19)(10%)(0.58) — 0.58 V

=—-098V

and hence a gate voltage of —0.98 V would be required to just bend the bands
to the ¢, = 2¢; position. Further negative increase of V}; to a value, for example,

of —5 V would result in formation of inversion-layer charge density Qp given by
Eq. (1-73) of

QP
5= _Z2FP _ 98V
C, 0.98
0p = C, (4.02 V) = (35-10-9)(4.02) = 1.4- 10-7 Coul /cm?

Or

i = 0.88 - 10'2 positive charges/cm?

These mobile O, charges would be available for contribution to current flow in the
MOSFET channel on application of potential difference between source and drain.
It is of interest to convert the calculated value of these 0.88 - 1012 positive charges
per cm? to an “effective doping level” in the inversion layer. Thus if we assume
the inversion layer to be =50 A thick and uniformly doped (for accurate calculation
of inversion-layer thickness and distribution of carrier concentration therein the
reader is referred to the classic paper by Ihantola and Moll??) the effective doping
level is

0, _ 0.88-1012/cm?
gx,  50-10-%/cm

~2-1018/cm3

Thus for this example we could, in first approximation, consider the inversion layer
to be a sheet of p-type material 50 A thick with an effective doping level of
~2 - 108 /cm?, which would electrically connect the p-type source and drain regions.

1.4.3 Band-bending with Applied Gate Voltage for the Case of
Finite ¢, with O =0

As an initial example of the effect on band-bending in the MOS structure when
the work function between the semiconductor body and gate field plate has a finite
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Fig. 1.39. The aluminum-SiO,—Si0,-Si system.

value, consider the aluminum gate, SiO, dielectric, n-type silicon semiconductor (with
Np = 10%/cm? and ¢, = —0.29 V) system as the two separate entities shown in
Fig. 1.39.

Note the following important definitions pertaining to Fig. 1.39: &) = ¢,,, =
(metal-SiO,) barrier height (in Volts) equal to the difference between the conduction-
band edge of SiO, and the Fermi level of the metal gate region. For the aluminum-
SiO, system, ¢,,, = 3.2 V,2% and ¢,, = potential energy difference (in Volts) between
the conduction-band edge of SiO, and the conduction-band edge of silicon. ¢, =
3.25 V for the Si-SiO, system.

@4 = potential difference between the conduction-band edge of SiO, and the
Fermi level in silicon.

E
g = + (55 + ¢f) (1-74)
Then on bringing the two halves of Fig. 1.39 together:
D, = O — O (1-75)

o= (5 + 1)

mo S0 2q f
=32 — (325 + 055 —029)V
~—-03V

The flat-band condition in this example is thus maintained with an applied gate
voltage V; = —0.3 V, as shown in Fig. 1.40.
As a second example, consider an MOS structure consisting of an aluminum gate,
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n-type silicon

Np = 10'%cm?®

T P .
Dm $so ds ‘z’
(5
[l
Bt TVG: Ves Ec %
id’f Bt n

80eV Ei

Fig. 1.40. Flat-band condition
for the aluminum-SiO,-silicon
system (N, = 10'3/cm?).

SiO, dielectric, p-type silicon semiconductor (with N, = 10'%/cm3 and ¢; =
+0.29 V). Then from Eq. (1-75)

Oy =32 — (325 + 0.55 + 029) V
—09V

For this example the flat-band condition is maintained with V; = —0.9 V, as shown
in Fig. 1.41.

As a third example, consider an MOS structure consisting of a p-type silicon gate
(with N, = 10%5/cm3 and ¢; = +0.29 V), SiO, dielectric, silicon semiconductor (with
Np = 10%5/cm? and ¢; = —0.29 V). Note in this example that the gate is to be

s p-type silicon
LY 202 Np=10'5 /cm3
J |
h bso
ds
E¢ £,
Vo= Vrg E; 5
| [ g
80 eV E s
Ey s
3
w
~

Fig. 1.41. Flat-band condition
for the aluminum-SiO,-silicon
system (N, = 10'%/cm?).




36 MOS/LSI Design and Application

fabricated from p-type silicon. Thus
E
Dy = ¢y, + (2—; + ¢f)
=325+ 055+029) V=41V

E
CI)S = Py +(—!L+¢f)

2q
=325+ (055 —029) V=35V
So Dyg = By — g =41 -35V
= 406V

For this example, the flat-band condition is maintained with a positive V; value
of 0.6 V as shown in Fig. 1.42. The silicon-gate structure will be shown (in Chap.
2) to be extremely useful in bringing about low threshold voltage values for the
p-channel enhancement-mode MOSFET.

1.4.4 Band-bending with Applied Gate Voltage for the Case of
Finite ¢, and Qg

(a) Introduction. Consideration must now be given to the effect on band-bending
when a finite surface-charge density Qg exists at the boundary of the Si-SiO, inter-
face. Qg is found to be positive for both n- and p-type varieties of thermally
oxidized silicon. Qgg is dependent on crystalline orientation, and typical values are
given in Table 1.1. In general, Qg (111) > Qg (110) > Qg (100). It is to be noted
that Qg is also process dependent. The empirical dependence of Qgg on process

Silicon gofe\

jpifyé‘e-:_s:i;'i'cgsnﬁf . n-type silicon
NpE10'%/em3. {51027 4 Ny = 10" rem?
T I 5
¢SD ¢SO Qs a-)
c
| @
Ec E 5
[>T E =
Vo= Vg | 8O eV I ! g
E; 6= Vrg | B8OE E, n}
¢fT
Ef
Ey E,
? Fig. 1.42. Flat-band con-
dition for the silicon gate
(N, = 10%%/cm?)-Si0,-sili-
con system (N, = 101%/cm3).
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Table 1.1. Typical Q4 Values as a Function of
Crystal Orientation

Crystal

orientation Qg Coulombs 0ss/9
(111) +8.0-107%/cm? 5-101/cm?
(110) +3.2-1078/cm? 2-101/cm?
(100) +1.4-1078/cm? 9-101°/cm?

parameters is summarized by Deal et al.2# Considerable work remains to be done,
however, in securing a complete understanding of the nature and source of Qg.

