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Foreword

Until recently, field effect (unipolar) transistors have had relatively small
usage as compared with junction (bipolar) transistors. While the earliest investi-
gations of solid-state amplifying devices were in the direction of field-effect
devices (majority carrier devices), the discovery and understanding of minority
carrier injection across P-N junctions, led to the subsequent development of
bipolar transistors. The bipolar transistor has proved to be an exceptional
device, having properties which make it useful over a very broad range of appli-
cations. It also effectively made the transition from a two-sided structure to a
one-sided structure required for monolithic integrated circuits, and is now the
cornerstone of integrated circuits.

Why then, it is natural to ask, is there suddenly a new interest in field-effect
devices, and particularly in the metal-oxide-semiconductor (MOSFET) type?
The answer is twofold. First is the fact that our technology and understanding
of surface oxides such as silicon dioxide (SiO,) has increased to where very stable
MOSFET devices can be reliably produced. Second, and most important, relates
to large-scale integrated electronics (LSI). The semiconductor industry is
moving rapidly toward integrating much more powerful logic and memory func-
tions on silicon chips than today’s production integrated eircuits (which are
typically three gates in a 14-16 lead package). It is in the domain of LSI that
MOSFET technology has generated its greatest interest. The reason is simple—
one can put from five to seven times the functional complexity in a given area
with MOSFET technology as is possible with bipolar technology. Coupled
with this high functional density is the fact that exceptionally high yields can be
achieved in the fabrication of large MOS integrated functions because of the
relative simplicity of the process.

To go further in the discussion would begin to encroach on the author’s excellent
book; suffice it to say the area of MOSFET’s is one of the most exciting in the
semiconductor industry. Robert Crawford has prepared an excellent discussion
of the MOSFET device and its application to integrated electronics. The

reader will soon recognize that he is being given results of first-hand investiga-
v



vi Foreword

tions—Robert Crawford indeed is a key contributor to the Texas Instruments
MOSFET program.

This book is another in the Texas Instruments Electronics Series, published
by the MeGraw-Hill Book Company, in which we are attempting to bring the
engineering and scientific audience up to date on subjects of significant current
interest.

RicuAarD L. PETRITZ, Director
Semiconductor Research and Development Laboratory
Texas Instruments Incorporated



Preface

The purpose of this book is to describe basic principles of the MOSFET—par-
ticularly as they apply to practical circuit design. The material presented here
covers deviece theory and operation, device characteristics, and finally, device
usage in discrete and integrated-circuit form. I have tried to encompass in a
single text all the background material required by the design engineer to under-
stand and appreciate MOSFET ecircuit design.

Material for this book was accumulated over a two-year period during which
I was actively engaged in MOSFET circuit design within the MOS program of
Texas Instruments Incorporated. It therefore includes much practical informa-
tion gathered as a result of actual work with MOSFET circuits.

Device coverage within this book has been limited to the MOSFET and does
not include the junction FET. There were two reasons for this approach.
First, I believe the MOSFET is significant by itself and can stand alone. Second,
junction FETS have been covered in an excellent book by L. J. Sevin, Jr.—“Field-
effect Transistors,” published by the McGraw-Hill Book Company as a part of
the Texas Instruments Electronics Series.

The level of presentation is aimed at the practicing circuit-design engineer who
has the responsibility of designing an MOSFET circuit. A general background
in basic semiconductor theory and circuit design is assumed.

Chapter 1 is an introductory chapter written specifically for the person—such
as the salesman, marketing man, or manager—who needs a broad understanding
of MOSFET properties without going deeply into the theory. The last half
of this chapter considers future trends in such areas as MOSFET technology,
devices, and circuits.

Chapter 2 presents basic theory and operation of MOS field effects and derives
descriptive equations for device behavior.

Chapter 3 considers the accuracy of the fundamental device equations, develops
additional functional relationships, and deals analytically with mobility variation
as a function of gate voltage.

Chapter 4 contains a description of the transient response of an MOSFET in a
circuit.

Chapter 5 deals exclusively with the MOSFET in integrated-circuit form.

vii



viii Preface

Basic concepts are presented, building blocks used in design are discussed, and
an actual MOSFET integrated circuit is described in detail.

Chapter 6 covers the area of MOSFET usage in analog circuits and MOSFET-
bipolar combinations.

Like all authors, T am indebted to a number of individuals; without their
assistance, this book could never have been written. My thanks are due mainly
to Dr. R. M. Warner, Jr., and to Dr. J. R. Biard for their suggestions and help
during the writing of the manuscript; to Dr. J. P. Mize for many valuable dis-
cussions on mobility; to John R. Miller, technical publications manager at Texas
Instruments, for his editorial advice; to Louis Bartning for the design of the
decoder shown in the text; to S. Naik for the design of the power MOSFET; to
Clifford Arnell for the majority of photographs and measured data; to Mrs, Mary
Chubin and Mrs. Eloise Ballard for cheerfully typing the manuscript; and,
finally, to the management of Texas Instruments for providing an atmosphere
conducive to the writing of this book.

Robert H. Crawford
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Notation

A—area
A,—voltage gain
B—"“gain” term containing device constants; see Eq. (2-15). B, is
positive for P-channel devices, and 8, is negative for N-channel
devices.
B(V¢)—indicates a dependency upon gate voltage
—initial, low-voltage value
Br—Bp/Bi; see Eqgs. (5-9) and (5-10).
C—capacitance
C,—gate capacitance corresponding to the oxide layer over the channel
area; C, = A(€ox/tox)-
E —conduction-band energy level
Ey7—Fermi energy level
E,—intrinsic energy level; assumed to be at the center of the gap.
E—oxide electric field
E,—valence-band energy level
e.x—oxide dielectric constant; assumed as 14 pF/cm (relative dielectric
constant =< 4).
e,—silicon dielectric constant; assumed as 1 pF/cm.
gas—drain conduetance in the saturated region
gar—drain conductance in the triode region
gm—transconductance = 9l»

