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FOREWORD

The integrated circuit (IC) is used in many new-generation computer systems for both
military and commercial markets. The struggle toward the realization of ever-
increasing speed, wherein the transient time of an electron from one circuit element to
another becomes a factor of major importance, has forced a gradual reduction in the
size of the physical package. The IC offers, at least for the present, the happiest
combination of speed, size, and low cost; although with our rapidly advancing technology,

few experts would care to predict what further strides will be made.

This manual attempts to give, in as simple language as possible, some insight into what

integrated circuits - specifically monolithic circuits - really are.

The usefulness of any training manual is directly related to how accurately it reflects
the current "state of the art". Accordingly, it is the author's intention to periodically
revise this book as new concepts or advances in manufacturing techniques are revealed.
(The descfiptions of some Process Steps in Chapter 3, and the drawings that illustrate

them, have been taken from the Production Training Manual put out by Motorola's Semi-

conductor Division. )
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CHAPTER 1
INTRODUCTION

To understand integrated circuits and their properties, a brief history of the evolution
of transistors will be helpful. In this discussion, the kinds of transistors have been
arranged according to their chronological development, and a general summary of the

manufacturing process for each is presented.

ALLOY TRANSISTOR

Process steps

1. Lightly doped (high-resistivity) P-or N-type material (here we will assume N

type for an eventual PNP transistor)

2. Germanium N-type ingot is sliced into wafers about 10 mils thick and 125 mils

on a side.

3. P-~type indium-aluminum or indium-gallium round dots are melted and alloyed

onto each side of material.

4. The metal and semiconductor recrystallizes on cooling and becomes heavily

doped (low resistivity) P material ; forms two PN junctions

Resistivity Profile

Figure 1-1. Alloy Transistor
Advantages

High gain and low r SAT high avalanche breakdown voltage



Disadvantages

1. Susceptible to "punch through', a phernomenon where the depletion layer spreads
into the high ryestivity base region as reverse voltage across the collector-
base junction increases. This reduces the effective base width to zero and a

VCE short appears.

This can be irhproved with higher concentration base material, but CDE and

the base store increases.

2. Process control is also hard, thus limiting fr= 500 KC. This is due to poor

base width control and physically large alloyed junctions.

fr o \7-1V2 where W = base width

This is improved by the micro-alloy-transistor (MAT) process in which a deep pit is
electrochemically etched for the emitter and a shallow pit for the collector. W can be
controlled to 10"4 inches; f T > 2 MHz are obtainable, but due to the narrow base width

BV is small ( 6 volts).

CEO

DIFFUSED-BASE ALLOY TRANSISTOR

By not doping the N-type ingot initially, and then doping the ingot by a N-type diffusion,

further improvements were made,

First, diffusing the N-type base causes a graded base resistivity profile as Figure 1-2
illustrates. The resistivity of the base at the emitter junction is lower than at the
collector junction. Because of this, the depletion layer penetration is hindered and a
higher VPT is obtained. Penalties are: lower (3, lower BVEBO’ and higher CTE

because of the relationship

2
L Yxu
CTE'A v“r'

where M is the base concentration. This device, however, offered greatly improved

switching speed.
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Disadvantages:

Because of the circular area of the emitter, high speeds at high currents are difficult
to obtain. The point at which IE and f r are maximum is very important; f r is propor-
tional to CTE which is proportional to the emitter area and IE is proportional to the
emitter periphery. A circular emitter, therefore, is the worst possible shape for

obtaining high speeds at high currents.

—9

?