(b) The Effect of Qg on the Flat-band Voltage. Because of the presence of the
positive fixed charge Qg at the Si-SiO, interface, it is necessary to employ a negative
gate voltage to bring about the flat-band condition (no charge induced in the silicon
substrate). The gate voltage required to bring the bands to their flat-band condition
if the @, term equals zero is given by

DOss
C

]

Ve =Vipg = — (1-76)

The flat-band voltage contribution generated by Qg in an MOS structure where,
for example, Qg¢/q = 5101 /cm?, t,, = 107> cm, C, = 35-107° F, and @, =
0V is, from Eq. (1-76)

(1.6 - 10-19)(5 - 1011)
= -2
35-10-9 3V

For the case where Qg and @, are finite, for example: Qgs/q = 5+ 1011 /cm?,
and the MOS structure is composed of aluminum gate, SiO, thickness of 10-5 cm,
and n-type silicon substrate with N, = 101%/cm? (i.e., @, = —0.3 V), the gate
voltage required to bring about the flat-band condition would be given by

QSS
Co

(c) Summary. Finally it is important to note that a finite value of flat-band
voltage serves to modify Eq. (1-67) to the form

Veg = —

Vo= Vpg=Bpg — 5 = 03-23V=-26V (1-77)

2,
C

0

Vo = Vep + &5 — (1-78)
Threshold voltage of the p-channel MOSFET can be calculated by first deter-
mining the gate voltage required to counterbalance the effects of @, and Qgg,
thereby establishing the flat-band condition. The gate voltage required to establish
the flat-band condition is then added to the gate voltage required to bend the bands
through a potential of ¢, = 2¢;. Under these conditions a surface inversion layer
is said to be established and the MOSFET is at the threshold of its on state. The
threshold voltage V; is thus obtained by combining Eqs. (1-77) and (1-78).
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Vy = @MS_QCSS + 2, —

o

(1-79)

Voltage required  Voltage required to just
to establish flat-  bend the bands through
band condition a potential of 2¢,

As an example of a threshold voltage calculation, consider an MOS structure with
aluminum gate, SiO, thickness of 10~5 cm (C, = 35102 F/cm?), n-type silicon
with Nj, = 10%%/cm3, (¢, = —0.29V, @) = —0.3V),and Qgg = 5+ 101 /cm?. The
threshold voltage is then, from Eq. (1-79)

(1.6 - 10-19)(5 - 1011)

Vp= —03— T T +2(-029)
b 301U~
35 -110——9 V(2)(12)(8.85 - 10-9)(1.6 - 10-19)(1015)(2)] —0.29] V
= -03-23-058-04V
=-36V

\/1.5 THE MOS CAPACITOR
1.5.1 Theory*

It is worthwhile to develop an expression for the capacitance-voltage (C-V) char-
acteristics of the MOS capacitor since:

1. The C-V characteristics of the MOS structure are frequently used both in
MOS/LSI process development and for in-process monitoring during product
manufacture.

2. An understanding of MOSFET device action will be strengthened through
analysis of the MOS capacitor.

The gate region of the MOSFET constitutes an MOS capacitor (Fig. 1.38). One
plate of the capacitor consists of the gate field plate which is separated by a dielectric
insulating layer from the alternate plate, which consists of a silicon-surface region.
The silicon-surface region can, under the appropriate gate bias, assume a state of
accumulation, depletion, or depletion-inversion.

The total capacitance exhibited by the MOS structure of Fig. 1.38 is

_ ngate
Cr= dv,

Note that dQ,,.. = —dQ, (i.e., the charge on the gate side of the MOS capacitor

is equal to the negative of the charge on the silicon side of the capacitor). Therefore

- dQs

(1-80)

Cp= (1-81)

*This derivation follows, in part, that presented by A. S. Grove, Physics and Technology of Semi-
conductor Devices, pp. 271-274, John Wiley and Sons, Inc., New York, 1967.
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Then recalling V, = —_—Cg + &, (1-67)
. _dQs
it follows that: dVy = C + do, (1-82)

Combining Egs. (1-81) and (1-82)
—dQ, 1

Cp= = 1-83
"TSd0,/C, + db, ~ 1/C, — do /g, (5

The capacitance of the silicon side of the gate region is defined as

aQ €gi€
Ci=——=—=>2 1-84
8 dd)s xd ( )
where x; = surface depletion layer depth.
Therefore from Egs. (1-83) and (1-84)
1

= 1-85
=161/ (-8
and hence: CLT = CLO + Els— (1-86)

Equation (1-86) states that the MOS capacitor is in essence composed of two capaci-
tances (C,, the capacitance of the gate oxide, and C,, the capacitance of the silicon
depletion layer) connected in series.

We will find it useful to employ the expression for C;/C, in experimental analysis
of the MOS capacitor; therefore, from Eq. (1-86)

Cr 1
e 1-87
C, 1+¢,/C, (1-87)

To determine an expression for C,/C, and hence C,/C, as the silicon surface is
depleted, combine the following equations and eliminate x,

_Qs
V, = 1-67
G ¢s + Co ( )
2
—g, = D% (1-69)
€5i€
O, = qNpx, (Q, = Qp, and we will develop an (1-71)
expression for the capacitance
for the depletion region con-
dition, from accumulation to onset
of inversion)
c, = St (1-84)
Xa
c? 2cC 2V,C,2
Then ey TG (1-88)

Cs 2 Cs qN DSsi
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Solving Eq. (1-88) for C,/C, and taking the meaningful root, we obtain

2
S 14 1o ZousVe (1-89)
Cs q]\'chSil‘Ox2

Now from Eq. (1-87) and (1-89)
[ 1
C, V1 —2€0,%,Ve/qNpegit oy

It should be noted that when using Eq. (1-90), ¥ values to be substituted are
negative for the n substrate situation summarized in Fig. 1.43 for which Eq. (1-90)
was developed. Therefore on application of negative gate voltage, the value of
Cy/C, will decrease approximately as the square root of the applied gate voltage
as long as operation is confined to the depleted surface condition; i.e., to the onset
of inversion (¢, = 2¢; ).