VeV

gmBe—Dback-gate transconductance
gmp—rtransconductance of the driver device
gmi—transconductance of the load MOS
gmo—transconductance at Ipss in a depletion-mode device
IC—integrated circuit
Ip—drain current in the external terminal
Ipp—drain current at the point of pinchoff
Ipss—drain current that flows when the gate is returned to the source
Jc—channel current density

k—DBoltzmann’s constant
xi



xii Notation

K;—constant; see Eq. (2-24). (4 for P channel, — for N channel)
L—effective channel length (in direction of current flow)
L'—Ilength of the pinchoff region, measured from the edge of the channel
at pinchoff to the edge of drain junction
Lr—channel length, measured from source junction to drain junction
m—voltage parameter in switching-time analysis; see Eq. (4-10)
N4, Np, N—doping levels
P—heavy P-type diffusion
¢r—Fermi function; the amount the Fermi level is displaced from the
intrinsic level or the center of the gap (as measured in the bulk).
Units are in volts. See Eq. (2-25).
¢—Surface potential; the amount the intrinsic Fermi level, at the sur-
face, has been bent with respect to the Fermi level.
zero in the flat-band case of Fig. 2-1e.
g—electronic charge =2 1.6 X 1071 coulomb
Qa—charge per unit area in the accumulation region
Qc—charge per unit area in the channel
Qp—charge per unit area in the depletion region
Qe—charge per unit area on the metal gate
@r—charge per unit area in the inversion region
@Qss—See approximation No. 9 Chap. 2
ras—drain resistance, saturation region
rq—drain resistance, triode region
R,—parasitic resistance
R.||Ry—designation for R, in parallel with R,
SR—shift register
6—a constant in the mobility equation (3-28); 6 = B,Rp
T—time constant
tox—oxide thickness
T—temperature
u—mobility; units are in em?/V-sec.
negative sign.
#(Ve¢)—indicates a dependency upon gate voltage
u,—initial low-voltage valve
v(¢)—voltage as a function of time
V se—back-gate bias
Vp—voltage at the external drain terminal
V'p—intrinsic drain voltage, voltage at the internal drain terminal
V pp—drain supply voltage
V ps—drain-to-source voltage
Ve—voltage at the external gate terminal
Vee—gate supply voltage
V ¢s—gate-to-source voltage
V iu—intrinsic threshold voltage; defined in Eq. (2-24)
V —pinchoff voltage; see Eq. (2-18).
V p(vo)—pinchoff voltage as a function of output voltage
V p(V s¢)—pinchoff voltage as a function of back-gate bias
V's—intrinsic source voltage, voltage at the internal source terminal

¢, is assumed

up, has a positive sign; u, has a



Notation xiii

V ss—that portion of the threshold voltage due to @Qss
Vu—threshold voltage; see Egs. (2-22) and (2-27).
Vswp—rthreshold voltage of the driver device
Vmu—rthreshold voltage of the load device
V w(V se)—threshold voltage as a function of back-gate bias; see Eq. (2-30).
Vi (v)ous—threshold voltage as a funetion of the output voltage
V (y)—channel voltage as a function of the distance between source and
chain
W—-channel width (perpendicular to current flow)
za—Dboundary between the accumulation region and the neutral bulk
zp—boundary between the depletion region and the neutral bulk
z, y, =—coordinates for the MOS structure; see Fig. 2-3.
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An Introduction to the World
of the MOSFET

The metal-oxide semiconductor (MOS)* field-effect transistor (FET) is a
voltage-controlled device that exhibits an extremely high input resistance (in
the range of 1012 to 10'* 2). TUnlike the junction FET, the MOS, with its insu-
lated gate, maintains a high input resistance without regard to the magnitude or
polarity of the input gate voltage. Even at elevated temperatures, the gate
leakage is negligible—thus allowing the use of very large gate bias resistors in
analog circuits or direct coupling in digital circuits.

Construction of a P-channel MOS transistor is illustrated in the scale drawings
of Fig. 1-1. Two highly doped P-type areas (10'8/cm? to 102°/cm? at the surface)
are diffused into an N- type silicon substrate (1 to 10 2-cm). These two diffusions
are referred to as the source and drain and are located in close proximity to each
other (approximately 0.2 mil separation for a driver device and 1 to 2 mils separa-
tion for a load device). A thin (800 to 2,000 f&) insulating material, usually some
type of silicon oxide, is placed over the surface of the silicon between the source
and the drain, forming the gate dielectric material. Metal is evaporated over
the surface of the slice, forming contacts, interconnecting leads, and the gate
electrode.

Because of the conditions created by the interfacing, at the surface, of the
silicon and oxide, usually all N-channel devices are initially on (at zero gate bias)
and all P-channel devices are initially off. Since it is desirable to use an initially
off device for switching or digital circuits, at present all commercial MOS inte-

* Sometimes referred to as MIS, or metal-insulator semiconductor. Although other
MOS structures exist, the MOS field-effect transistor dominates today’s technology.
In this book, the combination of letters “MOS’’ will refer to the transistor-type structure
discussed in this chapter (see Fig. 1-1).

3
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Fig. 1-2. MOS symbol. 1Source

grated circuits (ICs) are single-polarity P-channel units. For this reason, this
book will deal almost exclusively with P-channel devices.

Figure 1-2 illustrates the symbol for the MOS (P-channel, enhancement-mode)
that is used in this book. The source is the reference terminal, the gate is the
control electrode, and the drain is the output of the device. These three leads
are roughly analogous to the bipolar’s emitter, base, and collector, respectively.

1-1 OPERATION OF THE MOS

With the drain and source grounded, the gate controls the charge in the channel
—the region at the substrate surface between the source and the drain. A nega-
tive bias applied to the gate modifies conditions within the silicon. As the gate
accumulates a negative charge, free electrons that are present in the N-type
silicon are repelled, forming a depletion region. Once sufficient depletion has
occurred, additional gate bias attracts positive mobile holes to the surface.
When enough holes have accumulated in the channel area, the surface of the
silicon changes from electron-dominated to hole-dominated material and is said
to have tnverted. Thus the situation now exists where the two P-diffused regions
are connected together by a P-type inversion layer, or channel (hence the nomen-
clature ‘“P-channel device’’). A signal on the gate can modulate the number of
carriers within the channel region, so that the gate, in effect, controls current
flowing in the channel. For low values of drain voltage, the inversion layer
extends across the entire channel, connecting the drain and source. Under this
bias condition, drain current depends upon drain voltage as well as gate voltage.
Notice that in Fig. 1-1a all the P regions, diffused or inverted, are isolated from
the substrate material by a depletion layer.

