












































































































































































































































Photolithography 105 

the 28-60 centipoise range which means that they flow about like 
syrup. 

The photolithographic process consists of a number of steps 
performed sequentially, regardless of the particular photoresist being 
used or the layer to which it is being applied. These steps are shown in 
the photoresist flowchart. 

BASIC PHOTORESIST FLOWCHART 

STEP OPERATION 

1. SUBSTRATE PREPARATION: oxidation, CVD, etc. 
2. SURFACE PREPARATION: clean, dehydrate, prime, etc. 
3. APPLICATION OF RESIST: spin, spray, roll, dip, etc. 
4. SOFT BAKE: low temperature cure to dry resist. 
5. EXPOSE: align and expose to selectively polymerize the resist. 
6. DEVELOP: dissolve the unpolymerized resist. 
7. VISUAL INSPECTION (develop check): verify accurate 

image transfer to the photoresist. 
8. HARD BAKE: higher temperature cure to completely dry and 

polymerize the resist. 
9. ETCH: oxide, metal, etc. 

10. STRIP RESIST: organic, asher, or acid removal of resist. 
11. VISUAL INSPECTION (final inspection): verify accurate 

image transfer to the layer. 

The surface preparation required by a substrate depends on the 
last operation the substrate has seen. In many cases, such as with wafers 
just removed from a diffusion or oxidation furnace or from a metal 
evaporator, no preparation is needed. Some surfaces such as silicon 
nitride or polycrystalline silicon may require surface preparation. Oxi­
dation of both of these materials is a common technique, and is per­
formed as described in the section on oxidation. Another technique that 
is sometimes used is called priming. The use of a !!!.: 

of the photoresist to the surface. Primer may be 
apprr@ by immersing the substrates' intlieprifiling solution, spraying 
the solution on, or by passing gas laden with priming vapors over the 
surface of the wafer. Application of some primers requires the baking 
of the substrates before subsequent coating with photoresist. 

Photoresist may be applied using a variety of techniques includ­
ing dipping, spraying, brushing, or rollercoating, but in the fabrication 
of semiconductor devices, the most satisfactory technique is the use of 
a "spinner." A cross section of a spinner with a wafer on it is shown in 
Figure 11-3. 
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Figure 11·3 Cross section of a spinner with a wafer on it. 

It consists of a wafer holder on a hollow, rotating shaft. A vacuum is 
used to hold the wafer on the holder while it is in motion. A precise 
amount of photoresist is dispensed onto the center of the wafer and the 
wafer begins to spin. The photoresist on the wafer moves outward, uni­
formly coating the wafer. Any excess photoresist is spun off of the edge 
of the wafer. The spin speed and the viscosity of the resist determine 
the thickness of the photoresist following application. Figure 11-4 shows 
the thickness of photoresist as a function of spin speed for different 
viscosity resists. 

A photoresist will have specified minimum and a maximum spin 
speeds for obtaining uniform layers. If too low a spin speed is used, an 
excessive edge bead forms. The use of too high a spin speed produces 
a nonuniform layer because of uneven evaporation of the solvent in the 
resist. 

Following the resist application, excess solvents are baked out 
of the resist during the soft-bake step. Two methods· of baking the resist 
are in common use: 

1. Forced Hot Air. A circulating current of hot air removes 
excess solvent from the resist. 

2. Infrared (IR). The heat produced by special infrared light 
bulbs heats the wafers, thus evaporating the excess solvent. 

Temperature and time are the two major control variables. Baking at 
too low a temperature requires excessive time, while baking at too high 
a temperature results in the surface being sealed while solvent is still 
present in lower levels. This condition leads to a wrinkled appearance 
in the resist surface. 
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Figure 11-4 Photoresist thickness vs. spin speed. 

After wafers have been cooled for a sufficient amount of time 
following the soft bake, they are ready for the alignment step. Using a 
precise piece of optical/mechanical equipment, the mask and wafer are 
brought close together, and the image on the mask is aligned to any 
pattern already existing in the wafer beneath the layer of photoresist. 
For the first mask, no alignment is necessary. Alignment for successive 
layers is made possible by the use of a microscope and precision con­
trols for positioning the wafer with respect to the mask. Once the align­
ment is done, a high intensity ultraviolet (UV) mercury arc light source 
shines through the mask, exposing the resist in places not protected by 
opaque regions of the mask. 

Immediately following the exposure step, the unpolymerized 
regions of the resist are dissolved at the develop step. The develop step 
may work by immersing the wafer in the developer, spraying it on, or 
atomizing it. Atomizing the developer uses a minimum amount of de­
veloper, and is favored in many applications. The develop step should 
leave a sharp edge where the photoresist stops. A rinse is usually ap­
plied following the developer to remove any residual material. 

At this point in the photolithographic process, it is possible to 
check the quality of the image in the photoresist. The develop check 
verifies that the photoresist quality and the alignment are sufficient for 
the particular device. All wafers that pass this inspection step are ready 
for hard bake. The hard bake increases the adherence of the photoresist 
to the surface of the wafer, and evaporates more solvents. The con-



108 Photomasking 

siderations and types of equipment used for this operation are the same 
as for the soft bake operation. The temperature is generally higher than 
the soft bake, but the times are generally comparable. 

The etch step is the next process in the sequence, and is the 
most critical. The most common method of etching is to immerse the 
wafers in an etching solution at a predetermined temperature. Prior 
experience and knowledge of the etch rate determines the etch time. If 
the unprotected area is successfully etched, the wafer is ready for the 
next step. Otherwise, the wafer is reimmersed in the etching solution to 
remove the remaining material. A list of materials commonly encoun­
tered in semiconductor processing, and the chemicals comprising their 
etch solution are given in Table 11-1. 

TABLE 11-1: Etches for Materials in Semiconductor Processing 

Materials Etch 

HF, NH4F (buffered oxide etch) 

aluminum phosphoric acid, acetic acid, nitric acid 

polycrystalline silicon HF, HN03 , acetic acid, KOH 

silicon nitride phosphoric acid 

An etching technique that is gaining popularity is "plasma etch­
ing." Wafers masked with photoresist are placed in a chamber and 
evacuated, and a small amount of reactive gas is allowed back into the 
chamber. An electromagnetic field is applied, and the layer not pro­
tected by the photoresist is etched away. The technique holds much 
promise for the future, though there are still some problems with it. 
A plasma etching apparatus is shown in Figure 11-5. 

Following the etch step, the photoresist must be removed before 
the final inspection can be performed. The photoresist may be removed 
by dissolving it in solvents, chemically removing it in hot acid baths, 
or reactively oxidizing it in using plasma techniques. The first two 
methods are most popular because of a history of proven success. Prior 
to proceeding to the next operation, the wafers undergo a final inspec­
tion. Wafers not meeting certain standards are sent back to be done 
again, or are removed from the line. All good wafers are sent on for 
subsequent processing. 
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Figure 11·5 Plasma etching apparatus. 

REVIEW EXERCISES: PHOTOMASKING 

Gas 

1. Following the develop step in a process using positive resist, is the 
resist left in areas protected by opaque regions of the mask? 

2. Using Figure 11\, determine: 
a. The spin speed needed to obtain a 1.6,u thick layer of AZ-13501 

resist. 
b. The thickness resulting from a 6000 rpm application using AZ-

111 resist. 
3. Is a liquid that flows more slowly than another more or less viscous? 
4. Name and describe two types of bake oven. 
5. List four types of frequently used photomasks and give an advan­

tage for each type. 
6. Define photolithography. 
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7. List and define the four parameters that affect the performance of 
photoresist. 

8. Why is priming necessary in some photoresist processes? 
9. What is the most common method of applying photoresist during 

the manufacture of semiconductor devices? 
10. What two parameters are used to control the quality of the finished 

photoresist layer? 
11. What is the purpose of the develop check step? 
12. Explain the difference between the soft bake and hard bake opera­

tions. 
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Chemical Vapor Deposition 

l2-1 INTRODUCTION 

Chemical vapor deposition ( CVD) is the formation of a stable com­
pound on a heated substrate by the thermal reaction or decomposition 
of gaseous compounds. Epitaxial growth is a type of chemical vapor 
deposition, but a highly specific type. It requires that the crystal struc­
ture of the substrate be continued through the deposited layer. For this 
reason, epitaxial growth was covered in an earlier section. In this sec­
tion, nonepitaxial CVD and its applications will be covered. 

Chemical vapor deposition may be accomplished in many ways, 
but all types of CVD equipment need to have certain basic sections. 
These are: 

1. Reaction chamber 
2. Gas control section 
3. Time and sequence control 
4. Heat source for substrates 
5. Effluent handling 

The variety of ways of accomplishing each of these sections leads to a 
great number of individual reactor configurations. 

The purpose of the reaction chamber is to provide a controlled 
envelope around the reaction zone. Systems are generally broken down 
into different types: 

111 
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1. Horizontal systems. Wafers are placed horizontally on a 
wafer holder (boat or susceptor) as shown in Figure 12-1. 
In these systems, the gas flows in one end of the tube, across 
the wafers, and out the other end. 

Gas flow-

,......1 --~1 ..... 1 __ ~~...._ __ ..._I .._I __ _._! Wafer holder.> 

.__I _____ ____.!_,..-
Figure 12·1 A horizontal reaction chamber 

2. Vertical systems. Wafers are placed on a susceptor with 
the gas flow incident to the wafers from the top as shown in 
Figure 12-2. The susceptor usually rotates to produce uni­
form temperatures. 

Figure 12-2 A vertical reaction chamber. 

3. Cylindrical or barrel systems. Wafers are placed vertically 
on the outer surface (or sometimes the inner surface) of a 
cylinder. Gases flow into the chamber from the sides, and 
the susceptor usually rotates. Such a chamber is shown in 
Figure 12-3. 
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Figure 12-3 A cylindrical or barrel system. 

4. Gas-blanketed downflow system. Gases flow downward as 
in a vertical system while wafers are on a moving wafer 
holder as in a horizontal system. A blanket of inert gas 
(usually nitrogen) keeps the reaction species separate from 
the outside atmosphere as shown in Figure 12-4. 

4321234 

lflllfl l Reactive gas l 

2 Reactive gas 2 

3 Exhaust 

4 Inert gas blanket 

Figure 12·4 A gas-blanketed downflow system. 

The gas flow control section controls the amount of gas that 
flows into the reaction chamber. The exact type of flow controller used 
depends on the accuracy needed in the particular application. In gen­
eral, the greater the percentage of control needed, the more important 
the flow controller becomes. 

A time and sequence control section is responsible for the over­
all running of the CVD equipment. It may vary in complexity from 
manual on/ off buttons controlled by an operator to a completely com­
puter-controlled automatic programmer. 
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Heating sources are divided into two general categories: 

1. Cold-wall system 
2. Hot-wall system 

This distinction is made because in cold-wall systems, reactions that lead 
to deposition on the chamber walls proceed at a relatively slow rate. In 
hot-wall systems, the <leposition process will take place as fast or faster 
on the reaction chamber walls than on the wafers and the susceptor. 
Heating in a cold-wall CVD system can be accomplished through the 
use of RF (radio frequency) energy or UV (ultraviolet) energy. In an 
RF-heated susceptor, the energy in an RF coil is coupled into a coated 
carbon susceptor. The wafers are heated through their contact with the 
susceptor. Ultraviolet heating is accomplished by the use of light bulbs 
that emit strongly in the UV spectrum. The large amounts of energy 
from these bulbs heat the wafers and their holders by radiation. In both 
types of cold-wall heating, the walls of the chamber are only cold in 
comparison to the wafers themselves. Radiation and conduction from 
the susceptor produce a large temperature rise in the chamber walls. 
Hot-wall systems are heated using thermal resistance heating as in a 
diffusion furnace. In addition to the adxantages.ofless ... depositiotLDn. 
the walls. of a cold-wall syste1Il, the w;:i.~ers Il!~Y be .1?:~3.:!~~~~':1 cooled 
xptich more rapidly because of the small thermal mass of the system 
allil-tlie relatively larg~ gas-flow velocities. 

The last section of a CVD system is the effluent handling sec­
tion. All unreacted gas plus the carrier gas must be exhausted in some 
manner. Generally, the exhaust gases are cleaned of any harmful or 
reactive gases, cooled, and vented to the atmosphere. 

12-2 CVD PROCEDURES AND USES 

Chemical vapor deposition can be used to deposit many materials, but in 
semiconductor processing, the materials generally encountered in addi­
tion to epitaxial silicon are: 

1. Polycrystalline silicon 
2. Silicon dioxide (both doped and undoped) 
3. Silicon nitride 

Each of these materials may be deposited in a variety of ways, and each 
has many applications. 