We have previously assumed that at onset of inversion no further charge accrues
to depletion. The question then arises both as to the behavior of the MOS capaci-
tance in the inversion region as well as the source of holes which will constitute
the surface inversion layer. The source of holes (minority carriers in the n-type
substrate) for the structure of Fig. 1.38 originates from the generation-recombination
process in the surface depletion layer. The generation mechanism cannot supply
holes to the inversion layer instantaneously, and thus if the frequency used for the
small-signal C-V measurements is too high (greater than a few hundred Hertz), C,/C,
can remain at a constant minimum value given by

1
Cr = (Vp is negative for (1-91)
C, VI —2e,%,Vy/ q]YD€SitOx2 n-type substrate)

(1-90)

The theoretical results are shown in Fig. 1.43 and are compared with a pictorial
representation of experimental results. Experimental agreement is in full accord
with a more exact theory than we have presented here.?

C
T Co
//
’f
Depletion
Accumulation
Inversion
4 Experiment
'<—¢s =2¢s¢ Theory
_ { + Fig. 1.43. Experimental versus theoreti-
| cal (depletion-layer approximation) high-
I frequency C-V characteristics (n-type sub-

Vr Ve strate).
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Cr
Flat band = OV C,
Yy’ Accumulation
Inversion
bs = 24 | |~~~ Depletion
|
|
. |
Fig. 1.44. Pictorial representation of low- |
frequency C-V characteristics (n-type sub- |
strate). Vr Vo —>

If MOS C-V measurements are made at sufficiently low frequencies (<100 Hz),
then minority carriers are supplied by the generation-recombination process in
sufficient quantity to the inversion layer so that they can adequately “follow” the
small-signal ac voltage used in the experimental determination of the capacitance.
The capacitance value at strong inversion will eventually approach that of the oxide
capacitance (C, = €,,€,/ty,) as shown in Fig. 1.44. If C-V measurements are per-
formed on the channel region of a MOSFET structure where source and drain
regions are present, then of course minority carriers can be supplied readily to the
channel region from the source and drain regions. The characteristics of Fig. 1.44
will thus be obtained for the MOSFET device at both low and high frequencies,
since a copious supply of minority carriers is readily available.

1.5.2 Utility of the C-V Method

The theoretical development of the MOS capacitor in Sec. 1.5.1 was based on
the condition

Vep =0 (e, Qg =0, P)g = 0)
where V5 is given by

Vig = (I)MS -

C (1-77)
Interface surface-charge density Qg and the metal-semiconductor work-function
difference @, will both contribute to a translation of the entire C-V trace along
the gate voltage axis through a distance Vjp as shown in Fig. 1.45. The translation
of the C-V trace through Vjp is of practical importance and is best illustrated by
considering a specific example.

example

An MOS capacitor has an n-type substrate with N, = 10%/cm?, 75, = 1000 A, and
®,s = —0.3 V. The measured flat-band voltage shift of the C-V trace is found to
be —2.5 V. From this information determine the value of Qg for the sample.
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/CO

——

™y and Qss equal zero

®ys and Qgs are finite—7

- +

Vg —

Fig. 1.45. Translation of C-V characteristic through V.

solution
From Eq. (1-77)

Oss
Vig = @y —
e = Ous — ¢
_ Oss
—25V=-03-— 35. 109 \'
Therefore —Q?SS— = 4.8+ 101! positive charges/cm?

The C-V method has been found to be extremely useful for monitoring silicon
surface-state conditions during MOS/LSI processing. In fact, MOS/LSI chips often
have an MOS capacitor included thereon for process monitoring. Undoubtedly the
C-V method will also continue to serve as one of the main analytical tools in the
research and development of MOS and MIS (metal-insulator-semiconductor) struc-
tures and devices.

/1.6 THE MOSFET DEVICE EQUATIONS

1.6.1 The Current-voltage Characteristics (Enhancement Mode)

{(a) The Linear Region (Triode Region). To develop the fundamental current-
voltage characteristics for the MOSFET, let us initially consider a p-channel, en-
hancement-mode device. By definition, the enhancement-mode device is normally
off until sufficient gate voltage is applied to induce an inversion layer between source
and drain. The enhancement-mode device is the desired configuration for a logic
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element since it is normally off. To achieve the on condition for the device, an
appropriate voltage must be applied to the gate field plate, and the gate field plate
is required to overlap the source and drain regions to ensure formation of a continu-
ous inversion layer between source and drain. A number of technological peculi-
arities such as the sign and size of Qgq, ¢;, and @, have resulted (at least in the
initial phase of MOS/LSI development) in the channel of the silicon enhancement-
mode MOSFET being p-type.

For the derivation of the MOSFET current-voltage characteristics we shall assume
that an inversion layer is present in the channel, the source is connected to the
substrate, and the device is operated in its linear region with current flowing between
source and drain. Then from Fig. 1.46 the voltage across an incremental element
Ay of the channel is given by

AV = I)AR (1-92)
Py _ Py
h AR = A<+ =—=
where y y
A=xW
Ay
So AV = IDP:I— (1-93)
where p = 1
P(y)qu

P(y) = hole concentration in the channel as a function of the distance y. Then from
Egs. (1-92) and (1-93)

I Ay
AV = P77
P(y)quivx

~ Since P(y) = concentration of mobile carriers per cm? in the channel at point y,
it follows that