For a constant gate voltage, an increase in the drain voltage alters the situation
in the channel region. Drain current produces an IR drop along the channel.
This drop is of such a polarity as to oppose the field within the oxide, produced
by the gate bias. When the IR drop reaches a value to just reduce the field such
that an inversion layer is no longer formed, the channel pinches off and the drain
current tends to saturate at a constant value (independent of drain voltage).
The device is said to be in saturation. As can be seen from Fig. 1-1b, the inversion
layer is thickest at the source and decreases to zero thickness at the point of
pinchoff.* The voltage across the gate oxide just at the point of saturation is

* Actually, the channel cannot go to zero thickness anywhere, for if it did, there would
be no current, and there is, in fact, current when the device is in saturation. ‘Letting
the channel go to zero’’ is an approximation that allows one to define pinchoff or threshold
voltage.
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called the pinchoff or threshold voltage. Threshold voltage can be defined as the
voltage across the gate oxide necessary to just produce inversion in the channel.

Further increases in drain voltage drive the MOS harder into saturation.
This is demonstrated in Fig. 1-1¢, which shows an increase in the depletion regions
associated with the drain and a reduction in channel length. Too much of an
increase in drain voltage can cause the drain depletion region to punch through
all the way to the source, resulting in unrestricted current flow if it is not limited
by the external circuit.

1-2 CHARACTERISTIC CURVES

When the drain V-I characteristics are plotted for a family of gate voltages, the
result is similar to the curves in Fig. 1-3. The important features of this figure
are:

1. The control parameter is a voltage—as opposed to a current in the bipolar
case. This implies high input resistance.

2. The input voltage and the output voltage and current all have the same
sign, which allows for the convenient cascading of stages in digital cir-
cuits. A junction FET is an example of the opposite case.

3. In Fig. 1-3a, —4 V must be applied to the gate before significant current
flows. This characteristic is termed enhancement-mode operation. Figure
1-3b illustrates the depletion-mode case, where an initial current of —85 uA
flows at zero gate bias.

4. The output-current variation for a given increment of gate voltage
increases as the gate voltage is increased above the threshold voltage.

Constant-drain voltage

Vo= -2V ) V= -2
1 mA

-Ip

500 pA

0 5 10 15 20
'Vos, volts vDSv volts

(a) (b)

Fig. 1-3. MOS characteristic curves, P channel: (a) Enhancement-mode device. The three points
on the curves represent the three operating points of Fig. 1-1. (b) Depletion-mode device.
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_ID) mA .
Depletion

Enhancement

Vih
-Vs, volts

Fig. 1-4. Transfer curves showing Ip vs V.
Drain voltage is held constant as shown in Fig. 1-3b. Ve=0

It can be shown that the output current is proportional to the square of
the input voltage. In fact, the MOS is often referred to as a square-law
device.

When a constant-drain-voltage line is graphed on the output characteristics,
as in Fig. 1-3b, and the output-current—input-voltage relationship along this line
is plotted, the resulting figure is known as a transfer curve. The transfer curves
of Fig. 1-4 illustrate clearly enhancement-depletion-mode operation, threshold
voltage, and the square-law behavior of the MOS. Actual data of drain current
plotted as a function of input gate voltage are presented in Fig. 1-5. To illustrate

Left scale |
| i -2
4 Vo= 15V 8 X 10
s % {6 x 107 E
< £
E o
# = =
2k daxio? %’
o = measured
data
1 42 x107?
Vi E-375V
Il Il 1 O
02 4 6 8 10 12

-Vg, volts

Fig. 1-5. Transfer curve illustrating the square-law characteristic of the MOS.
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~Vps, 5 V/div 0

WDirection of increasing
negative gate voltage J

& -1, 0.1 mA/div

Fig. 1-6. Characteristic breakdown curves showing
the control that the gate voltage exerts over the
breakdown voltage.

the parabolic nature of the transfer curve (in saturation), the data in Fig. 1-5 are
also presented in the form of 4/7Tp vs. Vg The result is a straight-line plot.
Extrapolating this plot back to where Ip = 0 gives the threshold or pinchoff
voltage*—the turn-on voltage that is of interest to the circuit designer.

By increasing the magnitude of the drain voltage sufficiently, breakdown char-
acteristicst similar to those in Fig. 1-6 can be seen. Observe that breakdown is a
function of gate voltage. The magnitude of the breakdown voltage increases as
the gate voltage is made more negative and decreases as the gate voltage is made
more positive.

1-3 DIGITAL CIRCUITS

Usually, complex MOS ICs consist only of MOS transistors—no resistors,
capacitors, or diodes—as functional elements. The basic building blocks of MOS
circuitry are simple NAND and NOR gates such as those shown in Fig. 1-7.
These gates, singly and in combination, are used to implement logic-design equa-

* It has been suggested that the term “pinchoff”’ be restricted to depletion-mode
devices and the term ‘‘threshold’’ be applied to enhancement devices. Pinchoff voltage
is reminiscent of the junction FET (a depletion-mode device) and, as such, has some
precedent established for its use. In common parlance, the pinchoff voltage of a deple-
tion device is the gate voltage required to suppress the drain current from its initial value
of Ipgs to approximately zero. This is shown on the characteristic curves of Fig. 1-3b
as approximately 43 V.

With the advent of the P-channel enhancement device, the term ‘‘threshold’” has
become prevalent in field-effect terminology, the threshold being roughly that gate volt-
age necessary to initiate conduction.

A problem exists in that the origin of the transfer curve is given separate designations,
depending upon whether it is to the left or to the right of V¢ = 0. (See Fig. 1-4.)