Polycrystalline silicon is silicon with a short-range crystal struc-
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ture but no long-range crystal structure. It may be deposited if the depo­
sition rate on a substrate is high, if the substrate has no crystal structure, 
or if the deposition temperature is below the threshold for single-crystal 
growth. Two general methods for deposition of polycrystalline or "poly" 
are: 

Reaction 

SiH4 + Heat ~ Si + 2H2 

SiH4 + Heat ~ Si + 2H2 

Carrier 
Gas 

Deposition 
Temperature (°C) 

850--1,000 
600-700 

The crxstal structure of the poly depends on both the deposition tern-:, 
peratu~J!C!''flie _rate.., and may 'be tailored for a particular application. 
Po!yCrystalline silicon is usually deposited undoped, and is doped later 
in the processing to provide a conductive layer for use in devices. The 
thickness of a polycrystalline layer may be determined by interference 
techniques. 

Silicon dioxide may be obtained by using any of the following 
reactions: 

Reaction 

SiR1 + Co .t~ Si02 + 2H2 

SiH4 + 4C02 ~ Si02 + 4CO + 2H20 
2H2 + SiCl4 + C02 ~ Si02 + 4HCI 
SiH4 + 202 ~ Si02 + 2H20 

Carrier 
Gas 

Deposition 
Temperature (°C) 

600-900 
500--900 
800--1,000 
200--500 

Silicon dioxide may also be deposited containing arsenic, phos­
phorus, or boron by including some arsene, phosphene, or diborane in 
the reaction. These impurities form oxides that are readily incorporated 
into the layer of deposited silicon dioxide. !2_e_p2~it<::4. oxide may be 
used as a predeposition source if it is doped, or as a barrier for mask­
ing; but its primary use is as a scratch protection layer over already 
completed circuits, and metallization. To avoid problems with the al­
ready deposited metallization, the deposition is generally performed at 
temperatures below S00°C. A multilayer structure of phosphorus-doped 
layer/undoped oxide layer or of undoped layer/phosphorus-doped layer 
/undoped oxide layer is often used as shown in Figure 12-5. 

The multilayered structure is needed because: 

1. The phosphorus-doped oxide is a chemical barrier to pre­
vent the movement of contamination through the layer. It 
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Undoped oxide layer 

Undoped oxide layer Doped oxide layer 

Doped oxide layer Undoped oxide layer 

Silicon substrate Silicon substrate 

(a) (b) 

Figure 12·5 Cross section of silicon dioxide deposited for scratch protection; 
(a) doped oxide capped with undoped oxide; (b) doped oxide with undoped 
oxide both above and beneath. 

also reacts with water to produce an electrolytic etching 
action on the underlying aluminum metallization in the 
presence of an applied voltage. 

2. To prevent the etching action; an undoped layer of Si02 
may be used either below, or above and below the phos­
phorus-doped layer of Si02. 

The thickness of a deposited layer may be determined by looking at the 
color chart for thermally grown Si02. Deposited Si02 is not as dense as 
thermally grown Si02, but heating it to 900°C or higher for 30 minutes 
results in properties that are almost indistinguishable. 

The concentration of phosphorus in a layer of deposited Si02 
is often determined by simultaneously depositing the layer in a lightly 
doped p-type silicon wafer. The wafer is then diffused for a predeter­
mined time in a furnace set to a standard temperature. A 4-point probe 
reading is sufficient to determine whether the deposited Si02 contained 
the desired amount of phosphorus. Figure 12-6 is a graph of the sheet 
resistance of a wafer following a 30-minute predeposition at l,000°C 
versus the phosphorus concentration in the deposited oxide layer. 

Silicon nitride is a dense dielectric often used to passivate cir­
cuits with device parameters sensitive to contamination, or for the con­
trolled local oxidation of silicon. It can be deposited using CVD 
techniques as follows: 

Reaction 

3SiH4 + 4NH3 ~ Si3N4 + 12H2 
3SiH4 + 4NH3 ~ Si3N4 + 12H2 

Carrier Gas 
Deposition 

Temperature (°C) 

900-1100 
600-700 

The thickness of deposited layer of silicon nitride (SiaN4) can 
be determined fairly accurately through the use of a color chart, as Si02 
thicknesses are determined. But, because the optical properties of SiaN4 
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Figure 12-6 Phosphorus concentration in deposited oxide layer vs. resistance. 

differ from those of Si02, a different relationship between the observed 
color and the film thickness exists. The relationship is shown in Table 
12-1. 

TABLE 12-1: Color Chart for Thermally Grown Si3N 4 Films 

(FILMS OBSERVED PERPENDICULARLY UNDER DAYLIGHT FLUORESCENT LIGHTING) 

Film thickness 
A 

380 
530 
750 
900 

1130 
1280 
1500 
1650 
1880 
2030 
2250 

.038 

.053 

.075 

.090 

.113 

.128 

.150 

.165 
.188 
.203 
.225 

Color and comments 

tan 
brown 
dark violet to red violet 
royal blue 
light blue to metallic blue 
metallic to very light yellow-green 
light gold or yellow-slightly metallic 
gold with slight yellow-orange 
orange to melon 
red-violet 
blue to violet-blue 
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TABLE 12-1 (cont.) 

Film thickness 
A µ Color and comments 

2330 .233 blue 
2400 .240 blue to blue-green 
2550 .255 light green 
2630 .263 green to yellow-green 
2700 .270 yellow-green 
2780 .278 green-yellow 
2930 .293 yellow 
3070 .307 light orange 
3150 .315 carnation pink 
3300 .330 violet-red 
3450 .345 red-violet 
3530 .353 violet 
3600 .360 blue violet 
3680 .368 blue 
3750 .375 blue-green 
3900 .390 green (broad) 
4050 .405 yellow-green 
4200 .420 yellowish (not yellow but where yellow is 

expected) 
4280 .428 light orange 
4350 .435 light orange or yellow to pink borderline 
4500 .450 carnation pink 
4720 .472 violet-red 
5100 .510 borderline between violet & blue-green; looks 

greyish 
5400 .540 blue-gret?n to green (quite broad) 
5780 .578 yellowish 
6000 .600 orange 
8200 .820 salmon 
8500 .850 dull light red-violet 
8600 .86 violet 
8700 .87 blue-violet 
8900 .89 blue 
9200 .92 blue-green 
9500 .95 dull yellow-green 
9700 .97 yellow to yellowish 
9900 .99 orange 

10000 1.00 carnation pink 
10200 1.02 violet-red 
10500 1.05 red-violet 
10600 1.06 violet 
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REVIEW EXERCISES: 
CHEMICAL VAPOR DEPOSITION 

1. Briefly describe the difference between a hot-wall and a cold-wall 
CVD system. 

2. Name three non epitaxial materials that can be deposited using CVD 
techniques. 

3. Following a 30-minute predeposition at 1,000°C, your test wafer 
has a sheet resistance of 35 fl/square. Determine the phosphorus 
concentration in the layer of deposited Si02 • 

4. Explain the purpose of the reaction chamber in chemical vapor depo­
sition. 

5. List and describe the five main sections of a chemical vapor deposi­
tion system. 

6. Explain the difference between epitaxial growth and chemical vapor 
deposition. 

7. Give a reaction which may be used to deposit silicon nitride. 
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Metallization 

Afterthe devices i11 th'? silicon sµl:Jstrl).tehay~"heenJ~ln:lc::.~they must 
b~.co~p~~1;.4.. ~~~~!a.,,. t~ ..... P~rf Prm ... flt:s.!lil .. !lJJl~~· This pr<Yeess~~··· 
called' i;uetaIT:1~:!.U£.n, and is performed using one of several available 
va,~~J.f!~hniq~~· In this section, we will look at the re­
quirements of metallization systems, methods of depositing metals and 
other materials, and additional considerations in metallization. 

13-1 METALLIZATION REQUIREMENTS 

To serve as an effective interconnect metallization on silicon, the metal 
chosen must meet all of the following requirements to at least a satis­
factory level: 

120 

1. Low-resistance electrical contact to the silicon. 
2. Limited reactivity with silicon for a stable contact. 
3. High electrical conductivity so high current is easily carried 

without voltage drops. 
4. Good adherence to the underlying silicon dioxide or other 

dielectric. 
5. A pattern must be easily definable in the layer. 
6. The deposition method must be compatible with already 

existing structures. 
7. The metallization must uniformly cover steps in the surface 

topography. 
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8. The metallization must be able to withstand "electromigra­
tion." (Electromigration is the migration of the atoms in 
the metallization caused by the flow of current.) 

9. The metallization must not corrode under normal operat­
ing conditions. 

10. It must be possible to bond easily to the metallization to 
allow external connection. 

11. The metallization must be economically competitive. 

No one metal perfectly meets all of these requirements. However, 
aluminum does meet all of these requirements quite well. Accordingly, 
a~ the metal most often chosen for device interconnection. 

"------·-·~··-·-~·· .. "''• '• ., ....... _ ... _ .. __ '··-- ··- ·~' •.· 
Recent work has shown that the performance or a1riminull1 c~n .. be im-
proved _u.£_~~ ... l>Y.!l:J.e introduction of small amounts of other elements. 
The tendency of aluminum to react with silicon can be halted by intro­
ducing a small percentage of silicon in the aluminum during deposi­
tion. In a similar fashion, the electromigration resistance of aluminum 
can be greatly increased by including a small percentage of C..QJU2ef in 
the deposited layer during deposition. 

In ~ta~es .\\'E~~e .~luminuni .does not mee~ the requirements 
of the metallization, multilayered structures are often utilized. Each 
layer'Willfileet ·~ome of the requirements,., and a combination of the 
layer~-~)lresult,in satisfying all of them. 

13-2 VACUUM DEPOSITION 

Metallization is often applied through the use of a vacuum deposition 
technique. There are many types of systems, but they all have some 
characteristics in common. Tp perform any type of vacuum deposition, 
a system must have the following: · ·· 

1. A chamber that can be evacuated to provide a sufficient 
vacuum for the deposition to take place. (This must include 
valves, etc. for the job.) 

2. Vacuum pump (or pumps) to reduce the gases in the cham­
ber to an acceptable level. 

3. Instrumentation to monitor the vacuum level and other sys­
tem parameters. 

4. A method of depositing the wanted layer or layers of ma­
terial. 

Each of these needs can be met in many ways, but the trade-offs in-
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LN 2 cold trap 4 

Water baffle S 

Oil diffusion pump 6 

I Bell jar 

2 Transition piece 
and base plate 

8 Roughing valve 

12 Mechanical 
pump air release 

9 Backing line 

Mechanical backing/roughing pump 

Figure 13·1 Schematic diagram of typical fast-cycling, high-throughput vac­
uum coating system. 

volved must be considered. A typical vacuum deposition system is 
shown in Figure 13-1. 

A vacuum chamber consists of a leak-free enclosure allowing 
sufficient access for work and instrumentation. Both ~ass anq~~ainles~ 
steel enclosures are common, but stainless ste~l accommoda~Lmore 
nonstandard configurations ari.ddoes not break. 

To obtain sufficient vacuum, different types of pumps are used. 
Pumps are like gears on a car-different types work better over differ­
ent vacuum ranges. A summary of different types of pumps and the 
pressure ranges over which they are used is given below: 
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1. Atmospheric pressure to intermediate vacuum levels ( 10-
100,u) 
a. Rotary oil-sealed pumps. This type of pump uses a rotor 

that is sealed against leaking by a vacuum oil. The air 
left in the vacuum system enters the pump through the 
inlet port, is compressed, and ejected to the atmosphere 
through the exhaust or discharge port. 

b. Sorption pump. This type of pump uses chemicals that 
will adsorb gases on their surface. Containers of these 
chemicals adsorb gases until no more can be accommo­
dated (usually many cycles) and then must be baked out 
to restore this capacity. 

2. Intermediate vacuum levels to low vacuum levels (25,u-
10-6mm) 
a. Diffusion pump. In this pump, vapor from a boiler passes 

through a series of nozzles in a downward direction, 
carrying residual atoms in the vacuum chambers with it. 

b. Turbomolecular pump. This pump has a series of blades 
set around a hub, many levels deep (similar to an elec­
trical turbine) to propel molecules out of the chamber by 
imparting suitable momentum to them. 

