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PREFACE

e
"""

To really take advantage of integrated circuit techniques, at the practical how-to-
do-it level, an electronics designer has to undet'stand something about’ fabrication.
He also must be familiar with the advantages and disadvantages of the various
approaches, in order to properly select the one best suited for a particular applica-
tion.

Integrated circuit selection is not a simple choice among MOS or bipolar or
hybrid devices; it involves a’continuous investigation of .a multitude of combina-
tions of performance, speed, operation, size, and cost. Only when the equipment
designerexplores all the alternatives available to him, keeping in mind that there
are considerable performance-speed—cost trade-offs mvolved in his choice, is he
likely to make the optimum seléction.

The main purpose of the book is to give the practicing engineer, or the engineer- -
ing student, an insight into the basic trade-offs between conventional circuits _
‘assembled from dxscrete components and ICs, and among the different 1C
families.. C

Much of the book is devoted to IC processing— not ot the level requnred by a
processing specialist; but on the level that a’practicing engmeer needs to make an
informed choice among circuits made by different technologies. Each process ‘has
inherent advantages in performance cost, and reliability. But each also imposes
inherent constraints. These trade-offs are far from straightforward, since ihecom—
binations of advantages and disadvantages for each technology are unjque. -

There are many books on semiconductor processing, as well as many detailed
design andlyses-of particular types ‘of ICs. Butthe author has long felt a need for a
.handbook: that presents a coordmated view of internal IC desxgn processmg and
IC applications. » S

The bdok is organized in six parts: - s e

e Chapter 1 is an introduction to all the major, IC technologles and bneﬂy
compares them with discrete-component, technology

vii




viii PREFACE

¢ Chapter 2 covers the processing of bipolar ICs and explains in more detail
why ICs do not have the same performance characteristics as conventional
circuits. _

e Chapters 3 through 5 cover the design, types, and applications of digital
bipolar 1Cs. Emphasis is placed in the applications chapter on TTL medium-
scale integration, since this type of circuit dominates digital system design.
This section also includes the first information published in a book on the
new tri-state form of TTL and its applications.

® Chapters 6 through 9 present information on MOS arrays. Since processing
technology is the main reason for the performance differences among types
of MOS ICs, processing of the types is discussed in context with their per-
formance characteristics. This section includes information on how to com-
bine MOS with brpolar ICs to obtain the:most benefit from both."

o Chapters 10 through 12 are devoted to linear bipolar ICs, specrﬁcally,
operational amplifiers and v;ﬂtage regulators. These represent the great
majority of appllcatlons ;‘?

e Chapters 13 and.J4.pig Hld be called the “do-it-yourself™ section. They tell
how to design thm-ﬁlm and thick-film hybrid circuits, they review the pro-
cesses, and they explam when each techmque should be used. .

e Chapter 15 covers both monohthrc apd hybnd packagmg and assembly,
including the approprlate bonding methods for use with semiconductor chip
devices in a hybrnd circuit.

No attempt is made to.cover IC applications exhaustively, but applications of -
the basic types of digital and linear circuits are outlined, along with the basic rules
of using them. Pamcular auentron is paid to the “overlap” areas, where a:design
might benefit from usmg more than one technology — such as MOS in: comb;natlon
with TTL, or monohthrc ICsina hybnd assembly. 1

The general applications information is designed to prqv.lde the reader with in-
sight into the versatility of ICs. Specific devices for. pamcular functions ¢can then
be chosen from manufacturers literature.

Throughout the ‘book, e,mphasns is placed on comparmg performance and, in
more general terms, the cost and reliability offered by.competing IC technolagies.
In each of the chapter groups, simple, step-by-step guidelines and tables present
the ompeting technologles The -guidelines and comparative information are.
those the author has found by experience to be most mganingful to a,choice of one
tcchnology or another for a particular class of system. Once that choice has been .
made, the user can go to the literature for the detailed desr,gn analyses. he ngeds to:

‘complete his design.,, . Lo et i
| sl\ould like to ghank my colleagues at Nanonal Semrconduc(or Com.fot per—
mrssxon to use portions of material for the -applications sectjans, of .this;: baok,:.
spec1ﬁcally, Robert Widlar, Robert Dobkin, ang: Dale Mmzek:. Additienally;- 1
should like to thank my typist Harford Gillaspie for her painstaking hours: in:

_ preparing the drafts of this manuscript, and Charles Signor for his aid in obtaining
the photographs used in this book. » S