Since the same set of equations describes either enhancement-mode or depletion-mode
operation (with only a change in sign for the turn-on voltage) and since the two types of
devices operate in essentially the same way, the author will use Vp and V4 interchangea-
bly. Because most MOS devices operate in the enhancement mode, the term ‘“‘thres-
hold”’ will dominate throughout this book. However, when it clarifies matters to use the
term “‘pinchoff,”’ it will certainly be used.

t Assuming that punchthrough does not exist.
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¢——oQutput O—J:]

| | I

Fig. 1-7. Basic logic gates: (a) NOR, (b) = =
NAND. (a) (b)

tions, create flip-flops and memory elements, implement timing delays, and in
general perform all the functions necessary for digital control.

NOR-logic implementation is the best suited to MOS circuit design. More
efficient use of space, as compared with NAND logic, can be cited as the reason.
Figure 1-8 shows a combination NAND-NOR gate together with a diagrammatic
layout. Because of the series arrangement, @:—@; must have three times the gain
of Q4 in order to reduce the total ON resistance to the equivalent of a single

oVoo

_ —2.0 mils—~|
=
= N

Vpp BUSS
Area No, 9

Area No. 5

—oOutput T
Area No. 4
o—‘ :13 Row Ron II—-———OD oo Nood Output
Ol ™ ; Q4 /Aluminum
E Z [A  [V3 7R 9,7 [(Ron.0q) p ] inferconnect
g s . R A Vo, N
<< L <T 5.8 mils |Lr'|/3 Ron 02'] B {
1/3 Ron "—OB N Area No, 2 W
N —102 2 C /3 Row q, ] C ;
o
E Area No, 1 P* diffusion
}_% X Grom;nd
contact
CO—J 73 Row ares | N-type substrate
e 1
=
8 e
= k—— 5mils ——]
(a) (b)

Fig. 1-8. Combination NAND-NOR gate with a physical layout (scale drawing).
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VGG VGG

JVDD oVop
—
—

L.

——i

| I

Fig. 1-9. Cross-coupled flip-flop made from two basic
— NOR gates.

T

parallel device. This leads to three times the area per device in the series arrange-
ment shown.

Combining NOR gates, asin Fig. 1-9, results in a cross-coupled flip-flop. Cross-
coupling resistors are eliminated because of the extremely high input resistance.
Speedup capacitors are also unnecessary. Low-gain MOS transistors are used as
load resistors. Values as high as 200 kQ are obtainable in this manner. The
load gates can be returned either to the drain or to a separate supply. Reducing
Vpp and returning the load gates to a separate supply result in lower power and
higher-speed operation.

1-4 SPEED

The speed limitation of MOS circuits is due entirely to stray circuit capacitance
and the inability of the MOSFET to charge and discharge this capacitance. In-
trinsic cutoff frequencies of MOS devices themselves are in the order of 1 GHz
or higher. Currently, however, one rarely observes commercial MOS circuits in
operation much above 2 MHz. (An exception is four-phase circuitry, which can
operate close to 10 MHz.) In contrast, bipolar ICs often operate an order of
magnitude or more faster then MOS circuits. The basic reason for the difference
in speed is that the bipolar has a higher g,, or gain per unit area, than does the
MOS. A comparison of bipolar-MOS transconductance as a function of device
current dramatically illustrates the gain superiority of the bipolar device (see
Fig. 1-10). For typical integrated-device sizes, the bipolar has from 10 to 500
times the g, of the MOS, depending upon the current level. The MOS gain can
be increased by increasing its width; however, since capacitance as well as gn is a
linear function of area, capacitance also increases.

A typical switching waveform of an MOS inverter is shown in Fig. 1-11. The
turn-on time, controlled by the driver device, is normally much shorter than the
turn-off time of the load. In fact, {ox can generally be ignored in comparison
with forr. Two factors contribute to the fact that torr > fon. First, the resist-
ance of the load device is typically a factor of 10 greater than that of the driver.
This implies that for a given stray capacitance, the time constant for the load is 10
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gm =./2Bl,| MOS
S
I &
Im = ?(—F Bipolar )
10,000 ~
%\y
4,000 pmhos
S W
1,000 »
y /
» ) »
=3
= 400 pmhos
=R
&
N
: 10 100 1,000

I, pA
Fig. 1-10. Comparison of bipolar and MOS transconductance.

VDD

Q,, load

Q,, driver
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times greater than that for the driver. Second, the gate-to-source controlling
bias of the driver remains constant at —uvi, during switching. In the load case,
the control voltage is modulated by the output (source) voltage in such a way as to
reduce the gain of the load as the output increases. @: can be described as a
nonlinear resistor whose value increases as the voltage across Cgiay increases.
These two factors taken together show that the load charging time is responsible
for restricting MOS circuits to low-frequency operation. Fortunately, there are
a number of things that can be done to reduce the deleterious transient effects of
an MOS load.

1-5 COMPLEMENTARY STRUCTURES

Complementary MOS technology has long been regarded as the ideal solution
to many of the difficulties encountered in single-polarity MOS complex ICs. A
complementary gate draws approximately zero standby power, making it useful
for low-power applications, particularly large, active memories; switching speed is
significantly lower than in the case of single polarity; circuit voltages swing the
full supply voltage, making two supplies unnecessary; and finally, the output
driving impedance is considerably lower than for the single-polarity case. To the
circuit designer, these advantages make complementary circuits very attractive.
However, complementary technology is not without severe drawbacks.

The major difficulty at the present time is the technology required to fabricate
similar complementary devices. N- and P-channel devices inherently have dif-
ferent characteristics when fabricated together; i.e., N-channel devices are deple-
tion mode, while P-channel devices are enhancement mode. The added processing,
such as additional diffusions and photomasking steps, necessary to achieve mono-
lithic complementary circuits increases the cost and reduces the yield—undesirable
factors in terms of both manufacturer and customer. Additional drawbacks are:

1. Because both polarity devices exist side by side, some form of isolation
(not necessary in single-polarity circuits) must be used, resulting in a
significant increase in area per function.