3. Low vacuum levels to ultralow vacuum levels (10- 6 T. 
10-10 ) 

a. Ion pump. Using a combination of an electric and a mag­
netic field, this pump provides a method of ionizing 
atoms and then trapping the ions. 

The inst~1:!1~J!t!!tion necessary for a vacuum deposition system 
must provide: 

1. A method of determining the v_~£.1!!1II1 level .in the chamber. 
2. A method of m~-~1:1ring the status of all valves, etc., in the 

system. 
3. A method of determining the thickness of any deppsited 

"""'~--~-~-,----·---··"'"' 

The vacuum level inside the vacuum chamber can be determined from 
atmospheric pressure to intermediate vacuum levels using a diaphragm 
that moves with changes in the pressure. A mechanical or electrical 
readout can be used. For better vacuums, a measure of the ability of 
the residual gas to carry heat away from a filament is often used. The 
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more gas present, the more heat can be carried away. This principle is 
used in both the Termocouple and the Pirani Gauge. 

13-3 DEPOSITION TECHNIQUES 

There are .fiv~ n;~!e2~'?L.c1~£~itin~m.siJ~!~ 11~!11g .. Yi!~!U!~~s 
in the semiconductor industry. These methods are: 

1. Filament evaporation 
2. Electron-beam evaporation (E-beam) 
3. Flash evaporation 
4. Induction evaporation 
5. Sputtering 

Each of these methods has advantages and disadvantages, and the trade­
offs involved must be considered when selecting the deposition method. 

Filament evaporation is the simplest and least expensive depo­
sition method. The evaporation takes place from a filament or a boat 
heated by thermal resistance heating. Figure 13-2 shows a typical fila­
ment evaporation system. 

Loops of material to be evaporated 

Filament 

Posts 

Figure 13-2 A typical filament evaporation system. 

The e,YaJ?O{a~n is accomplished by gradually increasing the 
current flowing through the filament to first melt the loops of material 
thereby wetting the filament. (Care must be taken to choose a filament 
compatible with the material to be evaporated.) Once the filament is 
wetted, the current through the filament is increased to accomplish the 
evaporation. Filament evaporation systems are easily set up and many 
materials can be evaporated using them. However, the contamination 
level of the deposited materials is often sufficiently high to interfere 
with the functioning of the device. The £2ntamination may come from 
the filament, or from poor handling techniqlieS:'"POr this reason, filament 
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evaporation of aluminum is not common. Care can be taken to mini­
mize this effect, but other methods have proved more economical and 
reliable. Filament evaporation is often used to deposit backside gold, 
however, since contamination is not of concern in this case. This tech­
nique cannot be used to evaporate composite materials, because the 
element with the lowest melting point evaporates first, leaving the rest 
of the material to evaporate later. 

E~ectron-beam evaporation (frequently called E-beam) uses a 
fo~_<i.J?~~m ofeleetr.ons to heat the mat(!rial. A high-intensity beam 
of electrons is generated in a manner similar to that used in a television 
picture tube. The focused beam of electrons melts the material con­
tained in a water-cooled block with a large depression called a hearth. 
Because only electrons come in contact with the material to be evapo­
rated, it can be a 1£~-cont_amination process. It is ~!~()_,a_r3:pid._pr()cess, 
but cannot be used for the deposition of composite materials unless 
more than one hearth is employed. Because of the intense __ ~lec~r.1::m-:beam 
so2,:c~l!s.!~~!~~F~ is~~~!en .. · adiatioJL.d~Jl!~ll !11~ .. su.b~trnt~~ th~ ~a­
t~_!ial_~.s.,, .. wJ;i_ig_l:t 1!!\lSt be a.nne.a ~ oUf Jat~i: i11 th~ pro~ess~ A typical 
electron-beam evaporation system is shown in Figure 13-3. 

Al Beam of electrons 

Crucible 

Figure 13-3 A typical electron-beam evaporation system. 

Fl~~l}.;_y~p~~ation is similar to filament evaporation, in that the 
m~-~r.~_al is ev~p()r~t,ed by thermal r.esi~ta.11ce he'!ting, but the similarity 
ends there. Flash evaporation uses a continuously fed spool of wire (or 
in some cases, stream of pellets or powder) iEcident on.a heated ce­
ramic l:>arfor the deposition as shown in Figure 13-4. This deposition 
technique combit1~. the speed and contamination-free f~atures of E­
be!!~ <:lepositio_n with the fadfo1inrr.:free-·f~!1ftn5f filame1l_t evaporatio11, 
and still offers the option of depositing composite layers. 

{ngE.£!!9.11 J<Y:aporation is a recent innovation that offers some 
attractive features for certain coating problems. A ~~Q:::ft~q\l.f?!!S:S~ 
source . such as the one used in epitaxial deposition is used to couple 
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I I 

Current carrting posts 

(a) (b) 

Figure 13-4 A flash evaporation system; (a) side view; (b) top view. 

P~\\'.~rinto the metal to .be evaporated infu~.£El1~i!?le~.Th~energy melts 
~e metal, resulting in evaporation from certain regions as"sli()\Vii-in 
Figure 13-5. This method is not in common use in semiconductor 
operations. 

Crucible 

Figure 13·5 An induction evaporation source. 

SEtt~!!~&.]s the last vacuum deposition method encountered 
in semiconductor processing. In sputtering, Lon~ of ~~1!9: , 
duced into the chamber after ~satisfactory vacuum level has been 
re~ched. Aij' efocfr)c~fa, {onizes these atoms, and causes tpem tO._UlQVe 
to. one plate ~~t~~.£h~rlJk~r'caIIed'.'tiie'' target. -~.~E:~th~J()ns .strike the 
target~ !hey dislodge atoms from it, depositin& t)1~II1 ()n the substrates 
facjng the target as shown in Figure 13-6. Sputteririg can be accom-
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I--- Plasma 

, 
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Figure 13·6 A sputtering system. 

plished using both pc and RF voltages, and it can be used to deposit 
almost any material, although the deposition rate is often extremely 
low. Adhesion of layers deposited using this technique is generally very 
good. 

13·4 VACUUM DEPOSITION CYCLE 

The following met~llization sequence is typical, regardless of the par­
ticular material being deposited or type of equipment being used in a 
given manufacturing facility: 

1. Remove all contamination, etc., from the wafers and dry 
them. 

2. Position the wafers in the vacuum chamber to receive a uni­
~orm layer. (In many cases, a rotating structure called a 
planetary is used. It also guarantees that the coverage of 
steps on the surface is as good as possible.) 

3. Close vacuum chamber and "rough" down to -25µ. 
4. Close the valve to the roughing pump and open the valve to 

the high vacuum pump and pump until the required vacuum 
is reached (l0-6-l0-7mm is typical.) 

5. Turn on the source and evaporate a small amount of ma­
terial into a shield between the source and the wafers to 
clean the source. 

6. Deposit the necessary thickness of material on the substrates 
(the substrates may be heated to increase adhesion). 
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7. Turn the source off and cool. 
8. Fill the chamber with an ~~~ ~~~ E~~~N°ll, ... ~nd then open it. 

REVIEW EXERCISES: METALLIZATION 

1. List five requirements that a metallization must meet. 
2. List and briefly describe three vacuum deposition techniques. 
3. Which vacuum deposition technique may lead to radiation damage? 
4. What is the name of the rotating structure that wafers are mounted 

on during a vacuum deposition? 
5. Why is aluminum the most frequently used metal for the process of 

metallization? 
6. Why are trace amounts of silicon and copper added to the aluminum 

during metallization? 
7. Name the major components of a vacuum deposition system. 
8. List and explain four methods of depositing metals using vacuum 

techniques. 
9. Describe a typical vacuum deposition cycle. 
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Device Processing: 

from Alloy to Sale 

The remaining processing steps that devices undergo between metalli­
zation and final sale are as important as the initial steps. However, the 
"back end" of the line does not have the glamour of the rest of pro­
cessing. But, as the price of silicon chips continues to fall, the companies 
that package, test, and distribute the devices most efficiently will remain 
strong in the marketplace. The devic~ flow for the remainder of a pro­
cessing line is discussed below: 

14-1 ALLOY/ ANNEAL 

The successful etching of the aluminum on the front side of the wafer 
to form the device interconnection does not guarantee that a good elec­
trical contact has been formed. A subsequent "alloy" step is usually 
used to insure low-resistance contact between the aluminum and the 
silicon. The alloy step is performed in a diffusion furnace set at a rela­
tively low temperature. The alloy temperature and time will vary from 
process to process, but the limits on the temperature can be determined 
in part by looking at the diagram of the aluminum-silicon system in 
Figure 14-1. 

The line indicated by the arrows shows the lowest temperature 
at which a completely molten mixture exists. This. !~~.f!~'.:tur~#,y~rie.s 
with the. at°'1lli.C perce11~ Qt.~Jlis;.011.m ... !h!',.&Y.!P.1l1Ylll as indicated by the 
figure. The lowesrtemperature at which a .ll12!ten soluti<w. t!XiSt§ .is the 
one at the intersection of the two lines at 577°C. This temperature is 

129 
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Figure 14-1 The aluminum-silicon system. 

the aluminum-silicon eutectic temperature. If an aluminum-silicon mix­
ture is heated to above 577°C, melting will occur, ruining any devices 
that are present. The upper limit in the alloy temperature is thus 577°C. 
The lower temperature is set by process considerations like cleanliness 
and the aluminum deposition temperature. Most alloy steps are per­
formed at temperatures bet~-an!;LJJJ>~ for tim~s- .<JL_1'-~. 
tweenJ.O a.nd 30.minutes. · 

.-· Either d~i~e alloy step or directly following it, the wafers 
are often e~oseg_J~-.~~ ~~1l'!.~.£.~~~aining.J1~~ (or occasion­
ally another gas). This step is usually called ah'(i;i:,:£ steP:.-_The 
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anneal step is desig_11~d to optimtz;e_and .. st.abjliz<.Lde_yj1:;~ _chara<et~rjg!c;~: 
Hydr~n is _t~()~~!_!_o _c;omh,ine wi~~1:1.~committed atoms at or near the 
silicon-silicon dioxide interface, thus reducin{their effect on device per:. 
fofmaiice. Typical anneal temperatures are 400° -500°C for times of 
3Cfmmiit~s to 60 minutes. ----- .. · --

14-2 POST-ALLOY SAMPLE PROBE 

Following the metallization, etching, alloying, and annealling steps, the 
wafers should contain fully functional devices. If the wafers contain 
only discrete devices such as diodes or transistors, it is easy to test a 
certain fraction of the devices to see if they function properly. If more 
complicated integrated circuits have been fabricated, it is usually neces­
sary to test some of the diodes, resistors, transistors, etc., that must all 
work for the circuit to function properly. In this manner, it is possible 
to discard wafers that have no chance of having an economical number 
of good die on them. However, this probing step provides more than 
just a quick check on the wafers from the fabrication line. By properly 
selecting the devices that are tested, and by taking data beyond a pass 
or fail level, it is possible to trace variations that are occurring in the 
fabrication process. For instance, variations in the value of a base re­
sistor may indicate a change in the amount of boron in the base of a 
transistor. This change may lead, in turn, to a change in the gain of the 
transistors that are being fabricated. By anticipating variations in tran­
sistor gain, it may be possible to correct for a small problem before it 
becomes a major one. 

E?.st-~!~OY-!>.!:1!!1.E!~. pr.2!2~" is often performed using an oscij}_Q.-__ 
scope and a hand probe station. On a typical wafer, the performance of 
deVi:Cesffom different areas of the wafer will be measured as shown in 
Figure 14-2. Measurements taken using this or a similar pattern will 
provide information on processing variations that exist across a wafer. 

+ 
+ 

Figure 14-2 Sample areas on a typical wafer. 
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14-3 SCRATCH PROTECTION 

To ~devices .. 2.!:1-_.!!!LWfY.lLlrDm impropet barulling.J!P.d 
chem~.:~.~t~~in.ati?E;!,.~ l_~,Y~~ ~f .. ~~.~~!1~~t<1~~,.ig_gften used. The 
depos1t10n conini:lefatlons :for tliis fayer were discussed in the chemical 
vapor deposition section. Fo!!QID.Qg the depositioru;tep, openings in the 
la_y_~L.2LA~12ositesLQ.~kJJLQ..t~-.~~Y,l(J_t~· The 
wafers are now ready for any backside preparatit>n"lfecessary pnor to 
wafer sorting. 