(1-94)

gxP(y) = Q,(y) (1-95)
||L Vsource =0 A —VG —O0 -\
Yy
3]

l \P* Se——— x__\_.\—& P+
X y=o QB Y yl\_

Qply) n

|

Fig. 1.46. Cross-sectional view and geometrical factors
employed in determining the I-V characteristics of the
MOSFET.
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where Q,(y) = mobile surface charge density per cm? in the channel at point y.
Therefore from Egs. (1-94) and (1-95)

IpAy
AV = 2~ (1-96)
0,(VuW
and therefore
IpAy = Q,(VuWAV (1-97)
From Eq. (1-68) O, = Qp + Qp, and utilizing the result of Eq. (1-97) we obtain
Iy = (@5 — QpuWAV (1-98)
where Q, and Qp are now a function of position y.
From Eq. (i-78), O.(y) = —C,[V4 — Vg — ¢,(»)], and combining this resuit
with Eq. (1-98) yields
IpAy = =C [V — Vig — &;(MIRWAV — QpuWAV (1-99)

At the sacrifice of some accuracy, but at the gain of considerable simplicity and
clarity of the physical situation, we will assume that Qg is a constant (independent
of position y in the channel) and is given by the previously developed

Op = V2e€,qNp|26;| (1-71)

Since it has been assumed for this derivation that an inversion layer is present
with current I, flowing in the channel, it follows that

() = 2¢; — V(») (1-100)

where ¢; = Fermi potential of the substrate and V(y) = the reverse bias between
the incremental section of the inversion layer at the point y and the substrate (caused
by the potential drop generated by the positive current flow down the channel).
Then Eq. (1-99) becomes

L -,
IDf dy = —uwc, [ [VG — Vg — 20, + % + V(y)]dV (1-101)
0 0

o

if the threshold voltage is defined as
Os

Vo= Vi + 20 — 5 cf. Eq. (1-79)
0
L -,
then I [ dy=—wWC, [ W=V + V(IlAVY (1-102)
0 0
Vp?
and I,L = pWC,| (Vg — V)V — —2—] (1-103)
. erea
And since C, =22
tOx
PEox€o W Vp?
1y =S5 | 0y — v, 22 (1-104)
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Fig. 1.47. I, vs. Vpfortheregion |V — Vp| > [V, |. [Vo| ———
A pictorial representation of I, vs. V), to the point where |V,| = |V, — V| yields
Fig. 1.47.

The I-V characteristics of Fig. 1.47 have a linear structure in the initial portion
of their formation, which prompts the description of this domain of operation as
the linear region. Furthermore, the characteristics are reminiscent of those of a
vacuum-tube triode which suggests the nomenclature triode region.

(b) The Saturation Region. Plotting of Eq. (1-104) as shown in Fig. 1.47 to the
point where

Vol = Ve = Vil (1-105)

represents a convenient cut-off point as will be seen from the following derivation.
Consider that:

1. Potential drop along the channel is generated by current flow in the channel
(IR drop).
2. Potentials are always combined algebraically.

Then note (Fig. 1.48) that adjacent to the drain there exists no inversion layer under
the condition that Eq. (1-105) holds, since the potential available is only V; (essen-
tially all induced charge is in the depletion layer).

When the condition described by Eq. (1-105) prevails, the device is said to be
operating in the saturation region with the channel “pinched off.” At point 4 of

_VG
o —VD
Source T <I‘Dmin
pt
Channel A
n
0 Y=Y¥q
y |
Fig. 1.48. The MOSFET channel at ~ -

. . Depletion
pinch-off. = layer
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Fig. 1.49. MOSFET saturation charac-
teristics.

Vol —

Fig. 1.48, Op approaches zero (it becomes very small, but is finite), thus resulting
in a high-resistance region close to the drain. As a first approximation we shall
assume that at and beyond pinch-off the differential drain resistance (AV)/Alp)
becomes infinite while the drain current remains constant at a value equal to that
achieved at pinch-off.

An expression for the pinch-off voltage can be derived formally by finding the
value of ¥}, at which I, given by Eq. (1-104) reaches a maximum. The pinch-off
voltage referred to as V), is thus obtained by maximizing I, of Eq. (1-104).
Maximizing yields:

dI,, b, W
—Z =0 = X o V.— V. % 1106
dVD Vp=Vb(sat) tOxL [( G T) D(sat)] ( )
and hence, Vpsan| = Vg — Vol (1-107)

It is reassuring to note that Eq. (1-107) is identical to our intuitive argument given
for the pinch-off condition, Eq. (1-105).
The saturation current-voltage characteristics are obtained by substituting |V},| =
Ve — V| in Eq. (1-104), thereby obtaining
peoxe, W (Vg — Vr)
toxL 2

I, = (1-108)

These results are pictorially represented in Fig. 1.49.
Note in Fig. 1.49 and Eq. (1-108) that the saturation current obeys a “square

law” relationship, i.e., I, = (Vg — V)% Furthermore, if the enhancement-mode
MOSFET has gate connected to drain as shown in Fig. 1.50, |V;| = [Vp|. This

Vi

e

=

’T_L‘ Fig. 1.50. MOSFET with gate connected to drain.
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[To| [ o <oW] (Vo)
To* foxL 2

V;
Fig. 1.51. Transfer characteristics for the M
p-channel enhancement-mode MOSFET
with gate connected to drain. [Vo| ——

implies that |V; — V| < |V}, and the device will always be in the saturation region,
and the transfer characteristic will therefore result as shown in Fig. 1.51.