2. The number of devices required to implement a given function is greater
than in the single-polarity case.

A complementary inverter is shown in Fig. 1-12. Both devices are of the en-
hancement type. When the input is low, the N-channel device has its gate
returned to the source and is off. The gate of the P-channel device, however, is
returned to the most negative potential in the circuit (ground) and is thus turned
on. Under these conditions, the output goes high and is inverted with respect to
the input. When the input goes high, the N-channel device is turned on and the
P-channel device is off, resulting in a low output. Notice that in either case, one
device is on (presenting a low driving-point impedance t0 Cstray) and the other
device is off (limiting the static current drain, and thus the power, to the leakage
value).
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1-6 THE FUTURE OF MOS TECHNOLOGY*

For the MOS to have a future, it must be able to offer an advantage over
existing bipolar ICs. In general, the advantage will not be in performance.
Bipolars, because of their low threshold voltage, high transconductance, and low
saturation voltage, will outperform MOS circuits when compared on a speed-
power figure-of-merit basis. The advantage offered by MOS technology will be
lower cost. This will be achieved through the ability of MOS technology to
integrate more functions on a given chip and to give consistently higher processing
yields than today’s technology allows.

1. Discrete Devices and *'Discrete Gates.” The demand for discrete MOS devices
will be small when compared with that for ICs. Discretes will be used in (1)
analog switches, because of the theoretically zero offset voltage; (2) high-frequency
amplification, where noise is low and the square-law characteristic is desirable;
and (3) certain isolated cases, such as the interfacing between M OS-bipolar circuits
or where the unique property of the device (i.e., the extremely high input resist-
ance) can be used to advantage.

Along the same line of reasoning, there will be virtually no demand for packaged
single-gate functions—the reason being that the performance would be so poor
and the cost so close to the cost of present bipolar circuits that no advantage for
using MOS would exist.

2. Integrated Circuits. The volume MOS market will be in the area of large, com-
plex ICs operating at slow-to-medium speeds. These ICs will be complete func-
tions representing small systems or subsystems. Integration of a complete func-
tion on a chip allows all interconnections to be made on that chip. Thus only
the signal and power leads need be brought out of the package. As the number
of leads decreases, the package cost decreases. The cost of testing complex ICs,
which can make up a very substantial portion of the total cost, is largely dependent
upon the number of signal pins in the package. As the number of pins increases,
so does the time that is required to test all combinations and permutations. The

* All comments in this section apply to single-polarity P-channel ICs, except comment
No. 6, which applies to the complementary technology.
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ideal situation is the case of a large, complex IC having one input and one output.
Here the signal is fed into the circuit, operated upon in some complex manner,
modified, and then presented at the output. The serial shift register (SR) is the
classical—and most illustrated—example. Here a pulseis shifted into the register,
stored for a predetermined time (milliseconds, minutes, even days), and then, upon
command, presented at the output, ready for use. Each bit in the SR string
drives an identical bit, so that internal wiring and layout problems, capacitance,
large output buffers, and operating tests are kept to a minimum.

The SR, although an extremely useful function, represents the extreme case
for a minimum number of leads. More typically, a complex IC has a number of
input and output leads. An example is the binary-to-decimal decoder illustrated
in Fig. 5-25. Here the circuit requires 8 input and 15 output signal leads in
addition to the power leads.

3. Custom Design. As integrated functions on a single chip become larger and
more complex, they also become more specialized and therefore more restricted
to a given application. Hence custom-designed circuits will dominate the MOS
IC market. It seems to the author that it is possible for system companies (both
large and small) to do their own MOS IC design. This is definitely not the case
in bipolar IC design. One major difference between MOS and bipolar complex
IC technology is thus emphasized—the ease with which an idea is reduced to
practice is more than an order of magnitude greater in the MOS world. The
customer will do more of the design himself. A notable exception will be SRs
that are sold “by the foot.”

The question of who will do MOS design in the future has been given a very
colorful answer by Seely and Wanlass in the following quote:!*

The above considerations have prompted a chemist to remark that he could much
more readily design an MOS circuit than he could a conventional transistor circuit
to perform the same function. The same sort of thing holds true when it comes to
a comparison of MOS and bipolar integrated-circuit design. Given the proper
design rules, a good digital designer can learn to engineer his own circuits only after
a few hours instruction. This alone almost guarantees the future of MOS, since
it puts the burden of design creativity back in the lap of the practicing engineer,
where it belongs. In effect, design engineers will be given a new dimension in which
to exercise their creativity.

4. Complex Integrated-circuit vs. Array Technology.t Ingeneral, togainthegreat-
est advantage from MOS technology, the concept of the complex IC will be used.
A basic tenet of this concept is the design, layout, and fabrication of the complete
function in the smallest possible area. The function is specialized to do only one
job, which it does efficiently. The unit is handled, tested, and packaged as a

* Superseript numbers indicate works listed in the Bibliography at the end of the
chapter.
t See Ref. 2 for an expanded discussion.
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complete function. For the function to work, 100 percent of the components
within the function must work. If the function does not work, it is discarded.

On the other side of the fence is array technology. Here the idea is to fabricate
a large number of basic building blocks (such as simple gates), test each block,
catalog the working units, and interconnect these units (bypassing the malfunc-
tioning ones) into complete functional systems or subsystems. Until now, the
main effort of array technology has been directed toward bipolar circuits (with a
few notable exceptions). Now, this does not mean that the MOS will not be used
in array technology. It does mean that the basic unit cell will be much larger
(functionally) than in the present bipolar case. (Here the unit cell might be a
simple four-input gate.) Consider an example where a customer requires 500 bits
of serial SR. Strings of 50 bits each (300 transistors) might be considered as the
basic building block; i.e., compound units of 50 bits are probed as a single unit.
Ten working strings would then be connected serially (in a separate masking step)
for the required total of 500 bits.

5. Toward Faster Circuits. Because the speed of the MOS is close to 100 times
below its theoretical limit, the next few years will show more dramatic improve-
ments in speed in MOS technology than in bipolar technology. This is simply a
way of saying that it will be easier to achieve an order-of-magnitude increase in
speed in the MOS area than in the bipolar area. Significant speed improvements
will come about in the following four areas: (1) circuit innovation, i.e., “tricks”
the circuit designer can do to increase performance while not actually changing
the process—such as returning the load gates to separate supplies or multiphase
clocking schemes; (2) new materials, such as GaAs, which exhibit a higher mobility
than silicon; (3) new and improved gate dielectrics that are thinner and have a
higher dielectric constant than the currently used silicon oxide; and (4) new tech-
nologies, such as dielectric isolation or silicon on sapphire to reduce the stray
capacitance or a method to control and increase the surface mobility of currently
used materials.