14-4 BACKSIDE PREPARATION 

The backside of a wafer may have to be altered to prepare for subse­
quent processing steps. Two ~ypes of .P~~pa~~tion that are common are: 

.. 1 NI~ c.;.,,:., •. J: y•v.4t:i..J 
.j{'V"'"""''"* I 

1. B~<!fkside_{(.l.f!J!ing. The backside of a wafer may be lapped 
to remove diffused layers that interfere with the electrical 
properties, to thin the wafer to make it easier to separate the 
die, or to prepare the backside for a subsequent metal de­
position. 

2. B~i4ejnetal dep.O$i1fon. A metal such as gold may be 
deposited on the wafer back to make the attachment of the 
separated die to the package easier in a later operation. 

Neither of these steps, one of these steps, or both of these steps may be 
used on wafers to prepare them for later operation. 

When a metal is used for backside contact, it is usually de­
posited using filament ev~£2,~ion. Gold !§ ... Qf!~n s~os~f1 •. !5?!_~!1~.J?.ii.£k­
side_~~~! .~.~E.e~~~-?~ .. t~~2.~~.£,~Icf~~ills<:>12:.~eyttlf!.~£J~wpe~~ e can 
see from Figure 14-3 "tfiaf this temperature is 370°C. It i.§._S.11fil£!el!tly 
lo~ to_J>LeY~!!LdegmgScltionof.Qther.device clrnracteii~jJss..~!i~.12:.t!J.~_ggJ<l 
is all~~~!.° •• !!i~siljcon. 

14-5 WAFER SO•RT 

The wafers are now at their moment of truth-do they contain any func­
tional die? To determine this fact, the wafers are placed on a JY2~~2: 
p~r...(usually computer controlled) and the indivic,Iual.9ie.}?Q_£~S!!.: 
wafer is. tested. :[>5)jpJeJi .m~!~l-E!2~~S. S9~!!Ct=~ef£§_b.g~9:Lq.&,.1?9..d and 
supply the necessary currents and voltages to the device. The devices 
that function properly are left alone, while. !.ll.Q§sUhatJiJ.jl ai;tLWi!!l~iL 
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Figure 14-3 The gold-silicon system. 

with a drof?~Qf)nkJrom .. an "inker." In some instances, these may be 
~ ... _._,._. - """'"-"~""~~ 

differentiated as top-grade devices and ordinary-grade devices. In this 
case, two different types of ink may be employed to differentiate be­
tween the grades. The ip.~_is usually l::>lik!<d to prevent running at any 
later step. 

14-6 DEVICE SEPARATION 

With the devices or circuits on the wafer tested, it is time to separate 
them into individual die for final packaging. This operation is generally 
called "~~~" although changes in the methods used to ac­
complish the separation have made this term technically obsolete. The 
three methods commonly used to separate die are listed and described 
below: 

1. D.i.l11!J:£nd }.C!ib}f!S. A tool with a precisely shaped diamond 
imbedded fn the tip is drawn across the wafer along the 
scribe line, making a "mark" or "scribe" in the wafer. The 
imperfection in the crystal structure caused by the scribing 
defines the crystal planes along which the wafers prefer to 
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break. By bending the wafer on both sides of the scribe 
line, the wafer is broken along the line. 

2. k!!il!L.~P~i."£!.'J,S· A laser is pulsed to generate a series of 
holes in the silicon wafer along the scribe line as shown in 
Figure 14-4. The series of holes serves as the line along 
which the wafer breaks. This technique is relatively recent, 
and is occasionally complicated by the condensation of the 
silicon initially evaporated by the laser. (The term often 
used is "kerf.") Backside laser scribing, or the use of a 
protective layer of material are two ways of preventing this 
kerf from impacting the device yield. 

----g---- /7Kerf 
/"""\. r..... --~-~\../~__... __ _ 

(a) (b) 

Figure 14-4 The pattern left by a laser scriber; (a) top view; (b) side view. 

3. Sawing .. ,An even more recent development than the laser 
scribing is the use of rotating blades to separate the die. 
Recent metallization advances have made it possible to man­
ufacture saw blades capable of separating die with a mini­
mum of silicon loss. Use of this method provides die that 
have uniform dimensions with square sides. These features 
make the process attractive for automated wafer-handling 
techniques. 

14-7 DIE-ATTACH (OR DIE BONDING) 

For convenience of handling, the good die are attached to some sort of 
a package. Three types of die attach are encountered: '~!~c:tic': .~.~~: 
~c:!i~.'..:pi~Jgtni" c:lie::a11.<!£h,. ~d "ep<;>xy'' die:at~ach. These methods of 
attaching a die to a wafer are discussed.helow~· · ·· · 
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Eutectic die-attach involves the prior deposition of a layer of 
metal such as gold on the backside of the die. By heating the package 
to above the eutectic temperature (370°C for gold-silicon) and placing 
the die on it, a bond is formed between the die and package. 

Preform bonding involves the use of a small piece of special 
composition material that will adhere to both the die and package. A 
preform is placed on the die-attach area of a package and allowed to 
melt. The die is then "scrubbed" across the region until the die is at­
tached, and then the package is cooled. 

Epoxy bonding involves the use of an epoxy glue to attach the 
die to the package. A drop of epoxy is dispensed on the package, and 
the die is placed on top of it. The package may need to be baked at an 
elevated temperature to cure the epoxy properly. Epoxy die-attach can 
be performed using either electronically conductive or nonconductive 
material, while the other two die-attach methods form conductive 
b~ilas . ............. ,.,.,,..,~...,.,--

14-8 WIRE BONDING 

The type of wire used to connect the device externally is usually alumi­
num or gold. Gold is considerably more expensive than aluminum, but ,,___._ ... •' 
offers theadyantages of corrosion resistance and higher current-carrying 
ca~bility'. Two methods of attaching the wires between the device pads 
and the packages are thermal compression (TC) bonding and__!!!tr_a­
s~.J_lJS} pQnding. In each case, the name of the bonding method is 
an accurate description of the steps involved. T4ermal compression 
bondin.:g is often used with gol_d wire and involves heating the package 
and forming the bond between the wire and the pad using both heat 
and pressure. Ultrasonic bonding uses a pulse of ultrasonic energy to 
provide a scrubbing action that forms a bond between the wire and the 
pad. Ultrasonic bonding is usually used with aluminum wire. 

14-9 PACKAGE CONSIDERATIONS 

Semiconductor processing technology has evolved to the point that the 
cost of the package may be a considerable fraction of the total cost of 
the device. For this reason, packaging considerations recently have 
drawn much attention. The prime consideration is the material used to 
construct the package. The oldest and generally most .reli~ble. package 
is eithermeti!.L,Q~ . metal and ceramic: These packages- tend' 10 be the 
most expensive, so replacements for them are constantly being searched 
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for. The use of various plastic and epoxy packages has become popular 
in recent years because of their low cost and the ease of forming the 
package. The results with these packages are better every year, but they 
still cannot match the metal or metal and ceramic package. 

Another consideration that must some.funes be made is a pack­

a~e'.~ ability __ ~~.nduct excess!~~.! a~_fmYt.!b.~.5pecial metal 
taos, Jiris, or wings may be designe<Ias part of the package to conduct 
heat away from the die while it is in operation. 

14-10 FINAL TEST 

Once a device is packaged, it is ready for .§pal tsst. The test the device 
undergoes may well be the one it underwent after wafer sort, but the 
handling steps involved in the bonding and packaging may have dam­
aged the die, or these steps may not have been done correctly. If either 
has occurred, the packaged device will not perform properly and hence 
this test is necessary. 

14-11 MARK AND PACK 

Once the bad devices have been removed from the rest of the packaged 
devices, the last step prior to storing them is called mark and pack. The 
packages are marked with the device code and date code that tells 
customers when they were manufactured. The devices are now ready to 
sell and ship to waiting customers. 

REVIEW EXERCISES: DEVICE PROCESSING: 
FROM ALLOY TO SALE 

1. What two compositions of gold-silicon are just at the melting 
point at 800°C? 

2. What is the eutectic composition of aluminum-silicon? 
3. Is the gold-silicon or the aluminum-silicon eutectic temperature 

higher? 
4. What are two methods of separating die? 
5. State two methods of connecting wire leads from a device to a 

package. 
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6. What is the purpose of the post-alloy probe step? 
7. Explain the two types of backside wafer preparation. 
8. Why is gold frequently used as the backside metal? 
9. How are non-functional die determined and identified? 

10. List the various steps utilized during the post-alloy to shipment of 
a completed semiconductor device. 
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Devices 

Fabrication technologies can be divided roughly into two categories: 

1. Bipolar Technology 
2. Metal Oxide Semiconductor (MOS) Technology 

Although bipolar and MOS technologies are both based on the 
same basic processing steps, the processing sequence and the surface 
geometrics used, produce transistors that function on different physical 
principles. 

15·1 BIPOLAR TECHNOLOGY 

The word "bipolar" is derived from the flow of both holes and electrons 
in the functioning of the transistor. A typical bipolar sequence consists 
of seven or more masking steps. The sequence used as the basis of a 
bipolar process is: 

138 

[Mask 1.] 1. Buried layer-the heavily doped n+ region be­
neath the majority of all active devices. 

2. Epitaxy-the n-type layer in which all devices 
are fabricated. 

[Mask 2.] 3. Isolation-the p-type diffused region that pro­
vides electrical isolation between adjacent re­
gions. 
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[Mask 3.] 4. Base-the p-type diffusion that serves as the 
base of all npn transistors, and the body of most 
resistors. 

[Mask 4.] 5. Emitter-the n+ diffusion that forms the emitter 
of npn transistors. 

[Mask 5.] 6. Contact-openings to provide electrical access 
to all devices. 

[Mask 6.] 7. Metallization-the conductive paths that elec­
trically connect the devices to form a circuit. 

[Mask 7.] 8. Scratch protection-the deposited layer of Si02 

that serves as both a physical and a chemical 
protective barrier over the completed circuit. 

A cross section of a typical bipolar sequence is shown in 
Figure 15-1 on page 140. 

15-2 DEVICES FABRICATED USING STANDARD 
BIPOLAR TECHNOLOGY 

1. npn Transistors: 
The bipolar npn transistor is the device the bipolar process is op­
timized to fabricate. These transistors are used as both amplifiers 
and switches in circuit designs. The current gain (also called hte 

or /3) is the ratio of the current that flows in the collector to the cur­
rent that flows in the base. The symbol for an npn transistor is shown 
in Figure 15-2. Figure 15-3 shows top and side views of a typical 
npn transistor. The current the transistor can handle is determined 
by the size of the device. The typical minimum geometry transistor 
can handle 1-10 mA. The base/collector reverse breakdown is de­
termined by the dopic.g on both sides of the junction depth. Current 
gain is typically 50-500. 

2. pnp Transistors: 
The symbol for a pnp transistor is shown in Figure 15-4. 
A. Lateral pnp Transistor 

This current gain of a lateral pnp transistor is typically less than 
that of a vertical npn transistor. Its current gain goes to one 
(i.e., no gain) at a much lower frequency than the current gain 
of a vertical npn transistor. Figure 15-5 shows top and side 
views of a lateral pnp transistor. 

B. Vertical pnp transistor 
A vertical pnp transistor can be used if the collector of the de­
vice in the circuit goes to the circuit ground (the substrate). 
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Figure 15-1 Cross section of a typical bipolar integrated circuit. 
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B ·Base 
E ·Emitter 

Figure 15-2 Symbol for a npn transistor. 
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Figure 15·3 A npn transistor; (a) top view; (b) side view. 
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Figure 15-5 Lateral pnp transistor; (a) top view; (b) side view. 
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Figure 15-6 Vertical pnp transistor; (a) top view; (b) side view. 

Figure 15-6 shows top and side views of a vertical pnp tran­
sistor. 

3. Diodes: 
A diode is present at every pn junction, but only a few of these 
diodes are used in a circuit application. A diode allows current to 
flow in the direction of the arrow, but does not allow any current to 
flow in the reverse direction until the breakdown voltage is reached. 
Figure 15-7 shows the symbols for both standard diodes and zener 
diodes. 
A. Emitter/base diode: 

This device is usually formed by shorting the collector and base 
of a npn transistor together as the anode, with the emitter as the 
cathode. This diode has a low (6-10 volt) reverse breakdown, 
and is often used as a zener diode. An emitter /base diode is 
shown in Figure 15-8. 

B. Base/collector diode: 
This diode is usually formed using the base of a npn transistor 
to form the anode and the collector to form the cathode. Typical 
reverse breakdown of this device is 15-50 volts. Figure 15-9 
shows a typical base/collector diode. 