Any additional voltage that is applied between drain and source beyond the
pinch-off condition will appear across the drain-substrate depletion layer. As the
drain-to-source voltage increases past pinch-off, the depletion layer edge y, shown
in Fig. 1.48 will move closer to the source. If the resulting fractional change in
the length of the channel is small, the current will be essentially constant for drain-
to-source voltage above pinch-off. If, however, the channel length is appreciably
modified or “modulated” by the depletion-layer width, the channel will be shortened,
resulting in an increase in the effective value of W/L with a consequential increase
in I [cf. Eq. (1-108)]. The increase in I, caused by channel-length modulation
results in a finite output impedance characteristic for the MOSFET as shown in
Fig. 1.52. The existence of finite output conductance should be expected in inte-
grated MOSFETs where channel length is small (=0.2 mils), and hence subject to
modulation by the drain-substrate reverse bias.?%

(c) The Avalanche Region. Since the drain-substrate junction is normally reverse
biased, it is to be expected that the avalanche breakdown region will eventually
be reached as reverse bias is increased. Note that the presence of the gate field
plate will alter the normally occurring electric-field distribution in the depletion
region of the drain-substrate junction.?” The situation is summarized in Fig. 1.53.
The effect of placing a positive voltage on the gate of a p-channel MOSFET will
be to increase the field in the drain-substrate region, thereby decreasing the funda-
mental avalanche breakdown capability of the drain-substrate junction. A negative
voltage applied to the gate with respect to the substrate will decrease the field in

T 'L/,/| Vo
|To| /{_,_,_/|v63,
/

/1— ,ngl
| Vai

Fig. 1.52. Channel length modulation re- _
sulting in finite output impedance in the
saturation region. |Vo| —
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Source

Initial
breakdown region

Fig. 1.53. Modification of
electric-field distribution in
the drain-substrate junction
by gate field plate.

n

iI—

the drain-substrate region and thereby tend to restore the avalanche breakdown
capability of the junction. Since negative voltage is applied to the gate to activate
the p-channel enhancement-mode device, the avalanche breakdown voltage will
increase in absolute value as gate voltage increases in absolute value (Fig. 1.54).
The discussion of the avalanche region of MOSFET electrical characteristics has
been presented for the sake of completeness. In integrated-circuit operation, the
devices are normally not subjected to avalanche.

1.6.2 The Current-voltage Characteristics (Depletion Mode)

The depletion-mode MOSFET is in the conducting state (on state) with zero
voltage applied to the gate with respect to source and substrate. The depletion-mode
device can be turned on harder by applying the appropriate gate voltage, or can
be turned off by applying the threshold voltage value (Fig. 1.55). Note that the
term threshold voltage, as it pertains to depletion-mode devices, defines a condition
at which conduction is terminated; whereas, with respect to enhancement-mode
devices, it defines a condition at which conduction is initiated. Table 1.2 summarizes
the voltage polarities encountered in p- and n-channel enhancement- or depletion-

X Vey = —

Fig. 1.54. The avalanche region of the
Vo| — p-channel enhancement-mode device.
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Vp = +.0

Fig. 1.55. Typical 1-V characteristics of 0 2 4 6 8
the n-channel depletion-mode MOSFET. |Vo| (V)

mode devices. The set of device equations developed in Sec. 1.6.1 applies equally
well to either depletion- or enhancement-mode devices of n- or p-channel structures
for voltage polarities given in Table 1.2.

1.7 SURFACE CARRIER MOBILITY

1.7.1 p-Channel Devices

It was shown in Sec. 1.6.1 that in the triode region

— H€ox€o w

1
b toxL

2
[(VG — Vp)Vp — V%] (1-104)

and in the saturation region

_ eos& W (Ve — Vo)

1-108
foxL 2 (1-108)

Ip

From these results we note that I;, can be readily calculated if the mobility value
p is known. All remaining terms in Eqs. (1-104) and (1-108) are either known
geometrical factors established in device processing, or the V7, value which can be
experimentally determined by appropriate extrapolation of I, as a function of Vg

Table 1.2. Voltage Polarities for p- and
n-Channel Enhancement- or Depletion-mode
Devices in the on State Condition

Ve Vr Vp
p-Channel:
Enhancement . . . . - - —
Depletion . . . . .. -+ + —
n-Channel:
Enhancement . . . . + + +
Depletion . . . . .. =+ — +
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Fig. 1.56. p-channel enhancement-mode
MOSFET in Hall geometry for measuring
surface carrier mobility.2®

to I, =0, or are known voltage factors such as V; or V,. The experimental
determination of surface carrier mobility will thus permit calculation of I, values
in circuit design through the use of the device equations.

The surface carrier mobility values should not be expected to be similar to those
observed in the bulk, since the transport of carriers in MOSFET inversion layers
involves movement through an infinitesimally thin conducting sheet in contrast to
the unconstrained motion in the three-dimensional bulk case.

To determine hole mobility in p-channel inversion layers experimentally, a
p-channel enhancement-mode device was fabricated in Hall geometry as shown in
Fig. 1.56.28 The results of the investigation are summarized in Fig. 1.57, where
it is observed that:

1. Mobility values are dependent on the silicon-surface orientation.
2. Mobility values are azimuthally dependent on the (110) plane.

One should ask if the above results are consistent with Neumann’s principle which
defines symmetry properties of physical quantities in single-crystalline material. To
answer the question, we must realize that transport of carriers in an inversion layer
may be thought of as a quantized motion of the carriers in a two-dimensional electron
gas. The electric field resulting from the applied gate voltage forms an infinitely
thin (=50 A) inversion layer and is thus said to remove the degeneracy of the
cubic-crystal structure with respect to the transport of carriers. Carriers are thereby
confined to two-dimensional motion and can exhibit a plane-dependent mobility
value which is characteristic of the physical properties of the plane. Furthermore,
by applying Neumann’s principle to the symmetry properties of the given planes,
it is found (in agreement with experiment) that azimuthally independent mobility
should be observed on the (111) and (100) planes. Conversely, the (110) plane can
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Fig. 1.57. Experimental values of inversion-layer hole mobility versus effective
gate voltage (Vy; — V) for T = 297°K.28

possess azimuthally dependent mobility values. The latter effect is experimentally
observed on the (110) plane, where mobility values (Fig. 1.57) are higher for current
flow in the (110) direction than in the (100} direction.

It is also to be noted that surface hole mobility is not constant with variation in
MOS gate voltage. The dependence on gate voltage is strongly accentuated by
cooling the sample, Fig. 1.58. The mobility is observed to increase with decrease
in temperature and is found to vary as?®

pooc T-1 (1-109)

in the vicinity of room temperature. Below 60°K, surface hole mobility shows little
dependence on temperature.