6. Complementary MOS. Complementary ICs will not have the major impact
on the market that single-polarity P-channel circuits have had or will have.
Because of the sacrifice necessary in the yield (more processing steps), comple-
mentary circuits will be higher-cost items than single-polarity circuits. Also, with
the increased area that is necessary per function, any size or yield advantage over
the bipolar is greatly reduced. Complementary circuitry will thus be forced to
compete with bipolars more in the area of performance than in cost. Comple-
mentary MOS technology will make inroads into low-power low-duty-cycle digital
functions such as large, active memory applications, where power must be con-
served. One can predict that the complementary MOS will dominate the high-
performance, high-cost MOS market, while the single-polarity P-channel MOS
will be sought after by the larger, general-purpose, low-cost market.

7. Advances in MOS-device Technology. So versatile is the MOSFET that
numerous new devices, circuits, and techniques will emerge from today’s tech-
nology. While the MOS is normally thought of as a low-gain, small-signal device,
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practical power devices—capable of 50 to 100 W—have already been demon-
strated. Exotic devices such as MOS Thyristors (SCR), transducers, negative-
resistance elements, and MOS tunneling devices will begin to appear on the scene.

The wide variety of MOS devices and the many combinations that are possible
on a single chip certainly indicate the versatility of this new technology. Linear
and digital devices fabricated together will enable functions such as analog-to-
digital conversion to be carried out on single monolithic chips. Small signal and
power devices will routinely be fabricated together to form cou.plete amplifiers.
Combinations of MOS and bipolar technologies will offer improved performance by
utilizing the outstanding features of each type of device. Examples of useful
combinations are (1) very high MOS resistance values in bipolar circuits, (2)
bipolar output buffers in complex MOS ICs, and (3) M-O-S structures in con-
junction with a planar bipolar device for improved gain, stability, and breakdown
properties of the bipolar device.

8. Examples of Current MOS Device and Circuit Technology. Figures1-13and 1-14
illustrate what is currently available in the area of sophisticated MOS circuitry
and devices. Figure 1-13 is a photograph of a complex MOS integrated circuit.
This unit is a 64-bit dynamic SR requiring two clocks for operation. The SR,
consisting of 413 devices, is a single-input serial register with four separate outputs,
all on a silicon bar 60 X 100 mils.

A large-geometry MOS power transistor is shown in Fig. 1-14, both in chip
form and mounted on a power header. The device exhibits a typical transcon-
ductance of 1,000,000 wmhos and requires a chip 90 X 120 mils. Frequency
characteristics are excellent as illustrated by the fact that the device switches
1 A <20 ns. This MOSFET is capable of switching 1 to 3 A at 35 to 45 V.

9. In Summary. MOS complex ICs will make up a significant portion of the IC
market within the next few years. The MOS will gain in volume not so much by
replacing present bipolar ICs but by expanding the market. Areas will open up
that have previously been closed to electronics for economic reasons. Applica-
tions, such as digital filters and digital differential analyzers, requiring vast quanti-
ties of transistors will now become economically feasible. The MOS will be able
to make dramatic inroads into areas that have been dominated by mechanical
methods; a prime example is the small desk calculator.
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Theory of Operation

Because of the nature of this book, a somewhat simplified, first-order-approxi-
mation theory will suffice rather than a long and laborious “complete” analysis.
A number of approximations will be made which greatly simplify the model of the
MOS field effect. This approach will facilitate the understanding of the basic
principles of the MOS device. When additional effects, not predicted by the
simple theory, are considered, they are discussed separately in order not to make
the analysis too large and unwieldy. One can fast become bogged down in exces-
sive algebraic manipulations and lose sight of the real goal of this chapter—an
understanding of the workings of the MOS. For those interested in a more
comprehensive study of the MOS structure, the author refers the reader to an
excellent paper by Thantola and Moll.1:*

The following analysis is divided into two sections: The first gives a qualitative
description of the internal workings of the MOS; the second concentrates on a
quantitative discussion which, in due course, derives the characteristic equations
describing the MOS.

Approximations used to describe the MOS model are as follows:

1. Mobility of current carriers in the channel is constant.

2. The variation of the channel thickness is small along the length of the
channel.

3. The thickness of the dielectric over the channel region is assumed to be
much greater than the channel thickness.

4. Parasitic resistances (such as in the source) are assumed to be so small as to
be negligible.

5. The channel is completely shielded from the drain, so no drain-to-channel
feedback exists.

6. Doping of the substrate is uniform and nondegenerate.

* Superscript numbers indicate works listed in the Bibliography at the end of the
chapter.
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7. The drain current consists only of channel current. Leakage currents are
neglected.

8. The gate dielectric is considered to be a perfect insulator.

9. Throughout this book, extrinsic conditions which affect the conduction
properties—such as oxide traps, silicon surface states, interface energy
states, ionic centers within the oxide, and work-function differences—will
be lumped together into a single effective charge term, Qgs. Furthermore,
Qss is assumed to be constant and located at the silicon-oxide interface.

2-1 QUALITATIVE ANALYSIS*

Even though the following analysis refers specifically to a P-channel MOS on
an N-type substrate (for convenience), the resulting equations are applicable to
both N-channel and P-channel devices. There are three distinct conditions or
regions occurring within the semiconductor, at the surface, that are important to
MOS operation. They are the accumulation, depletion, and inversion regions
and are controlled by the external bias on the gate electrode. Generally, for an
oxide-passivated surface, surface states or energy states at the silicon-oxide inter-
face act as ionized donors® whose effect is the same as a positive applied gate
voltage.