Resistivity Profile

Figure 1-2. Diffused-Base Alloy Transistor Resistivity Profile
Graded Base - Impurity Distribution

MESA TRANSISTOR

This development provided the first large-volume production breakthrough -- now up to
400 transistors could be made at once. The wafers that were sliced from N- or P-type
silicon became the collector, not the base. The base was then diffused into the surface.
This offered greater control. Emitters were formed by vacuum evaporation of impuri-
ties similar to the collector type. The evaporation took place on the surface and through
a metal mask in which rectangular emitter openings had been cut. The last step was
chemically etching away the base, leaving the "Mesa'" as the Figure 1-3 below illustrates.
The etching process step was required to reduce the collector-base junction area, and

of course, the collector-base capacitance.
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EVAPORATED
ALUMINUM CONTACT

EVAPORATED
AU BASE CONTACT

ALLOYED
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EMITTER

(a)

P TYPE Ge DIFFUSED N BASE Resistivity Profile

Figure 1-3. Mesa Transistor

The resistivity profile, Figure 1-3(b), offered many advantages:
1. High control gives better overall performance.
2. Graded base means lower CTC'
3. Punch-through means disappears.
4, Higher [ due to smaller base widths.
5. Geometry is closer to optimum.

6. Larger collector area for power dissipation.

Limitations

1. High rgap due to high resistivity collector area. Lower rg,m, would mean
lower breakdown voltage (BVCBO and BVCEO)'

2. Higher storage time due to bulky collector (high resistivity) region.

1
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EPITAXIAL MESA TRANSISTOR

In the Epitaxial process, uniform crystal layers of high resistivity silicon are grown on

silicon material of low resistivity.

Advantages of Epitaxial-Mesa Transistor:
1) Compromises in electrical characteristics are overcome.
2) Quality of active semiconductor is improved.
a) lower dislocation density
b) greater control

c) more uniform dopant distribution

To expand Advantage 1:
e lower TSAT is possible because of lower resistivity collector material
e higher breakdown due to higher epitaxial layer resistivity

° lower collector excess stored charge. (Lower resistivity material restricts

collector charge penetration, )

PLANAR TRANSISTOR

Basic differences between the Mesa and Planar processes are the construction of the
junction, as seen by comparing Figures 1-3(a) and 1-4(a), and the method of control.
The electrical characteristics are very similar; note especially the diffusion profiles in
Figures 1-3(b) and 1-4(b).

Differences lie in the fact that junctions are diffused rather than alloyed and more than
1000 transistors can be built at once. The base and emitter junctions are diffused
through selectively etched holes in silicon dioxide layers. This process is the basis for
integrated circuits. Note that by double diffusing, the chemical etch of the base-

collector junction is not needed,

Table 1-1 illustrates the trade off considerations in transistor design.
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Resistivity Profile

Figure 1-4. Planar Epitaxial Transistor

DIFFUSED
BASE > p N+
N EPITAXIAL
N+ LOW Pg
SUMMARY

The trade-off considerations discussed in this chapter are shown again in Table 1-1

and Figure 1-5,

TABLE 1-1, TRADE OFF CONSIDERATIONS IN TRANSISTOR DESIGN
‘ SWITCHING SPEED
CHANGE DECREASE INCREASE EFFECT
Decrease Emitter | r, (decrease SV )
Resistivity E CE' | B
Increase Base VprT B
Resistivity Cre Vg (emitter and Increase storage
collector junction) | time, small increase
rfg in other intervals due
Cre rgand re to rfg
Increase Collector| Crqg Vg (collector) Increase storage time,
Resistivity . small decrease in
Te (increase SVog) other intervals
Decrease Base Cpe B Decrease rise time
Width rfg Decrease fall time
Vpr Decrease storage
RE and I'C fr time




EMITTER COLLECTOR

| REFERENCE INCREASE  rg

| JIgieelt

Ve
PEANG” INCREASE BVcgg
INCREASE Cye — ~ DECREASE C

- BASE Te
DECREASE BVggg DECREASE  Vpr —PUNCH THROUGH VOLTAGE

Figure 1-5. Base Resistivity Pivot Effects on Transistor Performance
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CHAPTER 2
THE MONOLITHIC PROCESS

WHAT IS THE MONOLITHIC PROCESS?

Carrying the Planar process farther, it can be seen that if other diffusions were placed
in the substrate other components could be made. Since the controlled diffusions have

a certain resistivity p , a resistor can be formed by controlling the length, width and
thickness of the diffusion.