The largest surface hole mobility observed at room temperature is only =50
percent of the bulk silicon value for the same substrate resistivity. This is unfortu-

1,200
(1 IOi Orientation
1000 - [IO Direction
s 0
>
~ 800
£
<
=600
£
g€ 400 OO
3 O~omoo(I11) Orientation
T 200} ooy
Fig. 1.58. Experimental values of inver- o T'77.K , (100) Orientation

sion-layer hole mobility versus effective 0 10 20 30 20
gate voltage (Vy; — Vy) for T = 77°K.28 ~(Vg=Vy) Volts
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nate, since a large mobility value is required if high cut-off frequency is desired
for the MOSFET.
Essentially all p-channel MOS circuitry is presently fabricated on the (100) or

(111) planes of silicon. For design purposes we will therefore conclude from the
data of Fig. 1.57 that

p(111) = 190 cm?/V-sec
p (100) =~ 130 cm?/V-sec

at T = 300°K

1.7.2 n-Channel Devices

Investigation of surface electron mobility in n-type inversion layers indicates that

+ 30
the maximum mobility values are obtained on the (100) crientation.3? Althongh

the results to date are not as detailed as those given for holes in p-type inversion
layers, it can be stated that surface electron mobility values are approximately three
times larger than surface hole mobility values. For design purposes we will consider
the surface mobility value of electrons to be: u, = 600 cm? per V-sec, a value which
is approximately one-half of the electron bulk mobility value.

1.8 THE MOSFET AS AN ACTIVE DEVICE

1.8.1 The Linear Region (Triode Region)

{a) Introduction. The current-voltage expression Eq. (1-104) derived for MOSFET
operation in the triode region can be written as

V.2
1o = B| Ve - Vv - 2| (1-110)
eox€ W w
h 1-111
where B = oL ( )

In addition to Eq. (1-110), two other characteristics are found useful in describing
device operation in the triode region. They are: (1) the source-drain conductance
8sa» and (2) the transconductance g,. Following is a description of these two
parameters:

(b) The Source-drain Conductance g, is defined as

ol
8sa = —£

a VD Ve=constant

(1-112)

Substituting Eq. (1-110) into Eq. (1-112) yields
8sa = BlVe — Vo — Vol (1-113)
The absolute value is taken in Eq. (1-113) since the sign of g,; must always be positive
for both p- and n-channel MOSFETs.
gsq is defined for a fixed value of gate voltage and is analytically the slope of

the I-V characteristics as shown in Fig. 1.59. The conductance g, is the reciprocal
of the channel resistance (on resistance) of the device.
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ol

Fig. 1.59. Graphic interpretation of g, in the
triode region. Vo] —>

To calculate g, for a typical p-channel enhancement-mode MOSFET, (111)
orientation, operating in the triode region, consider the following example:

W =1 mil

L = 0.2 mil
€Ox = 4

¢, = 8.85- 10 F/cm
lox = 1000 A
p =190 cm?/V-sec
Vg=—10V
Vp=—4V
Vy=—1V
. —14
then g, = (190)@)8.85 - 107)(1) (-10+4+1)

(10-5)(0.2)
gsq =~ 168 - 10~¢ mhos

and the channel resistance would be

| . 1
g 168 +107% mhos

rg =

=59-103 ohms

Equation (1-113) describes the triode region g, with =~ %30 percent accuracy
if the appropriate mobility values (Fig. 1.57) are utilized. Frequent use will be made
of the conductance parameter g, in the design of MOS integrated circuits.

(c) The Transconductance g, is defined as

__olp
"= BT/; Vp=constant
Substituting Eq. (1-110) into Eq. (1-114) yields
A (1-115)

The absolute value is taken in Eq. (1-115), since the sign of g, must always be
positive for both p-channel and n-channel MOSFET.

(1-114)
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The value g, is defined for a fixed value of drain voltage and is a measure of
the spacing between members of the set of I-V traces at the value of V5. The concept
of transconductance g,, is used in defining the amplification of the active device
and accompanying circuitry. '

To calculate g, for a typical MOSFET, (111) orientation, operating in the triode
region, consider the following example:

W =1 mil

L =02 mil
er = 4

e, = 8.85 104 F/cm
foy = 1000 A

p = 190 cm?/V-sec
Vo= —10V

Vo= —4V
Vp=—-1V

(190)(4)(8.85 - 10-14)(1)
then g, = 10-50.2) =1

= 341079 mhos
Equation (1-115) describes the triode region g, rather inaccurately since:

1. Mobility has been assumed to be independent of the gate voltage.
2. The term Qg has been assumed to be constant.

A discussion of the approach to a more accurate equation for g,, will be presented
in Sec. 1.9.2. The corrections which can be made to Eq. (1-115) are somewhat
academic, however, since the concept of g,, in the triode region finds infrequent
use in the design of MOS/LSI.

1.8.2 The Saturation Region

The current-voltage expression Eq. (1-108) derived for MOSFET operation in the
saturation region can be written as

_ BV = Wp)?
- 2

where f has been defined by Eq. (1-111). In addition to Eq. (1-116), transcon-
ductance g, is found to be useful in describing device operation in the saturation
region. Conductance g, is zero by definition in the saturation region, since Eq.
(1-116) is independent of V. The MOSFET does, however, exhibit a finite value
of g, in the saturation region?® as briefly described in Sec. 1.6.15. Equation (1-116)
does not take into account the physical mechanisms that generate g, values in the
saturation region.