C. Bpi-isolation diode: 
The back-to-back diodes formed between any two "isolated" 
pockets in an integrated circuit prevent any electrical inter­
ference between devices in the circuit. Figure 15-10 spows the 
side view of the back-to-back isolation diodes and the corre­
sponding circuit symbol. 

D. Other diodes: 
Diodes not frequently encountered in circuit applications are: 
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Figure 15-7 Diode symbols; (a) standard diode; (b) zener diode. 
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Figure 15-8 Emitter base diode; (a) top view; (b) side view. 
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Figure 15-9 Base collector diode; (a) top view; (b) side view. 
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Figure 15-10 Isolation diodes; (a) side view; (b) circuit symbol. 
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1. Emitter/isolation diode 
2. Isolation/buried layer diode 

4. Resistors: 
The symbols for resistors are shown in Figure 15-11. The current 
through a resistor is related to the voltage across it by the relation­
ship: 

V=RI 

(a) (b) 

Figure 15-11 Resistor symbols; (a) standard symbol; (b) pinched resistor. 

A. Base resistor: 
This resistor is made by contacting both ends of a region of 
p-type base diffusion. Typical resistor range is 50-50,000 f!, 
since base sheet resistivities are generally in the range of 100-
500 fl/D. A typical base resistor is shown in Figure 15-12. 

B. Pinched-base resistor: 
This resistor is fabricated by diffusing an emitter region over the 
center of a base resistor. Typical sheet resistance values are 
2000-10,000 fl/O, but the control on the resistance is quite 
bad. Typical resistor values range from 10,000-500,000 fl. 
Figure 15-13 shows a typical pinched-base resistor. 

C. Emitter resistor: 
A diffused emitter region is contacted at both ends to fabricate 
this resistor. To minimize area while preventing unwanted para­
sitic device action and retaining resistor control, the emitter 
diffusion is generally performed in a region that has previously 
received a base diffusion, and one end of the resistor is connected 
to the base region. Typical emitter sheet resistivities are 4-10 
fl/0, and emitter resistors of values 5-100 fl are often made. 
A typical emitter resistor is shown in Figure 15-14. 

D. Epi resistor: 
This resistor consists of an epitaxial region of silicon surrounded 
by an isolation wall with n+ contacts at each end. Typical sheet 
resistivities for epi vary from 400-2000 fl/D. Control of epi 
resistor values is not as good as the control of diffused resistors, 
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Figure 15·12 Base resistor; (a) top view; (b) side view. 
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Figure 15-13 Pinched-base resistor; (a) top view; (b) side view. 
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Figure 15-14 Emitter resistor; (a) top view; (b)side view. 

because of the variation in epi thickness and resistivity, and 
variations in the lateral diffusion of the isolation. Typical epi 
resistor values are 1000-50,000 n. Figure 15-15 contains top 
and side views of an epi resistor. 
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Figure 15·15 Epi resistor; (a) top view; (b) side view. 
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Figure 15-16 Pinched-epi resistor; (a) top view; (b) side view. 

Figure 15-17 Capacitor symbol. 
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Figure 15-18 Dielectric capacitor; (a) top view; (b) side view. 
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Figure 15-19 Junction capacitor; (a) top view; (b) side view. 
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E. Pinched-epi resistor: 
This resistor is similar to an epi resistor, but has an additional 
p-type base diffusion over the center of the resistor, reducing 
the current-carrying region of the resistor, and hence increasing 
the sheet resistance. For this reason, pinched-epi resistors are 
often used instead of epi resistors in a design layout. A typical 
pinched-epi resistor is shown in Figure 15-16. 

5. Capacitors: 
Capacitors are used in circuits for charge-storage purposes or to 
supress circuit transients. Figure 15-17 depicts the circuit symbol of 
a capacitor. 
A. Dielectric capacitors: 

A capacitor is formed whenever a dielectric layer separates two 
conductive regions. The top plate of the capacitors is most often 
the interconnect metallization with one of the diffused regions 
(isolation, base, or emitter) used as the other plate of the capaci­
tor. The intervening layer of thermal oxide is the dielectric. 
Capacitance per unit area increases with thinner oxide, so the 
thin emitter oxide is often used for capacitors. Figure 15-18 
shows top and side views of a dielectric capacitor with the emit­
ter diffusion as one plate of the capacitor. 

B. Junction capacitors: 
A reverse biased on junction behaves like a capacitor for small 
voltage excursions around the operating point. This type of 
capacitor is often used where the low leakage and constant 
capacitance of a dielectric capacitor are not needed. Figure 15-19 
shows top and side views of a junction capacitor. 

15·3 MOS TECHNOLOGY 

Many variations of MOS technology exist, but the basic considerations 
are the same regardless of the particular steps selected for the fabrica­
tion process of metal oxide semiconductors. These steps may or may not 
coincide with the actual mask numbers. There may be as many as 10 
MOS masking operations in these 5 steps (The minimum number of 
bipolar masks is typically 7.) : 

1. Source-drain. A p-type diffusion to form the resistors and 
the two current carrying terminals of the transistor. 

2. Gate oxidation. The thin, carefully grown Si02 layer that 
the controlling charge acts through. 

3. Contact. Openings to provide electrical access to the de­
vices. 
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4. Metallization. The conductive paths that electrically con­
nect the devices to form a circuit. 

5. Scratch protection. The deposited layer of Si02 that serves 
as both a physical and a chemical protective layer over the 
completed circuit. 

A cross section of a typical MOS circuit is shown in Figure 20. 
The devices that can be fabricated using this technology include: 

1. MOS transistors. The process is optimized to fabricate p­
channel MOS transistors (Figure 15-21). This device can 
provide amplification, but is generally used as only an on/ off 
switch in circuits. 

2. Source/drain resistor. This is the only resistor available 
using the MOS process (see Figure 15-22). Typical ranges 
are 50-10,000 n, since source/drain sheet resistances are 
50-200 !1/D. 

3. Capacitor. A capacitor is formed wherever a layer of Si02 

covers a conductive region of silicon. The capacitance per 
unit area increases with thinner oxide layers, so the gate 
oxide layer is often used for capacitors. A MOS dielectric 
capacitor is shown in Figure 15-23. 

Figure 15-20 Cross section of a typical MOS circuit. 

Source Drain 

Source Gate Drain 

~~!-
Gate 

(a) 
(b) 

Figure 15-21 A p·channel MOS transistor; (a) top view; (b) side view. 
'-, 
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(a) (b) 

Figure 15-22 Source/drain resistor; (a) top view; (b) side view. 

(a) (b) 

Figure 15-23 MOS dielectric capacitor; (a) top view; (b) side view. 

15-4 OTHER MOS TECHNOLOGIES 

Varieties in the basic p-channel MOS process include: 

1. n-channel MOS. Start with a substrate doped with the oppo­
site conductivity type (p-type) and diffuse n-type impurities. 
This technology offers faster devices than p-channel. It is 
called NMOS technology. 

2. Silicon gate. Substitute a conductive layer of polycrystalline 
silicon for the metal as the gate. This layer can also be used 
as interconnect elsewhere in the circuit, in addition to the 
metal layer. Silicon gate technology results in more and 
faster devices per unit area. It is often referred to as SIGFET 
technology. 

3. CMOS. Combine both p-channel and n-channel devices on 
the same chip by adding processing steps. Devices can be 
fabricated that use very little power to operate. CMOS 
stands for Complementary MOS. 

4. SOS. This layer of silicon dioxide is deposited on an in­
sulating sapphire substrate. The devices are fabricated in 
this thin epitaxial silicon layer. The letters stand for Silicon­
On-Sapphire. 
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REVIEW EXERCISES: DEVICES 

1. What are the two categories that fabrication technologies can be 
divided into? 

2. How do the number of masking steps in bipolar and MOS tech­
nology compare? 

3. How can a diode be formed from a bipolar npn transistor? 
4. Does a base resistor or a pinched-base resistor have a higher re­

sistance per unit area? 
5. Draw the cross-sectional view of a p-channel MOS transistor. 
6. What is the purpose of the buried layer of the npn transistor in the 

bipolar process? 
7. What is the purpose of the gate oxide in the MOS transistor struc­

ture? 
8. What are the advantages of the dielectric capacitor in comparison 

to the junction capacitor? 
9. What devices can be fabricated using MOS technology? 

10. What devices can be fabricated using bipolar technology? 
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Contamination Control 

Throughout the entire semiconductor fabrication process, it is critical 
to minimize the amount of contamination that comes in contact with 
the wafers and the wafer processing equipment. In this section, we look 
at the steps that are taken to achieve this result by considering the five 
general topics listed below. These topics are: 

1. Chemicals and cleaning procedures 
2. Water and rinsing procedures 
3. Air 
4. Gases 
5. Personnel/ clean room 

Each of these topics will be considered separately for simplification, but 
in a working environment, they must all be considered simultaneously. 

16-1 CHEMICALS AND CLEANING PROCEDURES 

One of the first c-0nsiderations that must be made in wafer processing is 
on how wafers can be cleaned prior to any process step. Attempts are 
made to keep wafers clean at all times, but prior to high-temperature 
processing steps such as diffusion, epitaxial growth, or chemical vapor 
deposition, even more care must be taken. The two types of contamina­
tion that have been found to cause the largest problems in semiconduc­
tors are ions that are mobile in silicon dioxide, e.g., sodium and elements 
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that diffuse in silicon and precipitate out somewhere in the interior, e.g., 
gold and some other metals. 

Sodium interferes with the normal operation of semiconductor 
devices by rapidly drifting through silicon dioxide toward regions with 
a negative bias. It then gives rise to changes in device characteristics 
such as excessive leakage. Sodium can be kept out of a fabrication line 
by specifying low-sodium chemicals and by rigorously enforcing proper 
wafer handling techniques. Sodium is a chemical present in the human 
body, and careless procedures will result in unwanted sodium contami­
nation of wafers or wafer-handling equipment. 

Certain elements are soluble in silicon at elevated temperatures, 
but precipitate into nonlattice locations when the wafer temperature is 
lowered. These elements interfere with the normal flow of holes and 
electrons in the silicon crystal when the device is in operation. Once a 
quantity of any of these elements has contaminated a wafer, it is im­
possible to completely remove it. However, proper cleaning prior to a 
high temperature operation minimizes its effect. Numerous methods of 
cleaning are popular in the semiconductor industry, but they all have 
certain common characteristics. The first step in dealing with wafers 
with an unknown history is to thoroughly degrease them. A common 
method is the use of a degreasing chemical such as 1, 1, I-trichloroethane 
followed by rinses in acetone and alcohol. This cleaning procedure 
guarantees that any greases or waxes that might be insoluble in subse­
quent cleaning steps are removed. (If the history of the wafer is known, 
this degreasing operation may often be safely omitted.) Wafers are then 
sent through a series of solutions designed to remove any trace of metals 
or other potentially harmful materials. A common series of cleaning 
steps is: 

STEP 

2. Heat in aqua regia 

3. Dip briefly in dilute HF 

4. Rinse in water 
5. Dry 

REASONS 

1. Removes any photoresist or 
other organic material 

2. Dissolves gold as well as 
other metals 

3. Top layer of Si02 containing 
any potential contamination 
is etched away 

4. Remove any residual acid 
5. Get them ready for the next 

process step 

The chemicals used to remove trace amounts of harmful elements must 
themselves contain sufficiently low amounts of each of these elements. 
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In addition to cleaning the wafers that are to be processed, all 
fabrication equipment that comes in contact with the wafers, or is di­
rectly linked to wafer processing must be similarly cleaned. This in­
cludes diffusion tubes and associated glassware, wafer boats, push rods, 
thermocouple shields, vacuum wands, and many other items. 

16-2 WATER 

Water is used in the rinsing step at the end of almost every cleaning 
operation. The frequent use of water makes it imperative that it contain 
minimum amounts of potentially harmful contaminants. The types of 
contaminants that may exist even in pure drinking water, but cannot be 
tolerated in water used for microelectronics include: 

1. Dissolved inorganic salt such as sodium, and calcium salts. 
They are dissolved by the water as it flows through pipes, 
rocks, soils, etc. 

2. Dissolved organic compounds from industrial waste or liv­
ing matter. 

3. Particulate matter such as small silica particles from rock, 
soil, and paper. 

4. Microbiological life that sustains itself on other contaminants. 

Water containing these types of impurities must be purified to reach 
the levels in Table 16-1. 