’ - EUGENE R. HNATEK

Santa Clara, California

October 1972
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Chapter One

C gl - o

AN OVERVIEW OF INTEGRATED CIRCUIT
CHOICES

,.A"

’

A]though there are a greal many selmconductor matenals in use today, silicon is
preferred for mtegrated circuits (ICs) for ‘several -reasons. First, it is chemically
simpler than compound semic¢onductor materials such as gallium arsenide and
cadmium sulfide and therefore is not subject t§ stoichiometric eﬁ'ects of com-
pounds. Second, snhcon grows # stable oxide. Third, silicon technology is very
highly developed. It is possible to grow large smglg crystals. having very few
crystalline 1mperfectrons and closely controlled lmpumy 'concentranons Finally,
_ although high costs ‘are encountered in punfymg silicon, 1hey are offset by the
very small amount of material used in each circuit. foh reasonable yield (> 50%),
the fully processed semiconductor material rcpresents consxderably less than 5%
of the total cost. All ICs dxscussed in this volume use snhcon as thelr semxcon-
ductor medium. : o

CLASSIFICATION OF INTEGRATED CIRCUITS

ICs are divided into two mmor categones monohthlc and hybnd types as in
anure 1-1. . ) ..

i

MONOLITHIC INTEGRATED CIR lTS/ o

The term * monollthlc describes an, lC corétructlon in wh;ch all the p]cments(pf
the circuit are built in or on a single crystal of silicon. Because the monolithic

1 : "%



2. A USER’S HANDBOOK OF INTEGRATED CIRCUITS
Intergrated circuits
|

Monolithic Hybrid or film Circuits

I I | I

Bipolar Unipolar Thin—Film Thick—Film
p—n Dielectric Air MOS JFET
Junction isolation gap
Isolated isolation

" Figure 11 Categorie‘s‘of integrated circuits.

i N vt

circuit layout is produced on the silicon crystal by a photographig, process, such
devices are easily reduced in size and may be duplicated relatively easily and
cheaply. In a hybrid circuit, it is usual to find passive components such as resistors
and capacitors deposited on a substrate and active elements added as discrete
semiconductor “chips.”

Monolithic circuits can be subdivided into bipolar and unipolar types. In bipolar
circuits, charge carriers of both positive and negative polarities are required for
operation of the active elements in the unipolar case, either the positively charged

“hole” or the electron thh 1ts negatwe charge sufﬁces for-the desn‘ed electronic
'functlon

" ‘Bipolar elements mclude dlodes Wthh have anodes and cathodes, npn or pnp
transistors, whlch have emltters an,d collectors and support current flow in a
particular dlrectnon, and related devices such as silicon-controlled rectifiers. Um-
polér devices include vanous types of field-effect transistors (FETs), which ¢an
support ‘current flow in either direction and Wthh have mterchangeable source
(posmve) and dram (negatnve) electrodes

3

Bipolar Monolithic Circuits

Bipolar monolithic circuits are further subdivided according to the method used to
isolate the elements from one another, electnca.lly ,

The first and still the most W1dely used isolation technique is the p-n Junctlon
method (a reverse- -biased p- n junction resists the flow of current). However,
photocurrént regéneration can break down a reverse-biased junction, making the
IC susceptible to malfunction in a radiation environment. Also, the relatively
large capacitances associated with isolation junctions adversely affect the speed
of digital circuits and the frequency of r-f circuits.

Two other methods are dielectric’ isolation ‘and air-gap isolatiof. “Dnelectnc
isolation” ordinarily indicates that the single-crystal elements of .an IC. are sur-
l‘bunded by a solid dlelectrlc typlcally, s1l|con dioxide. In alr-gag 1solat10n, the
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silicon is etched between the IC components (i.e., in place of the junction isola-
tion). Then an oxide layer is placed over the wafer. These two techniques are
generally more complicated to apply and therefore more expensive than the
reverse-biased p-n junction method. Howeveﬁr they tend to resist radlatlon better
and to give faster peérformance.

There are many different methods for producing a given blpolar IC. The most
important differences result from the followmg dec1snons

1. Technical performance For example; a dltfused snheon Tesistor has 20%
tolerance and a temperature coefficient between 1600 and 2000 ppm/°C; it is not
adjustable. Thin-film tantalum resistors -are far superior in each respect and
tantalum performance may be -vital in: certain key-areas. . :

2. The method of achieving isolation between the circuit elements

3. The choice of the types of transistors (pnp, npn, or both).

The foregoing decisions will dictate the type and resistivity of the starting snhcon
wafer as wéll as the sequence and details of the processing steps.