If the resistor is éreated at the same time that the base is diffus ed, the thickness (t) is
controlled so that the P4 is a fixed number commonly called sheet resistivity Ps and
therefore the expression for resistance becomes:

R
R=Ps2

This is especially helpful because the expression is in terms of the physical dimensions
that are masked.

To understand the whys of the various parts of the integrated circuits, let us work out

the design of a simple two-input RTL circuit.



+V : )

R2

o Vo
RI RI

R2 = 600§}

Q2 Ql : Rl = 400§

1|HD

Figure 2-1. Desired Circuit
Using the Planar process the transistors and resistors can be placed as shown below.

Assuming pg = 200 Q /square, the 1/w ratio for R, = 3 and for Ry = 2. Ignoring contact

effects, the first attempt to create the circuit would be as presented below:

o TO GROUND
' Q TO OUTPUT
2 TO V,
cc
TOP VIEW ap

TO INPUT

COLLECTOR

Figure 2-2., Tentative Layout for Figure 2-1

Comments on Layout

1. Since the collectors of the two circuits are common, one stripe of contact can ’

be used for both transistors.

2. Note that the resistors are P-type and are diffused at the same time as the base.



3. Collector contact is brought out at the top.

4, For simplicity, the interconnection pattern is not shown.

To see whether or not the circuit will actually operate, let us examine the collector
stripe/Rz combination in more detail. Actually, between the resistor and the collector

a P-N junction exists.

A plot of the voltage versus the current across the diffused 600- {) resistor shows

interesting characteristics (Figure 2-3).

\DIODE FORWARD DROP
600 02 N\

0.25 MA/DIV

T T T T i T T 1 1

0.1 V/DIV

Figure 2-3. VI Characteristics of Ry

This is not a true resistance, however, because it breaks down at approximately 0., 7v.
To overcome this the "junction isolation" technique is used. A P-type substrate is used
as a base for growing the epitaxial N-type material. A P-type diffusion is then placed
between the transistors and resistor Rgy. The substrate is then biased to the lowest
applied potential (ground in this case). The P-type junction then reverse-biases the
N-type epitaxial regions. The collector region underneath the resistor is still biased
0.7 volts below the resistor potential, but the current flow is "trapped". Figure 2-4

shows the revised circuit.
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ISOLATION WALL
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EMlTTER
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——
CROSS SECTIONAL COLLECTOR
VIEW \ P TYPE SUBSTRATE
\ L

Figure 2-4. Improved RTL Circuit

Note that the collector contact is placed close to the emitter to minimize the transistor-

collector current path and keep rgp T as low as possible.

WHY INTEGRATED CIRCUITS?

The answer to this question is discussed in the six points below.

1. Lower Costs - come about because of the number of components per package

and the cost per component.

2. Reduced Size and Weight - enable the density of the system to be increased, )

thus allowing for shorter system paths. This is especially helpful in

critical space requirements such as airborne vehicles.

3. Decreased Power Requirements in Most Logic Types - the result of the very

small power handling capabilities of the individual integrated circuits.

4., Improved Performance - achieved because of the optimum choice of components

for the particular design.

5. Sales Appeal - always helps in user buying decisions. A computer small in
size yet large in problem solving capacity is certainly an asset on the

industrial market.
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6. Improved Reliability (lower system down time) - possible because of the

monolithic design - fewer component leads to be broken due to vibration

or natural fatigue.

Everyone talks about the increased reliability of integrated circuits. Listed below are
some of the reasons and arguments to support this attitude. Proof of these statements
will come about by system performance with time. Control Data, among others, will

prove or disprove them.

a) Compatibility of Components - All components produced from the same
process, therefore all of the circuit has the same reliability. Discrete
circuits, on the other hand, are only as reliable as the least reliable part

of the circuit.

b) Interconnections - Since the circuit is metalized, only the bonds have possibility
of problems. Acts similar to a weld (pressure and temperature). Bonding

problems are the least reliable part of a well developed IC.

c) Delicate Surfaces Protection - Hermetic seals, glass passivation and package

are three methods used simultaneously to protect chip circuits.
d) Handling Problems - Many automated parts of process reduce human error.

e) Complexity versus Reliability - In IC's, reliability is largely independent of
the number of components. For example, assume the reliability of five
elements in a discrete component circuit are each 0. 95. The circuit
reliability is then [ 0. 95}52: 77%. An equivalent integrated circuit of 80%

would therefore be more reliable.