TABLE 16-1: High Purity Semiconductor Manufacturing Water 
Compared to Tap Water 

Water Specification 

resistivity (megohm-cm) 
electrolytes (parts per billion) 
particulate content (#I cm3) 
living organisms (#/cm3) 

Tap Water 

.0002 
200,000 
100,000 

100-10,000 

High Purity Water 

15-18 
<25 
<150 
<10 

The process of ion exchange or deionization was used almost 
exclusively in water purification prior to the last few years. Ion exchange 
is the removal of positive and negative ions using activated resins. A 
typical ion exchange water system is shown in Figure 16-1. Such a sys­
tem contains the following elements: 
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Figure 16-1 Typical ion exchange high purity water system. 

1. Chemical treatment (often chlorination). Kills organisms 
present in the feed water. 

2. Sand filter. Removes particles from the incoming water. 
3. Activated charcoal filter. Removes any free chlorine and 

traces of organic matter. 
4. Diatomaceous earth filter. Retains additional contaminants. 
5. Anion exchange. Strongly ionized acids such as sulfuric, 

hydrochloric, and nitric are removed. 
6. Mixed bed polisher. Contains both cation and anion resins 

and removes any ions missed by previous exchange filters. 
7. Sterilization. Bacteria growth is controlled by one of several 

methods such as chlorination or ultraviolet light. 
'· Filter. Any residual particles are removed prior to using the 

wafer. 

Systems like the ones described above have been partially dis­
placed by reverse osmosis or RO systems. Under pressure and in the 
presence of a selectively permeable membrane, water will flow through 
the membrane, while dissolved or suspended substances will not. A 
diagram of a typical reverse osmosis water system is shown in Figure 
16-2. 

The differences between this system and the ion exchange sys-
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Figure 16-2 Typical reverse osmosis high purity water system. 

tern are the pH adjustment, the filtering, and the use of reverse osmosis. 
All of the other steps are identical. Reverse osmosis is effective because 
it reduces the frequency with which the ion exchange resins must be 
regenerated. 

Once water has been purified to the required level, it is neces­
sary to distribute it throughout the facility without suffering losses in 
water quality. This requirement is usually met by running the water in a 
type of inert plastic to prevent any significant recontamination. 

16-3 AIR 

The three major parameters that must be controlled in the ambient air 
are temperature, humidity, and particle level. The temperature and 
humidity are determined by the type, amount, and set point of the air 
handling equipment, but the presence of particles must be controlled 
in another fashion. Particles prove to be more detrimental to the process 
at certain steps such as during cleaning and loading operations or dur­
ing the photoresist process. Accordingly, if efforts are made to control 
the presence of unwanted airborn particles at the critical operations, the 
process will not suffer. This philosophy brought about the use of lami­
nar flow hoods or stations at certain operations in device fabrication. 
The cross section of a vertical laminar flow hood is shown in Figure 
16-3. 
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Figure 16-3 Vertical laminar flow hood. 

A laminar flow uses the room as a reservoir, taking air from 
the room, filtering it, and blowing it into the work area in a parallel or 
laminar pattern. Laminar flow prevents the formation of turbulent 
regions that may accumulate high levels of contamination. The most 
important part of the laminar flow hood is the High Efficiency Particu­
late Air or HEPA filter. A HEPA filter is a fragile but effective filter 
capable of removing a minimum of 99.97 percent of all .3µ or larger 
particles. Use of tested HEPA filters in all laminar flow hoods is a 
necessity. 
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16-4 GASES 

The gases needed in semiconductor fabrication are nitrogen, oxygen, 
hydrogen, HCl, ammonia, and occasionally some others. Precautions 
must be taken to insure that no contamination reaches the wafers 
through these gases. Copper tubing may be used for oxygen and nitro­
gen, though stainless steel may prevent the occurrence of certain prob­
lems. Stainless steel tubing should be used for all other gases, because 
of its high resistance to corrosion. Filters are an important item, and 
should be used near the point of use to prevent the passage of any 
unwanted particles. 

16-5 PERSONNEL/CLEAN ROOM 

The greatest sources of contamination in a wafer fabrication area are 
the people that perform the operations. Human beings are a continuous 
source of organic matter because of the constantly renewing nature of 
their bodies. It is possible to neutralize the presence of operations by 
instituting certain sets of procedures. The first step is to partition off the 
wafer fabrication area and control access to it. Smocks are often worn 
in a fabrication area, but they do little more than serve as a protective 
coating for the operator. Their impact on contamination control is 
minimal. The most effective method of controlling contamination from 
operators is to provide them with clothing that covers as much of their 
body as possible including an outer covering on the hands and the feet. 
These suits must be cleaned regularly to keep the level of accumulated 
contamination low. 

REVIEW EXERCISES: CONTAMINATION CONTROL 

1. What chemical, present in the human body, is a mobile contaminant 
in silicon dioxide? 

2. State two methods of obtaining high purity water for semiconductor 
processing. 

3. For wafers of unknown origin, should the acid clean or the solvent 
clean be first? Why? 

4. Why are laminar flow hoods placed just over criµcal areas in a 
wafer fabrication area? 
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5. List and describe the common cleaning steps utilized to prepare 
wafers for fabrication into devices. 

6. Sketch and label a typical ion exchange water purification process. 
7. List the major differences between the ion exchange and reverse 

osmosis water purification systems. 
8. How is purified water distributed to various points within a semi­

conductor processing facility?' 
9. What metal or metals are frequently utilized to transport the various 

gasses required during semiconductor processing? 
10. Sketch and describe a typical wafer fabrication area as to contami­

nation control. 
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Advanced Silicon Technology 

Silicon technology emerged as the dominant force in solid state devices 
in the early 1960s and has continued to progress at a rapid rate. This 
progress has been the result of a combination of better understanding 
of the materials, the devices, and the processing steps involved in their 
fabrication. The net result of this tremendous progress in silicon tech­
nology has been an increase in the types of functions that can be per­
formed with silicon devices, coupled with a decrease in the cost per 
function. Silicon technology seems likely to continue in the manner it 
has over the next few decades, with a steady progression of advances 
along a number of fronts. In this sedion we look at emerging tech­
nologies and attempt to assess their impact on the main stream of solid­
state technology. 

17-1 DOMINANT TRENDS IN TECHNOLOGY: 
SUBSTRATE SIZE AND DEVICE DENSITY 

The two trends in silicon technology that have significantly decreased 
the cost per function of circuits have been the use of continually larger 
wafers, and the ability to manufacture devices with smaller geometries, 
and hence higher packing densities. 

The introduction of larger silicon substrates every few years 
has served to continually push processing technology forward. To pre­
vent a decrease in yield every time a larger substrate size was intro­
duced, processing technology had to undergo improvements to maintain 
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the same uniformity across these larger wafers. Economics is the 
reason for the use of ever-larger wafers-it costs only slightly more to 
process each larger wafer, but the total number of good die with the 
same yield percentage is proportional to the increase in area. The 
ability of crystal growers to produce ever-larger wafers seems to be a 
continuing phenomenon and one wonders about the size of the silicon 
wafers in the future. The use of ever-larger wafers requires that the 
thickness of the wafers also be increased to have wafers with the same 
resistance to breakage. These wafers must be sawed from crystals, a 
process in which two-thirds of the grown crystal is discarded. An alter­
native to silicon wafers grown in the conventional manner is available 
-using a crystal growth technology known as Edge-defined Film-fed 
Growth (EFG). Using this technique, it may be possible to grow con­
tinuous ribbons of silicon of a preselected width and thickness. These 
ribbons of silicon could be cut into substrates of a required size, and 
processed with only a minimum of wafer preparation, resulting in a 
significant savings in the substrate cost. 

Silicon ribbons produced using the EFG technique are already 
being tested for possible use as the substrates for photodiode fabrica­
tion. If this technique produces silicon of sufficient quality for photo­
diodes at an economically attractive level, these photodiodes will be 
used to convert the sun's radiation into electricity on a continually ex­
panding basis. From that time onward, the relative impact of EFG 
silicon will be determined by a complex series of events. The use of 
round wafers will be a well-established process, and the ability of a 
new substrate fabrication process to impact a well-established process 
is impossible to foresee. 

17-2 ALIGNMENT/ EXPOSURE STEP 

The alignment/ exposure step discussed in the photomasking section is 
another area in which significant technological strides are being made. 
In conventional alignment systems, the wavelength of the light used to 
expose the photoresist sets a limitation on the minimum dimensions that 
can be transferred from a mask to a wafer because of the diffraction of 
the light. (Diffraction is the bending of light as it goes past an edge.) 
If any space is left between the mask and the wafer during exposure, 
diffraction will occur. The minimum dimensions that could be trans­
ferred if everything else were perfect is about the wavelength of the 
light used. However, practical problems such as wafer flatness, mask 
flatness, particles, etc., make such dimensions impossible in a produc­
tion situation. The wavelength of the illumination from the mercury arc 
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lamp is about 4000 A, so a practical minimum for the line width using 
optical techniques is between .5µ and 1.0µ. A survey of contemporary 
technology shows that some devices are within a factor of 5 of these 
dimensions already. 

The fundamental limitation is the wavelength of the light used 
to expose the photoresist, so exposure using a shorter wavelength offers 
a possible solution to this problem. Two possible alternative methods 
of exposing a "sensitized" resist layer would be to use either x-rays or 
electrons. 

X-rays generated from a number of sources have low enough 
energy not to pose a long-term problem to human beings. The wave­
lengths of these "soft" x-rays range from 5-15 A. This wavelength is 
also short enough not to impose any serious diffraction problems. With 
a source of x-rays and an x-ray sensitive resist, all that is needed is a 
mask and a method of aligning the mask to the wafer. A diagram of an 
x-ray exposure system is shown in Figure 17-1. 

-n-d 

x- Rays ~ Transmitter 

= Absorber 

• • • • • • • • • ~pacer 

Polymer film 

Wafer 

Figure 17-1 Schematic diagram of the soft x-ray lithographic system. 

The generation of a mask for such a system, and the problem 
of aligning the mask to an image already present on the wafer are sub­
jects which are presently being researched. The entire operation is 
complicated by the need to expose the wafers in a vacuum because of 
the limited distance the x-rays travel in air. 

The use of electron-beam exposure offers many of the advan­
tages of x-ray exposure, as well as a few others. Electrons are charged 
particles, but they can be viewed as having wave properties. The equiva­
lent wavelength of electrons used for exposure systems is less than an 
angstrom. Electron beams can be generated using contemporary equip­
ment, leaving the problem of finding an electron-sensitive resist, ob­
taining a mask for the exposure, and aligning this mask to an already 
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existing pattern on a wafer. A diagram of such an exposure system is 
shown in Figure 17-2. 

Thus far, x-ray and electron-beam exposure systems look quite 
comparable, but there are two advantages to an electron-beam exposure 
system that have not been mentioned. First, the electron-beam micro­
scope is an instrument used for high magnifications. Modifying the 
electron-beam system for alignment as well as magnification solves the 
mask-to-wafer alignment problem. Second, because an electron-beam is 
a stream of charged particles, it is possible to deflect this beam as well 
as to turn the beam on and off. This ability means that no mask is 
really necessary to expose a layer of resistive resist. The beam can be 
scanned and turned on and off to directly accomplish the exposure. The 
potential of exposing wafers by using a computer-controlled scanning 
electron-beam is an attractive possibility. 

Both x-ray and electron-beam exposure systems offer potential 
for the future. But, both types of systems need considerable develop­
ment before either of them will be used in large-scale production. 

17-3 DEVELOPMENTS IN PROCESSING TECHNOLOGY 

Processing technology has been marked by a series of steady improve­
ments in all areas. One major development that has impacted both yields 
and the circuits that are being fabricated is the controlled oxidation of 
selected regions of silicon. This technology is exemplified in Fairchild's 
Isoplanar process. In this process, silicon nitride is deposited on the 
wafers of an epitaxial silicon wafer with a thin layer of silicon dioxide 
on it. The silicon nitride is masked and etched leaving the wafer as 
shown in Figure 17-3a. Next, the silicon epitaxial layer is etched about 
half-way through in regions not covered with silicon nitride as shown 
in Figure 17-3b. Finally, this wafer is placed in an oxidation furnace 
until the growing oxide layer is through the epitaxial layer. Since oxida­
tion of a 1,u thick layer of silicon produces about a 2,u layer of silicon 
dioxide, the silicon dioxide region is level with the top surface of the 
wafer while separating regions of the epitaxial layer from each other as 
shown in Figure 17-3c. 