If Eq. (1-116) is utilized in conjunction with the definition for g, the following
expression for g,, in the saturation region is obtained:

&m = BIVe — Vil (1-117)

I, (1-116)
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To calculate g, for a typical p-channel enhancement-mode MOSFET, (111)
orientation, operating in the saturation region, consider the following example:

W =1 mil
L =0.2 mil
€Ox = 4
€, =8.85-107 F/cm
lox = 1000 A
p = 190 cm?/V-sec
Ve=—-10V
Ve = —4V
Vp=-20V
. —14
then g, = (190)(4)(8.85 + 10 )(1)|_10 4

(1072)(0.2)
= 200 - 10-% mhos
Equation (1-117) describes the saturation region with an accuracy sufficient for

many of the engineering calculations required in MOS/LSI circuit design. Refine-
ment of the expression for g, in the saturation region will be presented in Sec. 1.9.3.

1.8.3 Frequency Respbnse

It can be shown that the maximum frequency of operation of a MOSFET is given
by:31

Em
= 1-118
Jo 27Cg ( )
where g,, is the transconductance of the device and C is the total gate capacitance.
The g,,-to-Cy ratio is also frequently referred to as the figure of merit. An explicit
relationship for the figure of merit of a MOSFET operating in the saturation region
can be obtained as follows:

_ Em _ (“€Ox€o W/tOxL)IVG - VTI
Jo= 20Cq  Quegge,/lo) W L (1-119)
Ve — V,
sy ==l g 2 (1-120)

Note that for a high figure of merit it is desirable to have as high a mobility as
possible and a channel length as narrow as possible.

It is of interest to calculate the theoretical cut-off frequency of a typical p-channel
enhancement-mode MOSFET, (111) orientation, employed in MOS/LSI circuitry.
To perform the calculation, assume:

Ve=—10V
Vp=—4V
L =02 mil

p = 190 cm2/V-sec
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Then substituting in Eq. (1-120) yields

190)(6
= (190)6)

B (2)(77)(02 . 10—3)2(254)2 ~0.7-10° Hz

From the above calculation, it is noted that the intrinsic cut-off frequency of the
p-channel MOSFET can be in the GHz region. Currently, however, one rarely
observes digital MOS circuits operating much above 10 MHz, which is a factor of
~100 below the inherent capability of the device. It will show in future discussions
(Chap. 4) that the present speed limitation of MOS digital circuitry is primarily
caused by stray capacitance and the difficulty which the MOSFET experiences
(because of its relatively low transconductance) in charging and discharging this
capacitance.

1.9 SECOND-ORDER EFFECTS AND THE MOSFET CHARACTERISTICS

1.9.1 Back-gate Bias

The channel conductance of the MOSFET can be modulated by application of
voltage V. to the substrate in a reverse-bias sense (Fig. 1.60). The effect is known
as back-gate bias or substrate bias, and plays an important role in the operation
of MOS/LSI circuitry (cf. Chaps. 4 and 9). The back-gate bias serves to uncover
(i.e., ionize) additional dopant impurities in the depletion layer beneath the con-
ducting channel. Electric field lines from the uncovered positively ionized n-type
impurity centers in the substrate (p-channel device) terminate on the negatively
charged field plate. Ifit is desired to keep the p-type inversion layer carrier density
constant, and hence conduction constant, additional negative gate voltage must be
applied in order to terminate the field lines generated by the additional depletion-
layer charges. Back-gate bias thus affects the threshold voltage of Eq. (1-79) through
the term Qgz. The Qp expression given by Eq. (1-71) becomes, for n- or p-channel
devices:

QB = \/iesi(oqNsubstrateqz(I)fl + VBG) (1'121)

B
_“__ VBG

Substrate
bias

= Fig. 1.60. Back-gate bias configuration.
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-lo T T T T

1ox= 12008

Fig. 1.61. Quantitative effect of back-gate
bias on the threshold voltage of the p-channel 0 0 20 30
enhancement-mode device. Back- gate bias (V) ——=

The expression for threshold voltage is thus modified to

—Oss ¥ 26, — V26516, Ngubsirare(267] + Vg)
C, ! C,

Vp = Qg (1-122)

As back-gate bias increases in absolute value, the threshold voltage for the en-
hancement-mode device increases in absolute value, whereas the depletion-mode
threshold decreases in absolute value. The quantitative effect of back-gate bias on

the threshold voltage of p-channel enhancement-mode devices is summarized in
Fig. 1.61.

1.9.2 Nonconstant Mobility

It was shown in Sec. 1.7 that surface carrier mobility is dependent on effective
gate voltage (V; — V). In developing the device equations in Secs. 1.6 and 1.8,
voltage-dependent mobility values should be included. For example, empirical
expressions can be written for mobility as a function of effective gate voltage from
Fig. 1.57. The empirical expressions for mobility can then be substituted into Eq.
(1-101), the integration performed, and resulting theoretical expression for the I-V
characteristics obtained. In addition, the partial derivative of I, with respect to
V; must be taken to analytically determine g,,. This in turn will involve the deriva-
tive of mobility with respect to gate voltage, since mobility is gate-voltage depend-
ent. These calculations3? when combined with additional corrections for noncon-
stant Qp (to be discussed in the next section), result in a set of device equations
which are in agreement with experimental dc characteristics to within =~ =10
percent. If device modeling to within that accuracy is required, then nonconstant
mobility must be taken into account. Fortunately most MOS/LSI designs can be
treated analytically with device equations wherein constant mobility values typical
of the given crystalline orientation are employed.
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1.9.3 Consequences of the Assumption Q5 = Constant

In the development of Eqgs. (1-104) and (1-108), it was assumed that the Qg term
was constant [Eq. (1-71)] and independent of position y along the direction of current
flow in the channel (cf. Fig. 1.46). Actually, Qp is a function of position y in the
channel, since a voltage drop along the channel generated by current flow modifies
the depletion-layer depth induced by the gate field-plate potential. The assumption
of constant Qg can lead to error in the analysis of MOS/LSI devices, particularly
those operated in the saturation region. A detailed treatment of the effect has been
performed333* with the result that Eq. (1-104) for the triode region becomes:

I, = B[(VG — VYV, — %VDZ _ %¢VD3/2] (1-123)
where ¢ = 1G5 V)™ "tox. (1_124)
€Oxeo

with N = donor (or acceptor) dopant density of substrate material per cm3. Thus
in the triode region for constant mobility

8sa = BIVg — Vo — Vp — oVp? (1-125)
gn = BVl (1-126)
and in the saturation region for constant mobility
— P2
I, = M (1-127)
where V= Vp+ —§—¢(VG NG (1-128)
and g —_—,BHV -V, —qu(V —V)l/z]-[l———¢——] (1-129)
m G T 3 e T 3(VG _ VT)I/Z

Examples of the practical use of these equations have been given by Greene and
Soldano.?* In summary, the effect has its greatest importance in the calculation
of device characteristics in the saturation region.