CHAPTER 3
DETAILED FABRICATION PROCESS

An Integrated Circuit has its origin in a CRYSTAL GROWING FURNACE. An INGOT,

the silicon crystal about an inch in diameter and four inches long (Figure 3-1), is

drawn like taffy from a heated, melted positive type (P-TYPE) impure silicon material.

TRANSISTORS AND
RESISTOR PORTION

INTEGRATED »
CIRCUIT UNIT

WAFER

" INGOT

Figure 3-1. Crystal Ingot

When the INGOT is cooled it is sliced into thin wafers, about the thickness of a sheet
of paper. After slicing, each WAFER is then ready to receive two additional layers,

as shown in Figures 3-2 and 3-3,

The Fabrication Sequence is illustrated more effectively if the cross sectional view is

limited to a transistor and resistor portion rather than the whole Integrated Circuit.



A thin layer of N-type impure Silicon is deposited on one surface of the P-type wafer

under intense heat. This is what was defined earlier as the epitaxial process.

NEGATIVE TYPE
(N-TYPE)

Figure 3-2. Adding N-Type Layer

After the N-type layer is formed, a thin film of oxide (a form of glass) is put over the

N-type wafer. The oxide passivates or protects the surface from external contamina-
tion. "

Figure 3-3. Adding Oxide Layer

At this point the wafer material is ready to undergo the first process step in the fabri-
cation of integrated circuits.
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FIRST PROCESS STEP - ISOLATION

/ SUBSTRATE

ISOLATION JUNCTION

ISOLATION
AREA

Figure 3-4. First Process Step
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STEP 1, ISOLATION (Figure 3-5)

- OXIDE
e———— N-TYPE

e——— P-TYPE

Figure 3-5. Wafer Before Isolation

i

Upon ent'ering the photo resist room the wafer contains three layers: P-type, N-type,
and a layer:of oxide. These three layers form the basi‘cﬁstarting material for an

Integrated Circuit.

el et

STEP 2, SPINNING (Figure 3-6) '

-PHOTO RESIST

.

-

Figure 3-6. Wafer After Spinning
A light-sensitive liquid, photo resist, simildr to the’ er:nulsicv)nf on camera film, .is coated
over the wafer. A vacuum chuck secures the wafer and the spinning action flattens and

smoothes the photo resist to a thin film,
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STEP 3, ALIGNMENT AND EXPOSURE (Figure 3-7)

ULTRA VIOLET LIGHT

Figure 3-7. Wafer After Alignment and Exposure

The coated wafer is placed on an aiignment tool. A mask, carrying a black pattern

which is to be reproduced upon the wafer, is correctly oriented over the wafer. The
mask and wafer are placed under an ultra violet light. Light going through the clear
areas will make the photo resist hard. Light cannot go through the black pattern, so

the photo resist under the black pattern remains soft.

STEP 4, DEVELOPING (Figure 3-8)

/—HARD PHOTO RESIST

Figure 3-8, Wafer After Developing
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A developer solution dissolves or washes away the soft photo resist (area under the
black pattern), while the hard photo resist (area exposed to light) remains undisturbed.

STEP 5, ETCHING (Figure 3-9)

HARD PHOTO RESIST

OXIDE

P i R

Figure 3-9. Wafer After Etching

Each wafer is submerged in a corrosive acid which eats away (etches) the glass-like

oxide. The oxide protected by the hard photo resist remains undisturbed.

/—OXIDE

N-TYPE SILICON

Figure 3-10, Wafer After Cleaning

Each wafer is dipped in another acid solution to wash away the hard photo resist without

marring the oxide or N-type silicon.