The slow oxidation of silicon nitride compared to silicon is the 
key factor in this process step. The use of a region of silicon dioxide to 
separate active devices, instead of silicon of the opposite conductivity 
type, means that devices may be packed much more densely. The use 
of a similar technique in MOS circuits results in a corresponding sav­
ings in area, while making it easier to manufacture the devices. 
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Figure 17-3 Local oxidation of silicon; (a) nitride removal; (b) silicon removal; 
(c) flnal. 

17-4 DEVELOPMENTS IN DEVICE TECHNOLOGY 

Two recent developments in device technology show the possibility of 
significantly impacting the direction of technology. The first of these 
developments was the discovery of the charge-coupled device or the 
CCD. In its simplest form, a CCD consists of a lightly doped silicon 
substrate with a thin layer of Si02 on it, and a series of metallized 
electrodes on top of the oxide layer as shown in Figure 17-4. The 
charge is stored in potential "wells" created by the voltage on the elec­
trodes. To transfer the charge, a deeper potential well is created next 
to the storage site, causing the carriers to fall into the next well as 
shown in Figure 17-5. By varying the potential along a series of elec­
trodes, the "packet" of charge can be made to move from one location 
to another on the semiconductor chip. 

The relative simplicity of the CCD structure means that few 
fabrication steps are required in its manufacture. Fewer fabrication 
steps imply that large-area circuits can be economically made. Circuits 
that require large areas include digital memories, optical sensors, and 
signal processors. Application of CCD technology to these three areas 
is already underway, resulting in a series of successful products. 

Integrated Injection Logic or 12L is the second developing tech­
nology with great promise for the future. 12L is a logical extension of 
bipolar design technology that greatly reduces the area needed to per­
form many digital functions. This technology was eventually standard 
bipolar processing, but uses inverted vertical npn transistors. As shown 
in Figure 17-6, the common emitter is the n+ region beneath the entire 
structure. The use of the substrate as a common emitter uses a mini­
mum of chip area. Separate collector regions are necessary for circuit 
application. A lateral pnp transistor is also part of the basic 12L circuit, 
supplying current to the bases of the npn transistors as shown in Figure 
17-6. 
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Figure 17-4 A CCD in the storage mode. -V2 is greater than -Vl' forming 
a potential well that captures charge. 
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Figure 17-5 Charge is transferred to the next electrode when a still larger 
voltage -V3 creates an even deeper potential well. 

Figure 17-6 Cross section of a 12 L circuit. 
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In addition to significantly reducing the size of circuits required 
to perform digital functions, the use of 12L will also significantly reduce 
the power to perform these functions. This reduced power requirement 
will in turn result in the incorporation of increasingly larger numbers of 
circuits, and hence functions, in a package. Because 12L processing is 
compatible with standard bipolar processing, future circuits may use a 
mixture of 12L circuits and standard bipolar circuits to accomplish cir­
cuit function. The standard bipolar circuits can handle the input and 
output devices, while the denser I2L devices perform the necessary 
operations. 

REVIEW EXERCISES: 
ADVANCED SILICON TECHNOLOGY 

1. What is the name of the crystal growth method used to grow thin 
ribbons of silicon? 

2. Two methods of significantly reducing device sizes involve the use 
of what types of beams? 

3. Does silicon nitride oxidize more rapidly or less rapidly than silicon? 
4. Why do 12L circuits promise to be much more dense than conven­

tional bipolar circuits? 
S. What is the principle advantage of using larger silicon wafers? What 

limits the maximum size of a silicon wafer? 
6. What is the minimum dimension that could be transferred from 

mask to wafer using yellow light? 
7. What is the minimum practical dimension that can be transferred 

from mask to wafer using today's semiconductor technology? 
8. What are two major advantages of the electron-beam exposure 

system? 
9. Sketch and explain the operation of a typical CCD structure. 

10. What is a major advantage of CCD technology? 



18 

Nonsilicon Technology 

The processing technology that has been discussed in the previous les­
sons can be applied to nonsilicon semiconductors and to nonsemicon­
ductor materials. This lesson considers the application of the processing 
technology that has been discussed to nonsilicon devices. 

18-1 LIGHT-EMITTING DIODES (LED'S) 

Light-emitting diodes are fabricated in 111-V semiconductor compounds 
such as gallium arsenide and gallium arsenide-phosphide. These semi­
conductors are called III-V semiconductors because one of the constitu­
ents of the compound is from group III of the Periodic Table while the 
other constituent is from group V. The electron configuration of certain 
of these compounds makes the emission of light possible when current 
flows through a diode that has been properly fabricated. The technology 
used to fabricate diodes in these semiconductors closely parallels stan­
dard silicon technology. The process steps are as follows: 

1. Starting with the proper substrate, grow a carefully tailored 
layer of epitaxy: 

2. Cover the front surface of the substrate with a protective 
layer of silicon dioxide using a low-temperature chemical 
vapor deposition technique. 
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3. Transfer an image to the front surface of the wafer by using 
a photo lithographic process: 
a. Apply a layer of photoresist. 
b. Transfer a pattern to the photoresist using a mask. 
c. Using the photoresist as a mask, remove the deposited 

silicon dioxide in selected regions by etching. 
4. Perform a high-temperature diffusion to form the diode. 
5. Form ohmic contacts to the diode. 
6. Separate the diodes on a substrate into discrete diodes or 

arrays. 
7. Test and package the light emitting diodes. 

18-2 OPTICAL INTEGRATED CIRCUITS 

One long-range use of light-emitting diodes may be in optical integrated 
circuits. At the same time that light-emitting regions are fabricated in a 
substrate, it is possible to fabricate light-sensitive regions. Recent work 
indicates that it may be possible to link a light-emitting and a light-sensi­
tive region with an intermediate region that serves as a light "wave-guide." 
With the successful fabrication of light generation, light transmission, 
and light reception regions on the same substrate, the fabrication of an 
optical integrated circuit will be possible. It will then remain for engi­
neers and scientists to prove the usefulness of such circuits. 

18-3 LIQUID CRYSTAL DISPLAYS 

A rival to LED's in many applications, and particularly in the watch 
display market, is the liquid crystal display or LCD. The name of these 
devices describes their composition-LCD's have a liquid crystal ma­
terial sandwiched between two glass plates separated by about 12µ. The 
glass plates are sealed around their perimeter. The image appears be­
tween two layers of conductive material, one etched on the surface of 
each glass plate. 

In operation, a voltage is applied between the two layers of 
conductive material which changes the molecular orientation of the 
liquid crystal material. The light passing through the display is thus 
scattered or reflected in a nonequal manner where the voltage has been 
applied. LCD's emit no light, but can use either reflected or transmitted 
light to form the display. LCD's have the large advantage of consuming 
considerably less current than LED's. 
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18-4 QUARTZ CRYSTAL OSCILLATORS 

Silicon dioxide in its crystalline form or quartz is a piezoelectric ma­
terial. When it is placed in an electric circuit with a voltage across it, 
it vibrates producing an output whose frequency is a function of the 
physical parameters of the crystal. Since quartz is silicon dioxide, it is 
not surprising to find the type of technology discussed earlier used in 
the manufacture of timing devices from quartz. The specific steps used 
in their manufacture are centered around the transfer of an image to 
both sides of a quartz wafer and a subsequent etching step to remove 
the silicon dioxide in unnecessary areas. The ability to produce large 
numbers of quartz timers simultaneously is the main reason for the use 
of microelectronics technology. 

18-5 MAGNETIC BUBBLE OR MAGNETIC DOMAIN DEVICES 

Within the past ten years, a phenomenon in which magnetic "bubbles" 
are formed and can be made to move and interact in predetermined 
ways has been discovered. The bubbles are actually cylindrical magnetic 
domains whose polarization is opposite to that of the thin magnetic film 
in which they are embedded. The bubbles are stable over a wide range 
of conditions, and can be moved from one point to another at high 
velocity. The technology used to form the control regions on the sur­
faces of the thin magnetic film are similar to those used in the fabrica­
tion of integrated circuits. The present evidence indicates that memories 
made using magnetic bubbles may be a rival to the use of a standard 
semiconductor memories in many applications. 

18·6 HYBRID TECHNOLOGY 

Hybrid technology is the technology of placing devices and circuits on a 
common substrate and interconnecting them to perform useful electrical 
functions. Hybrid technology can be divided into two fabrication tech­
nologies: thin film and thick film. 

Thin-film hybrid circuits are manufactured by first depositing a 
thin layer of metal on a substrate using vacuum deposition techniques. 
Next, the substrates are coated with photoresist, baked, exposed, and 
the metal layer is selectively removed by etching to form the desired 
pattern. Active and passive devices such as diodes, resistors, transistors, 
and capacitors are attached to the substrate to complete the circuit. 
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Thick-film structures are prepared by screening and firing or by 
pyrolitic deposition. They generally contain only conductors, resistors, 
and capacitors, with the other components added as discrete entities. All 
are put down on a substrate which is generally composed of some sort 
of alumina. A thick film is a conductive, resistive, or insulating film 
thicker than 10 mils that is produced by firing a paste deposited on a 
substrate. The paste is deposited on the substrate by the stencil screen 
process. Different paste compositions are used for each component in 
the circuit. After the pattern has been screened onto a ceramic substrate 
and dried, it is fired in a furnace, where the c-0mposition of the paste 
gives rise to the final characteristics of the layers. 

Although thick-film technology is usually less costly than thin­
film, it requires a larger substrate to accommodate the same circuit 
complexity. Generally speaking, a thick-film circuit will be limited in 
resistor tolerances to no better than ± 1 % and resistances to less than 
5 megaohms. Thick-film techniques are generally used to build circuits 
operating below 1 Gigahertz, and which do not require the tolerances 
and line precision obtainable with thin-film techniques. Thin-film fabri­
cation, on the other hand, is ideal for high-frequency microwave appli­
cations, and those requiring highly precise line widths and circuit 
elements. 

REVIEW EXERCISES: 
NONSILICON TECHNOLOGY 

1. Does a LED or a LCD display require more power? 
2. What effect is responsible for the use of quartz as a timer? 
3. What is the basic difference between thin-film and thick-film hybrid 

circuits? 
4. List and describe the processing steps required to produce light­

emitting diodes. 
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Scientific Notation 

Al-1 MATHEMATICS 

In dealing with physically measureable amounts of materials, very large 
and very small numbers are usually encountered. The writing of these 
numbers usually means using many zeros. To avoid the continuous writ­
ing of zero, mathematicians devised a shorthand method usually referred 
to as scientific notation. The idea behind scientific notation is built 
around the number ten, and can be developed as follows. The number 
10 can also be written as 10 to the first power or 101 . The number 1 is 
the power to which 10 is raised. (The power to which a number is 
raised is the number of times that number is multiplied by itself.) If 
we multiply 10 by itself, we get 10 x 10 = 100. But this is two lO's 
multiplied together, so 10 x 10::::: 102 (10 to the second power) = 100. 
In a similar fashion, 10 x 10 x 10 = 103 = 1,000. A power of 10 
greater than zero tells us the number of zeros to the right of the 1 in 
the number we are dealing with. Listed below are some common multi­
ples of ten with powers greater than zero. 

10 = 101 = ten to the first power 
100 = 102 = ten to the second power 

1,000 = 103 =ten to the third power 
10,000 = 104 =ten to the fourth power 

100,000 = 105 = ten to the fifth power 
1,000,000 = 106 =ten to the sixth power 
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Numbers smaller than one can also be represented using scien-
. 1 
tific notation. The number-= .1 is written as 10-1 (ten to the minus 

10 
1 1 

one power). Similarly, the number - = -= .01 is written as 10-2 

100 102 
(ten to the minus two power). A power of ten less than zero tells the 
number of places the decimal point is to· the left of the 1 in the number 
we are dealing with. More common multiples of ten with powers less 
than zero are listed here . 

. 000001 = 10-6 =ten to the minus sixth power 
.00001 = 10-0 = ten to the minus fifth power 

.0001 = 10-4 = ten to the minus fourth power 
.001 = 10-3 = ten to the minus third power 

.01 = 10-2 =ten to the minus second power 
.1 = 10-1 =ten to the minus first power 

In most cases, it is convenient to rewrite large or small numbers 
as numbers between one and ten times ten to some power. To express a 
number greater than ten in this form, move the decimal one place to the 
left and count the number of places from the original decimal point. 
The number of places counted will give the correct positive power of 10. 

Examples: 

942 = 9.42 x 102 
420,610 == 4.2061 x 105 

31 = 3.1 x 101 

To express a number less than 1 in this form, move the decimal point 
to the right until it is part of the first nonzero number. Count the num­
ber of places the decimal point has been moved from its original posi­
tion. The number of places counted is the negative power of ten. 