Figure 1-2 is schematic cross section .of-a bipolar.dC die with reverse-biased
p-n junction isolation. The transistor and diffused resistor are produced by
diffusing an n* buried layer (10) in a p-type silicon substrate (1). Then an n-type
silicon layer (2) is epitaxially grown on the p-type silicon substrate (1). Isolation
of the components is: achieved by a p-type Miffusion (3) that carries down to the
original p-type substrate. The resistor is formed by a p-type diffusion (4), and the
base of the transistor (5) is formed at the same time. A subsequent heavily doped
n diffusion forms the transistor, emitter (6). and the contact region under the col-
lector contact (8). The collector contact.(A), the base ¢ontact (B), the emiitter con-
tact (C), and-the resistor contacts (D) are form&d by evaporating alurinum,
etching away the metal where it is net wanted, and alloying the aluminum into the
silicon. Aside from contact regions, the silicen surface is-everywhere covered with
silicon dioxide (7), which serves as an ipsulating, passivating: diffusion mask.
Rather abrupt steps.in. the oxigde, as at (9); must be cut;to-open windéws for diffu-
sions and contacts. Where the alurhinum intraconnects pass-aver:these oxide

i
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steps, there is danger that the metal film will thin down and eventually open up.
This is one of the weak links in many ICs.

Whereas a hybrid circuit tends to resemble a mmxatunzcd version ot‘ a circuit
built with discrete devices, the monolithic 1C looks very different. This difference
in ‘appearance reflects a fundamental difféerence ip design phnlosophy It seldom
makes sense to take a circuit that has performed well in dlscrete form and make a
one-to-one transformation into an equivalent monolithic circuit. For example,
economics usually pushes the discrete designer to use many inexpensive resistors-
in his circuit and to avdid employing relatively expensive transistors. In designing
a monolithic circuit to do an equivalent task, however, the designer would prob-
ably avoid résistors-and use more transistors. ‘Resistor$ take up thuch valuable
silicon area. Transnstors are far more compact andfeasier and less expenslve to
fabrlcate : : .

Features of Bipolar InW Circpits

Power dissipation of. bipolar sihcon mtegrated devrces is usually between one and
several hundred milliwatts per device, dependent on ‘the function of the device
and its design. Both ends of this power spectrum are being pushed by further re-
search and development. For space research and other applications in ‘which
power is at a premium, devices that operate at microwatt power levels are needed.
At the same timé, attempts are being made to expand the highti-power-end of the
spectrum because it is necessary to obtain eno'ugh péwer ‘from silicon intégrated
devices to perform useful functions, specifically, for hlgh-current moholithic vol-
tage regulators. The upper limit is set by the ability of the package to remove heat
from the integrated device. There is a high power level at which the utility of
integrated devices is: less than that of conventional component circuits. Thin-film
circuits have the ability to operate at higher temperaturcs and thus have more
efficient heat transfer for handling more power.

Some of the attributes ‘of blpolarfmhcon mtegl‘ated devnces are hstéd in the
fellowing paragraphs:: - - ‘

1. Batch Processmg One important attnbute of snllcon integrated devices is
that numerous devices are processed as a unit up to the stage where leads are
attached and where the devices are encapsulated This allows a high degree of
process control and device uniformity, with relatlvely fow unit cost.

2. Processing Simplicity., The number of processes involved in the fabrication
of a silicon lntegratedi!eviéé is very small when compgred 'with the total number
of separate prooesSes ed to fabricate th cov Poaehts of the conventlonal
equivalent circuit.

3. Device Diversity. A single proeess can fabncate a- variety ‘of integrated
devices by variation of the necessary photoﬁaphnc patterns.”

4. Materials. In the silicon integrated device a small number of different mater-
ials are employed. For example, one class of devnces employs silicon, s1hoon
oxide, aluminum, and gold; no other materials are necessary. In the other types of .
integrated devices, additional materials may be employed. T hey may be other
conductors or contacting materials or a resistive metal serving in thin-film resis-
tors. Even with these, the number of different materials involved in the integrated
device is small. This tends to promote high rehablhty
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5. Area Factor. The surface area of the single-crystal srllcon’ di¢ ‘on which the'
integrated device is fabricated is very important. It influences yleld and thus-cost,:
allowable power dissipation, required quiescent power, package sxze, and func-
tional capability. For a given structure, the present lower limit on_ area may be set
by dissipation, current-carrying ability, capacitor and resistor parameters, or.
resolution limits of the photoengraving process.. The. latter. is most unportant for .
low-power circuits, since for a fixed resolution the only . tradefoffs are between
component tolerances and cirguit size. S i