STEP 7, DIFFUSION (Figures 3-11, 3-12)

P-TYPE

- Figure 3-11. Wafer After Diffusion

The first diffusion creates two N-type areas which are isolated from each other by
diffusing P-type material through the N-type. This leaves N-type "islands" completely
surrounded by P-type material.

To understand how this is done we must first understand the diffusion process. Con-
sider a bucket filled with tightly packed sand. If we pour water into the sand the water
will penetrate more or less equally over the entire surface. However, if we cover the
surface of the sand with a sheet of glass the water can penetrate the sand only where a
crack or hole appears in the glass.

SILICON WAFERS

FURNACE

Figure 3-12. Diffusion Process
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The diffusion of one type of semiconductor m:stterial,x say P-type, into a solid wafer of
N-type silicon can be done in a manner similar to pouring water into sand. First,

silicon wafers are heated red-hot in a furnace. Then a gas containing P-type material
flows over the wafers. The wafers, like sand, absorb the P-type material in all areas
not covered by glass (oxide). The depth to which the diffusion goes, and the resistivity
of the diffusion, depends primarily upon 1) the concentration of impurities, 2) the time

span of the diffusion, 3) the temperature and concentration of the material being diffused
into.

STEP 8, OXIDATION (Figure 3-13)

Figure 3-13. Wafer After Oxidation

Upon completion of all diffusion steps another film of oxide is deposited to seal off the

entire surface, and to form the basis for the second process step, BASE AND RESISTOR.



SECOND PROCESS STEP - BASE AND RESISTOR

STEP | STEP 2

RESISTOR
AREA

RESISTOR
JUNCTION

/ ISOLATION JUNCTION

) BASE AREA
ISOLATION AREA /

BASE
JUNCTION

1SCRIBE GRID

ISOLATION AREA

Figure 3-14. Second Process Step

During this process step, base areas are installed inside some of the isolation areas,
while long, thin rectangular resistor areas are installed inside the other isolation areas.
The base areas and resistor areas are installed at the same time, The dark line around
the base area is called the base junction. Similarly, the dark line around the resi‘stor
area is called the resistor junction. The scribe grid is also introduced during the base
process step. It is the region which separates one integrated circuit from another on a

wafer.



<«— BASE MASK

Figure 3-15. Wafer After Adding Base and Resistor Material

Another spinning, masking, developing, and etching step selectively exposes N-type

regions (Figure 3-15); then a second diffusion converts these regions to P-type.



THIRD PROCESS STEP - COLLECTOR CONTACT AND EMITTER

STEP I STEP 2
 Emm—
W EMITTER
/ AREA
BASE AREA
EMITTER
_ J JUNCTION
BASE
AREA
—
L‘ ) EMITTER
AREA
Figure 3-16. Third Process Step
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<+—EMITTER MASK

Figure 3-17. Wafer After Emitter Diffusion

Another masking and etching prepares the wafer for the Emitter Diffusion (Figure 3-17).
This time the gas carries N-type material which converts P-type regions to N-type.
These small regions become the '"emitter'’ of the transistor. Note the region to the

right, which will become a resistor, remains sealed off by oxide and thus is not affect-
ed by the emitter diffusion. »
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FOURTH PROCESS STEP - PRE-OHMIC

i
"""
STEP | STEP 2 STEP 3 STEP 4
) [
RESISTOR COLLECTOR
PRE-OHMIC PRE-OHMIC
AREA AREA

JUNCTION JUNCTION:

EMITTER
PRE-OHMIC

L ———AREA —

———JUNCTION

BASE
PRE~OHMIC

N

JUNCTION

E

Figure 3-18, Fourth Process Step
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The fourth masking and etching step (Figure 3-19) produces a pattern of window-like
openings that will enable metal to make contact with the three areas on the transistor

(emitter, base, and collector) and two points on the resistor.