1.9.4 Temperature Effects

It was noted in Sec. 1.7 that surface carrier mobility is temperature dependent
[Eq. (1-109)]. Furthermore, threshold voltage is dependent on temperature through
terms such as ¢.2° Since device characteristics intimately depend on mobility and
threshold voltage values, we would expect that device characteristics would in turn
be temperature dependent. Analysis and discussion of MOSFET I-V characteristics
as a function of temperature are presented in Chapter 3.
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The MOS Technology Arsenal

2.1 [INTRODUCTION

The purpose of this chapter is to describe and summarize the array of elements
and processing methods which have in essence become an arsenal of MOS technol-
ogy. Clarification of terms and concepts that define this assemblage of MOS
technology, and which at times undoubtedly confound the system designer, will also
be presented. Since the arsenal of MOS technology continues to expand with no
end presently visible, the chapter also explores the motivating factors which are
maintaining the drive toward further additions to the arsenal.

MOS integrated circuits were initiated in the mid-1960s with the simplistic tech-
nology of p-channel enhancement-mode device fabrication on (111) oriented silicon.
The rapid proliferations of the technology which followed have at times been no
less startling to the MOS technologist than they have been to the system designer.
In retrospect, we can understand the ensuing course of technological events by
realizing that the MOSFET is a surface-oriented device and by its very nature differs
markedly from the bipolar transistor. A misleading factor which tended to de-
emphasize the profound differences between the two devices was that the basic silicon
planar technology which had been developed for the discrete and integrated circuit
bipolar transistor was adopted “in total” for the initial fabrication of MOS circuits.

It was not long, however, before the surface orientation features of the MOSFET
stimulated an avalanche of technological development. For example, the important
MOSFET parameters of threshold voltage and mobility were discovered to be
dependent on the orientation of the silicon on which the devices were fabricated.
In addition it was found that gate insulating dielectric materials other than silicon
dioxide could be used to advantage in fabricating MOS circuitry. Furthermore,
the gate field plate of the device when fabricated with conducting materials other
than aluminum resulted in improved device performance for certain applications.
(Recall that silicon dioxide and aluminum metalization are the major constituents
of silicon planar processing for bipolar devices.) It was also discovered that methods
for forming p-n junctions in silicon aside from that of diffusion proved effective in
producing MOSFETs with unique characteristics. Essentially, the only facet of
bipolar planar technology that survived was the semiconductor material on which
the MOS circuits were constructed, i.e., silicon!
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As it turned out, however, no single combination of the above technical trends
has produced the optimal form of MOS/LSI. Therefore, when the combinational
possibilities of silicon-surface orientations, gate dielectrics, gate field-plate materials,
and impurity doping techniques are considered in overview, it is understandable
how we have come to experience the establishment of an MOS technology arsenal.

The thrusts of MOS technology development have been directed at performance
improvement of the MOSFET as an integrated-circuit element. All aspects of
performance (electrical, economical, reliability, etc.) are encompassed in this con-
text. To appreciate the directions which MOS technology innovations take, we must
first understand the basic features of the MOSFET as a digital integrated-circuit
element; these will be considered in the following section.

2.2 FEATURES OF THE MOSFET AS A DIGITAL INTEGRATED-CIRCUIT EIEMENT

Several of the more important properties of the MOSFET that make it attractive
as an integrated-circuit element are summarized below.

1. Self isolation. Electrical isolation occurs naturally between MOS devices
in integrated-circuit form since all p-n junctions are operated under reverse
bias or zero bias in existing MOS circuit designs. Space-consuming isolation
diffusions are therefore not required. Or state conduction takes place only
when the gate region is activated with the proper voltage (enhancement-mode
device).

2. Normally off condition. The normally off condition of the enhancement-
mode device is fully compatible with the functional properties of the device
as a logic element. Logic circuitry becomes intolerably complex when
implemented with normally on devices. (This is one reason why the JFET,
a normally on device, is seldom if ever used in logic circuits.)

3. Highinputimpedance. The dcinputimpedance of the typical LSIMOSFET
is >101* Ohms. Essentially no input current is required to maintain the
device in the on or off state. The only current required then is the displace-
ment current, which serves to charge the gate capacitance and associated
parasitics such as gate-lead capacitance in the process of turn on or turn off.
The device therefore has a very high capability of dc fan-out to other MOS
devices.

4. Inherent memory storage. Charge stored on the gate capacitor can be used
to hold the enhancement-mode device in a conducting state. This “memory
feature” is used to advantage in MOS/LSI circuit design where charge-
storage intervals of milliseconds to years are utilized in accord with circuit
design.

5. Bilateral symmetry. The source and drain regions of the device are in
principle electrically interchangeable. The device can be used to charge or
discharge (with equal effectiveness) the gate region of the following stage.
This feature is of great utility in the design and operation of memory circuitry.

6. Active or passive operation. The MOSFET is an active three-terminal device
exhibiting g,. It can also function as a passive resistor with sheet resistance
values of =~10,000 Ohms per square. Since the squares can be a fraction
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Fig. 2.1. The MOSFET as an active and passive = =
Conventional MOSFET
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of a mil on a side, the resistance function can be highly compacted on an
MOS/LSI chip. Load resistors for active components are thus rendered in
the form of inactive 