Figure 2-1a shows the MOS structure used in this discussion. Drain-to-source
voltage is assumed to be so small as to be negligible. The energy-band diagram
of a P-channel device under zero applied gate voltage is shown in Fig. 2-1b. Here
and in the following band diagrams, the intrinsic level (P = N = n,) is designated
as E; and is assumed to be halfway between the conduction-band energy E. and
the valence-band energy E,. Because of the positive surface-state charge, nega-
tive electrons from within the N-type bulk are attracted to and accumulate at the
surface (z = 0). Accumulation results in a downward bending of the conduction
and valence bands. The closer E. is bent toward the Fermi level, which is set
by the substrate doping, the heavier the surface concentration of electrons becomes.
Figure 2-1c illustrates the charge-density distribution. The positive charge per
unit surface area (Qss) must be exactly balanced out by the negative charge
accumulated near the silicon surface (Q4). (Charge distributions are approxi-
mated by & functions.) If a small positive bias is now applied to the gate,
additional band bending and accumulation result. Again, the total positive
charge must equal the total negative charge so as to maintain charge neutrality
Q¢ + Qss + Q4 = 0; see Fig. 2-1d).

If a negative voltage is applied to the gate such that it just counters the effect
of Qss, then no bending of the bands exists, a condition which is known as the
Slat-band case (Fig. 2-1e and f) (¢, = 0). Further application of a negative gate
voltage repels from the channel region the mobile electrons associated with donor
centers, causing a depletion region to form. The band diagram and charge picture

* This discussion follows, in part, that presented by Grove et al.2
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for this case are shown in Fig. 2-1g and h. When an electron is removed from
its donor atom, the ionized atom is left with a net positive charge. Thus the
charge in the depletion region is shown as a positive charge, Qp, in Fig. 2-1h.
When the intrinsic Fermi level F; is bent just enough to intersect the Fermi level
at = 0, the surface has gone from its initial N-type concentration to intrinsic
(where P = N). (¢, is now equal to ¢r.) Additional negative gate bias does
not extend the depletion region so much as it induces positive mobile holes at the
surface. It isimportant to note that depletion-region charge and mobile-surface
(channel) charge are of the same polarity (positive) and thus their effects add.
The sum of these two charge regions must just balance the net charge stored in the
oxide (Qss) and on the gate (Qg) so as to maintain an electrically neutral system.
As the gate bias is increased in the negative direction, a larger and larger percentage
of the charge within the semiconductor is contributed by the mobile holes. (See
Fig. 2-17 and j.)

Until E; = Ep, mobile electrons still outnumber mobile holes. Beyond this
point, electrons are suppressed below the intrinsic level while holes in the channel
region are raised above this level. As will be seen later, conduction between the
P+-type source and drain (by P-type carriers) does not become significant until
holes dominate and provide the conducting path. One can label the onset of
conduction (or the apparent onset of conduction, as will be discussed later; see
Fig. 2-14) as the threshold voltage V4 and define it as where the surface potential
goes through intrinsic to a value of ¢; = 2¢r. The threshold voltage is thus the
gate voltage that produces a gate charge which just counterbalances the charge
contained in surface states and in a depletion region that supports a voltage of
2¢r. Furtherincreases in gate voltage past Vi, result in an increase in the number
of holes, thus enhancing conduction between the source and drain.

It must be kept in mind that the start of actual conduction is not an abrupt
process, in which the channel is completely depleted of carriers at a given gate
voltage Ve and then immediately acquires a finite inversion layer at a small
increase in the magnitude of V. The minority and majority carriers within the
channel are increasing and decreasing continuously and at a finite rate for changes
in the gate voltage. Goldberg described the situation very nicely when he said,
“The transition from depletion to inversion is a continuous process, and one must
be aware of the fact that the minority carrier concentration increases as the
majority carrier concentration decreases and that carriers are always present.”*

Examination of the gate capacitance as a function of the gate voltage can yield
additional insight into the physical operation of the MOS. Starting with the
accumulation condition, Fig. 2-2a shows that the metal gate and the accumulation
layer at the silicon surface form a simple parallel-plate capacitor with a separation
distance of 4, and a normalized value of C/C, = 1. Capacitance is measured
at the gate, with the source, drain, and substrate grounded. As negative gate
bias is applied, the depletion region that forms tends to separate the two plates

* From Ref. 8, p. 594.
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Fig. 2-2. Diagrams illustrating the position of charge under the gate as a function of bias: (@) accumula-
tion case; (b) depletion case; (c) inversion case; (d) C vs. V¢ plot of MOS gate showing the three
characteristic regions together with a plot of A/ [I| vs. V.

of the eapacitor and reduce the capacitance (see Fig. 2-2b). (The two plates are
now the gate electrode and the bulk silicon at the edge of the depletion region.
Separation is fox + xp.) Further application of a negative gate bias attracts holes
to the surface (inversion), which in effect decreases the distance separating the
two plates, thus increasing capacitance.

A typical C-V plot is shown in Fig. 2-2d. Region I corresponds to the accumu-
lation region, region II to the depletion region, and region III to the inversion
region. Notice how the capacitance decreases during the transition from accumu-
lation through depletion as the space-charge region forms. At ¢; > 2¢r, the
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charge in the depletion region becomes insignificant compared with the total
charge as inversion sets in. The rapid increase in capacitance illustrates how
sensitive a function the accumulation layer is to applied gate voltage. Once a
significant accumulation layer has formed, the capacitance becomes fixed at
approximately C/C, = 1 and is shown to be independent of further gate voltage
increases.*

In addition to the C vs. V¢ plot, Fig. 2-2d shows the plot of v/|Ip| vs. Ve.
As will be demonstrated later, the MOS is a square-law device that exhibits a
straight-line relationship when the square root of current is plotted as a function
of the gate voltage. Extrapolation of this straight-line curve to the point where
Ip = 0 defines the threshold voltage, or the apparent onset of conduction. In
this case, Vg = —2.97 V. Projecting upward from V to the capacitance plot
shows where the surface potential reaches a value of 2¢r.

2-2 QUANTITATIVE ANALYSISt

1. Triode Region. Figure 2-3a shows an idealized device together with the coor-
dinate system that is used in the analysis. A brief outline of the “plan of attack’
used to derive the device equations is as follows:

1. The channel-current density isintegrated over a cross section of the channel
(W dz) to obtain the current.

* For a further discussion of C vs. V, see Refs. 2, 5, and 6.
t This discussion follows, in part, that presented by Sah.3
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. Channel current is now a function of the charge in the channel.

. This charge is found by summing all the system charge to zero.

Charge is now related to the gate voltage by the use of Gauss’ law.