RESISTOR P-TYPE

EMITTER N-TYPE

BASE P-TYPE TRANSISTOR

COLLECTOR

Figure 3-19. Wafer After Pre-Ohmic Process



FIFTH PROCESS STEP - METALLIZATION

STEP | STEP 2 STEP 3

STEP 4

STEP 5

NS

Figure 3-20. Fifth Process Step '
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STEP 1, EVAPORATION (Figure 3-21)

CoIL

VACUUM

EVAPORATED METAL

Figure 3-21. Wafer After Metallization Evaporation

Metal contact is made to all areas on the wafer when metal is evaporated over the entire
surface. Metal, when heated, evaporates at a boiling point similar to water. Metal
evaporation, however, is more complex than water evaporation. When metal is heated
by an electric coil in a complete vacuum sealed by a bell jar, the evaporated metal

scatters in all directions and accumulates on the surface of the wafer.



STEP 2, MASKING AND ETCHING (Figure 3-22)

/— METAL MASK

Figure 3-22. Wafer After Metallization Etching

A masking and etching process removes unnecessary metal while the remaining metal
creates a network of metal paths that interconnect the various componénts of the mono-

lithic circuit.

This completes the fabrication of the integrated circuits, and at this point the manufac-

turing operations take over,



MANUFACTURING OPERATIONS

Testing

At this point each wafer is 100 percent circuit tested; that is, each of the circuits (dies)
on every wafer is tested for conformity to dc specifications. If a bad die shows up, a @~
spot of ink or similar identifier is automatically appiied to it. This aids in sorting out

the bad dies during the scribing operation which follows.

Scribing (Figures 3-23, 3-24)

DIAMOND NEEDLE SCRIBE

Figure 3-23. Scribing Operation

A diamond needle is used to cut, or scribe, lines into the surface of the wafer, similar
to the way a glass cutter is used to cut window panes. The lines weaken the wafer
around each integrated circuit, and make it possible to break the wafer into individual

integrated circuits, or dies.

Figure 3-24. Wafer After Scribing
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Bonding (Figure 3-25)

WIRES

Figure 3-25. Wafer After Bonding

-Bach integrated circuit, or die, is welded to a container, or header. Fine wires,
about 1/3 the thickness of a human hair, are welded from the integrated circuit to each
post. Each post goes through the header and forms a lead. Each lead acts as an

electrical contact between the integrated circuit and the outside world,

Circuit dies (chips) can, of course, be bonded to flat packages as well as the round can

shown in Figure 3-25,

The devices are then sealed, either hermetically or by being encapsulated in a solid

plastic. They are then tested to the customer's specifications once again.
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2. SILICON P-TYPE 3. N-TYPE EPITAXIAL 4. OXIDIZED WAFER
1. SILICON SINGLE SUBSTRATE WAFER LAYER ON P-TYPE :
CRYSTAL SUBSTRATE

5. ISOLATION KPR PATTERN 6. ISOLATION DIFFUSION 7. BASE AND RESISTOR 8. BASE RESISTOR

AND ETCHED OXIDE AND RE-OXIDATION KPR PATTERN AND DIFFUSION AND
ETCHED OXIDE RE-OXIDATION

9. EMITTER AND COLLECTOR 10. EMITTER AND COLLECTOR 11. CONTACT HOLE KPR 12. ALUMINUM CONTACTS
CONTACT KPR PATTERN CONTACT DIFFUSION AND PATTERN AND ETCHED
AND ETCHED OXIDE RE-OXIDATION OXIDE

N

§

L

13. ALUMINUM
INTERCONNEGIION 15. INDIVIDUAL DIE AFTER
OVER OXIDE 14, SEGMENT OF FINISHED SCRIBING AND BREAKING 16. DIE ATTACH OPERATION
! UNITS ON WAFER OF WAFER

p——,

19. COMPLETED UNIT

17. LEAD BOND OPERATION 18. WASH READY FOR VACUUM 20. HERMETICALLY
< BAKE SEALED UNIT
~ - E SN [
N N EPI OXIDE 3 KPR ALUMINUM

Figure 3-26. Simplified Process Flow Diagram For
Integrated Circuit Fabrication
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