6. Inverted Economics. Because of the greater area requu'edfor capac:tors and
resistors on silicon integrated devices, these components add: more cost to the -
integrated devices than'do tfansistérs ot diodes: "Fhis is the reverse of the sltua—
tion involving circuits desngned with vacuum tubes or discrete. transistors. The
inversion of relative cost of the active and passivé circuit Components will' ¢on-’
tinue to have significant impact on the design of ICs.__ R

Table 1-1 compares bipolar 1C with discrete circuits. Table 1-2 presents acom-
parative summary of the salignt feptures.of. buaelarths,. tlum and.thlck-ﬁlm hybnd

ICs, and metal—oxrde-srlicon {MOS) ICs.- -

Clohreton

Tablé 1-1 * Comparisori 6f Bipolar Integ‘ratetl Circuits with Discrete Circufts =

Srnall size and light weight

Bipolar ICs _ Discrete Circuits. ... 4

o Break’dﬁ&‘vnmltagés - L Greatest design flexibility
BVgro: 5-8V ) e Second sources are easy to oﬁtam
BV ¢go: S0V e Higher total systems cost

e Higher satqratlon voltage than discrete o
devices ' i

* High yield batch process o , ‘ ,

o Lower powér dissi pation t;apablhty ‘e Capable of high p’ow"e'r diss’ipa_tio’n :
than discretes , '

° erxted component valties o Chn' bbtam any destred component

. . yalués
¢ Limited hlgh frequenC}l capablhty . Best high- frequency respohse
‘e Isolation betweén components required o Individual components are isolated
inherently by the spacing

e Lowest cost for both small and large ot
quantities

® 1oose component tolerances . Tlght component tolerances

o Highreliability =~ ° ¢ Lower reliability

e Closely matched components . Components not mherently matched

e Contains iriherent parasitics :

® Available with both prp and npn :r.. Avanlable w1th both pnp and npn
devices devices' 5

e High mlglal design cost . ) ® [ow mmal des1gn cost ,

e Limited to'low breakdown vol‘ age ® High- breakdown- voltage transnstors are

readily available ‘

* Not suited to very complex deviges o o

® Packaging complex de\nces pre .ent e Packagingisnotaproblem
aproblem ' e e

o Not suited for many devices per ~hip b

e Use of inductance is prohibited s All component t,ypgs;are avallpble

Large size and high weight
\ v

\

\



Table 1-1 Continued

Bipolar ICs

- Discrete Circuits

Highest tooling cost

Active substrate

Nonlinear capacitors =~

Best suited for large volume productnon
where parasitics, component toler-
ances, and component temperature
variations can be tolerated '

e Capacitor use should be minimized

o Resistor values should be kept below

20kQ
® Design should utilize active devlces ;
wherever possxble

® Any values of capagitors and resistors
may be used e v

Table 1-2 Comparison of Classes of Integrated Circuits

Bipolar ICs

“Thin-film hybrid ICs

e High reliability
e Small and lightweight

® Good thermal coupling through
substrate allows tracking with
temperature

e Highest tooling cost

L4 Lowest unit cost for both small and
* large quantities

¢ Typical temperature coefficient of
resistance of 2000 ppm/°C

® Typical sheet resistance of 250 /0]

® Active substrate

o Limited range of passnve component
values

e Difficult to achieve close tolerances
on passive components

® Limited hlgh-frequency response due to
parasitic elements

¢ Capacitors are nonlinear

. ® ' Difficult to trim resistors to 1%

® Basic monolithic structures
Epitaxial-diffused
Diffused-coliector
Triple-diffused

Require more area than monolithic
ICs

» Can meet tighter specnﬁcatlons than

tl'uckrﬁlrn ICs

Great design flexibility

Larger and less reliabie than
monolithic ICs

Greater power-handlmg capabthty than
bipolar

Low-temperature die attachment

High packing density of components due
to fine line widths and conductor bar
separation

Better stability, precision, temperature
coefficient, drift, and noise than
thick-film ICs’ ,

Muyst add discrete active elements to
passive substrate

" Second-highest tooling cost

Increase interconnections per chip

Highest unit cost for bofh,small and
large quantities

‘Typical temperature coefficient of

- resistance: 50 ppm/°C