. The expression for channel current can now be integrated over the length
L of the channel.

6. Channel current can now be equated to the external terminal current.

S NI\

Channel current can be written as
Ic = WlJe(x,y) de (2-1)

where W indicates channel width in the z direction. W is perpendicular to the
direction of current flow.
From Ohm’s law,

Je(@y) = o(@)EBy = quop(z) By (2-2)
so that I¢ = W/qu,E,p(x) dzx, or
Ie = Wau,E,p(x) dx (2-3)

[up is constant and independent of x (approximation No. 1). u, is a positive
number, while u, is negative.]
Now E, = —(dV/dy), so that

av
~Io = Wi G g [ p@) dz (2-4)

where ¢fp(z) dz represents the mobile charge per unit area in the channel. The
problem is now reduced to evaluating ¢fp(z) dz. Since the total MOS-system
charge must be zero for a neutral system, the sum of all the charge must equal zero:

Qo+ Qss+Qc+Qp =0 (2-5)

where Q¢ + Qss represents all the charge outside of the semiconductor material
proper and Q¢ + @p represents all the charge within the semiconductor material.
The channel charge is thus

—Qc¢ = Q¢ + Qss + Qp (2-6)

The charge induced by the gate can be related to the gate voltage by Gauss’
law, which states

f Fox d§ = St 2-7)
€ox

This says that integrating the E field over a given surface (in this case, the gate

or channel area) gives the charge under the area, divided by the dielectric constant

(gate material in this case). In Eq. (2-7), Eox is considered constant at a given

distance y (approximation No. 3) and dS integrates to the differential gate area
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W dy, so that the relation between E and channel charge is

€oxEcux‘VV dy = Qtotal (2'8)

E is defined as
_dVex
dz
where dVo.x = voltage across the oxide
dx = oxide thickness
AVox o, AV
Now - -;iTIP_ = A
where Az = +iox
AV = —[Ve — V(y)]
_ dVox _ VG — V(y) !

So that i = + - (2-9)

(The voltage across the oxide is simply the gate voltage minus the voltage on the
channel. Channel voltage will be a function of the distance in the y direction,
ranging from Vp at the drain to zero volts at the source.)

Inserting Eq. (2-9) into Eq. (2-8) and letting ex/fex = C (capacitance per unit
area) yield

Qe =[Ve — V(yIC (2-10)

Equation (2-10) relates the product of the gate capacitance per unit area and the
voltage across the oxide to the charge per unit area under the gate.
The gate charge found in Eq. (2-10) is substituted into Eq. (2-6):

Qe = —[Ve — V()IC — (@ss + @p) (2-11)

Equation (2-11) is a mathematical statement of the amount of mobile charge
contained in the channel per unit area. Keep in mind that this is the charge
that allows conduction between the source and the drain. Q¢ will be enhanced
by the gate voltage V¢, decreased by the channel voltage created by the drain
supply, V(y), decreased by the charge stored in the depletion region beneath the
channel, Qp, and either increased or decreased by Qss, depending upon its polarity.
Later it will be interesting to investigate the condition required to cause the
channel charge to go to zero.

Note that Q¢ = qfp(x) dz, which is the desired quantity of Eq. (2-4). Sub-
stituting Eq. (2-11) into Eq. (2-4) yields

—le = Wup%/ (—[Vo — VW)IC — @ss + Qo)) (2-12)
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Factoring out C,

Tody = WinCav (Ve = V() + 2292} (2-13)

Equation (2-13) can now be integrated between 0 and L for the length and between
0 and Vp for the voltage:

I [ ay = WMPC[VG [T av = [T v av + QS—S—ZI-QE A dV]

IcL

Wi, C (VGVD LV 4 :Qﬁg—g—l’ VD)
Now C = C,/WL and
Io = — QL%’ [—(Ve — Va) Vo + %V Y (2-14)

where Vi, = —(Qss + Q@p)/C. (The threshold-voltage term will be discussed in
more detail in Sec. 2-3.)
Equation (2-14) can also be written as

Ic = —B[—(Ve — Va)Vp + KBV (2-15)
where | 8 = I—/Vre;”‘—w (Because of the sign convention for g, 8, is positive and

B is negative.) Now the channel current of Eq. (2-15) is related to the drain
current of Fig. 2-3a by the equation I¢ + Ip = 0 or I¢ = —Ip. The final form
of the equation for the drain current of a device in the triode region can be written
as

*

Ip = —=B[(Ve — Vi)Vp — L5V (2-16)

(S8ee Table 2-1 for a summary of MOS-device equations.)

* Equation (2-16) assumes no drain or source resistance (approximation No. 4). At
this point, it is easy to include the effects of a given parasitic resistance R4 and Rs.
These extrinsic elements are illustrated in Fig. 2-3b, where they are shown to be “‘out-
side’” of the intrinsic MOS device. Equation (2-13) is integrated from O to L on the
left-hand side and from Vg to V7, on the right-hand side. This integration yields

Ip = —B[(Ve — Va)(Vp — Vi) — 1(VE — V&I (2-16a)

which represents the triode-region drain current. Equation (2-16a) can be related to
the terminal voltages by including the two additional equations

Vy=Vo—IpRg Vg = IsRs
The saturation drain current can be written as
(Ve — Vp)?

Ip = —8 2-16b
1 —BR(Vg — Vp) + V1 — 28R, (Ve — Vp) (2-165)
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VD = V(;'Vp
B is assumed equal to +880 pmhos/V

Eq. (2-21)

>Eq. (2-19)

Continuation
of Eq.(2-16) Voo - Vp = -2V

AN

V(;| Vp ==V
| Il Il L |
-10 -12 -14 -16 -18
= (Vs - Vp) = -3V Vo, volts

Fig. 2-4. Calculated characteristics of an MOS.,

Equation (2-16) was used to generate the triode portion of the characteristic
curves for a P-channel device which are shown in Fig. 2-4. A simple numerical
example will illustrate the calculation of point P; in the figure.

Assuming 8 = +880 ymhos/V, Vg — V= =5V, Vp = =2V,

Ip
Ip

—8.8 X 10744+ (—=5)(—2) — 15 X 27
—7.04 mA
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