Examples: 

.00882 = 8.82 X 10-3 

.0000031 = 3.1 x lQ-6 

.064 = 6.4 x 10-2 

The only power of ten we have not discussed so far is 10°. The value of 
100 is 1. This statement makes sense when considering the values of 
10-1 and 101• 
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10-1 = .1 
10° 1 
101 = 10. 

Al-2 ADDITION AND SUBTRACTION 

Before numbers written using scientific notation can be added or sub­
tracted, all numbers must be written using the same power of ten. Once 
the power of ten of the numbers is the same, addition and subtraction 
is performed, and the answer is the resulting number to the common 
power of 10. 

lem. 

Example 1: 

4.13 x 103 

+9.64 x 105 

First, rewrite 9.64 x 105 as 964 x 103 • Then rewrite the prob-

4.13 x 103 

+964.00 x 103 

968.13 x 103 = 968,130 

This solution can be checked, since 

4.13 x 103 = 4130 and 9.64 x 105 = 964000 

This sum is just 

964000 
+ 4130 

968130 

Example 2: 

4.93 x 107 

-9.4 x 105 

At first glance, it appears that the subtraction will result in a 
number less than zero. But, the first number is rewritten as: 

4.93 x 107 = 493 x 105 
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The subtraction is done, keeping the common power. 

493 x 105 

9.4 x 105 

483.6 x 105 

Al-3 MULTIPLICATION 

Multiplication of numbers written in scientific notation is accomplished 
using the following rules : 

1. Multiply the number to the left of the power of 10 to obtain 
the numerical part of the product. 

2. Add the powers of ten together to get the resultant power 
of 10. 

Example 1: 

4.3 x 7 .6 = 32.68 

4.3 x 7 .6 = 3268 } - 3 6 6 - 3 68 104 x 102 = 106 - 2. 8 x 10 - .2 x 107 

Example 2: 

1.2 x 9.1 = 10.92 

1.2 X 9.1=1092 }= 1092 102 = 1092 X 10s 
10-4 x 106 = 102 . x . 

Al-4 DIVISION 

The rules for division of numbers written using scientific rotation are 
given below: 

1. Divide the numbers to the left of the power of 10 to obtain 
the numerical portion of the answer. 

2. Subtract the power of 10 of the denominator from the power 
of 10 of the numerator to obtain the power of 10 of the 
answer. 



Example 1: 

9.81 x 107 

4.19 x 103 

9.81 
-=2.34 
4.14 

101 
- = 101 - 3 = 104 

103 

Example 2: 

3.1 x 10-3 

5.6 x 103 

- = .554 
5.6 
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= 2.34 x 104 

~1 ) 
= .554 x 10-6 = 5.54 x 10-1 

10-3 
-- = 10-3 - (S) = 10-6 

10s 
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Use of Graphs 

Throughout the text lessons, much of the information presented is in the 
form of graphs. Graphs are a way of presenting much information in a 
small space, without getting into the complicated mathematics often in­
volved. A typical graph is shown in Figure AII-1. 

This graph has time in minutes along the horizontal axis and 
distance in miles along the vertical axis. If a car is traveling at 60 miles 
per hour (or 1 mile per minute), the line represents the distance 
traveled for any elapsed time. To determine the distance covered in 30 
minutes, find 30 minutes on the horizontal axis, and follow a path 
straight upward until it intersects the line. Then follow a path straight 
across to the vertical axis. The point of intersection should be at 30 
miles along this axis. In a similar fashion, the distance traveled for any 
time up to 100 minutes can be found using this graph. The information 
provided by Figure AII-1 can be easily obtained by multiplying the 
time elapsed by one mile per minute to obtain the total distance traveled. 
But if a constant speed is not used, a graph such as that shown in 
Figure AII-2 would result. At the end of 100 minutes, 100 miles have 
been covered, but at times between 0 and 100 minutes, a set relation­
ship between the time elapsed and the distance traveled is not easily 
obtained. This graph provides a method of determining the relationship 
between the time elapsed and the distance traveled without requiring 
the use of complicated mathematics. 

There are three types of graphs that we will be concerned with 
in these lessons. These three types of graphs have different types of co­
ordinate scales along each axis. The first type of graph has the variables 
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Figure All·l Graph of the distance traveled by a car vs. time for a constant 
velocity. 
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Figure All-2 Graph of the distance traveled by a car vs. time for a varying 
velocity. 
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Figure All-3 Film thickness as a function of application spin speed. 

displayed in a linear fashion along each axis as in Figure AII-1 and 
AII-2. Another graph of this type is shown in Figure Ail-3. This figure 
shows the film thickness that results when a material is applied to a 
wafer using a spinning technique. Both axes have linearly increasing 
variables, usually starting with zero. 

The second type of graph has the variable along one axis dis­
played using a logarithmic scale as shown in Figure AII-4. The hori­
zontal scale is linear, but the vertical scale increases by a factor of 10 
between every major line. Use of a loganthmic scale allows information 
with a large numerical range to be displayed. An expanded portion of 
the logarithmic side is shown in Figure AII-5. In Figure AII-4, the 
numbers between 1017 and 1018 are numbered 2,3, etc. The line at 2 
corresponds to 2 x 1017• The next line corresponds to 3 x 1017, and so 
on until we reach 9 x 1017• The line above 9 x 1017 is 10 x 1017 which 
equals 1 x 1018• It is marked on the graph. In a similar fashion, the 
line marked 2 above the 1 x 1018 line is 2 x 1018• This type of graph 
is often called a semi-log graph. 

Information relating two variables that both have wide ranges 
can be displayed using a logarithmic scale along each axis. Such a graph 
is called a log-log graph, and an example of one is shown in Figure 
8-1. 
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Figure All-4 Solid solubility of elements in silicon as a function of temperature 

8 

6 

5 
4 

3 

2 

10 

8 

6 

5 
4 

3 

2 

-
1--- - - . -- ·-
1-- ---
!:== '-·' -i== 

~ - ~ 
I= I= I= != 

*"= ~ *"= 
§!='_ - g -
J=I-· 
F t= I= 
i=-- i-= I= f--

F= f= 
I= cct'- ::-i=: 
I= r:--~ -~ 
F= f~ 

1--: E== •§ 
I= 1---~··· - t::-::1 I=::- ~=-t:=1 
1-- 1::....i 
1--I- -+-H 

Figure All-5 Extended section of the logarithmic scale. 



APPENDIX 111 

Units 

The semiconductor industry is presently undergoing a transition from 
the use of English units (inches, feet, mils) to the use of metri<A units 
(millimeters, angstroms, centimeters). The set of units encountered is a 
function of the area of the company a person works in. In many semi­
conductor fabrication areas, the surface measurements such as die size 
and device dimensions are measured in mils, while the junction depths 
and epitaxial layer thicknesses are measured in angstroms or microns. 
The ability to rapidly convert from one system of units to another is a 
necessity. Table AIIl-1 is designed to assist in the conversion from one 
set of units to another. To accomplish conversion, find the first set of 
units on the left side and the second set of units along the top. The 
number at the intersection of the row and column is the conversion 
factor. 

Example 1: Convert 2.3 mils to microns. 

Solution: Following the rule from above, the number at the 
intersection of the "mil" row and the "micron" column is 25.4 

microns 
2.3 mils x 25.4 --- = 58.4 microns 

mil 

Example 2: Convert 32 microinches to angstroms 

Solution: The number at the intersection of the microinch row 
and the angstrom column is 2.54 x 102• So 

(32) (2.54 x 102 ) = 8128 A= .8128 microns. 
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TABLE AIII-1: Length Units Used in Semiconductor Technology 

TO GET 

FROM a j <.l § ..... 

~ ~ ~ ~ ~ £-.. .... 
i:.i 

..... c ..... 25 ~ ~ ~ ~ ~ '-" c c 
MULTIPLY ~ ~ .... ::::i ~ 

":> 

:::l ~ :::l "' BY 25 ~ ~ ~ 
~ \..,) ::?J ~ 

INCH(") 1 103 106 2.54 25.4 2.54 x 104 2.54 X 10s 

MIL 10-3 1 103 2.54 X 10-3 2.54 X 10-2 25.4 2.54 x 105 

MICRO/NCH 10-0 10-3 1 2.54 x 10-0 2.54 x 10-5 2.54 x 10-2 2.54 x 102 

CENTIMETER (cm) 0.3937 3.937 x 102 3.937 x 105 1 10 104 108 

MILLIMETER (mm) 3.937 x 10-2 39.37 3.937 x 104 0.1 1 103 107 

MICRON (p) 3.937 x 10-5 3.937 x 10-2 39.37 lQ-4 10-a 1 104 

ANGSTROM (A) 3.937 X 10-e 3.937 X 10-6 3.937 X 10-a 10-s 10-1 lQ-4 1 -QI -





APPENDIX IV 

Glossary 

A-30: A commercial formulation of 
chemicals used to remove photo­
resist from wafers following an etch­
ing step. A-30 may be used with 
many metals. 
Acetic acid (CH3COOH): A weak 
acid often used in conjunction with 
a strong acid in cleaning and etching 
solutions. 
Alloy: In semiconductor processing, 
the alloy step causes the interdiffu­
sion of the semiconductor and the 
material on top of it, forming an 
ohmic contact between them. 
Aluminum: The metal most often 
used in semiconductor technology to 
form the interconnects between de­
vices on a chip. It is usually depos­
ited by evaporation. 
Ammonia (NH3): A gas often used 
to react with silicon to form silicon 
nitride. 
Ammonium fluoride (NH4F): A 
chemical often used with hydro­
fluoric acid as a buffering agent to 
form etches for silicon dioxide. 

Angle lap: A method for magnifying 
the depth of a junction by cutting 
(lapping) through it at an angle 
away from the perpendicular. 
Angstrom: A unit of length. An 
angstrom is one ten-thousandth of a 
micron (1 Q-4 microns). 
Anneal: A high-temperature proces­
sing step (usually the last one) de­
signed to minimize surface effects in 
devices by relieving stress or anneal­
ing the wafers. 
Antimony (Sb): A Group V element 
that is an n-type dopant in silicon. 
It is often used as the dopant for the 
buried layer. 
Arsenic (As): An n-type dopant often 
used for the buried layer predeposi­
tion. 
Arsine (AsH3): A gas that is often 
used as a source of arsenic for dop­
ing silicon. 
Aqua regia: A mixture of nitric and 
hydrochloric acids often used to 
clean silicon wafers. 
B: See boron. 
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Base: 1. The control portion of an 
npn or a pnp transistor. 2. The 
p-type diffusion done using boron 
that forms the base of npn transis­
tors, the emitter and collector of 
lateral pnp transistors, and resistors. 
BCl3: See boron trichloride. 
Boat: 1. Pieces of quartz joined 
together to form a supporting struc­
ture for wafers during high-tempera­
ture processing steps. 2. A Teflon 
or plastic assemblage used to hold 
wafers during wet processing steps. 
Boat puller: A mechanical arrange­
ment to push a boat loaded with 
wafers into a furnace and/ or with­
draw it at a fixed speed. 
Bonding pad: The relatively large, 
circular, rectangular, or square areas 
of metallization that are probed or 
attached to when access to devices 
or circuits is desired. 
Boron: The p-type dopant commonly 
used for the isolation and base dif­
fusion in standard bipolar integrated 
circuit processing. 
Boron trichloride (BC13 ): A gas 
that is often used as a source of 
boron for doping silicon. 
Buffer: An additive that prevents the 
rapid change of the chemical activity 
of an acid or a base solution by 
keeping the number of ions capable 
of reacting essentially constant even 
as the solution is used. 
Bump technology: A method of 
forming raised regions of metal over 
bonding pads to allow the simul­
taneous bonding .of the "bumps" to 
a sul>strate or a package. 
Buried layer: The n + diffusion in 
the p-type substrate done just prior 
to growing the epitaxial layer. The 
buried layer provides a low-resis­
tance path for current flowing in a 

device. Common buried-layer dop­
ants are antimony and arsenic. 
Capacitance: A measure of the 
amount of charge (DC) which a 
device can store in the dielectric be­
tween two conductors when a given 
voltage is applied. Capacitance is 
measured in farads. 
Channel: A thin region of a semi­
conductor that supports conduction. 
A channel may occur at a surface or 
in the bulk. They may indicate con­
tamination problems or incomplete 
isolation, if not wanted, but are es­
sential for the operation of MOS­
FET's and SIGFET's. 
Chip: One of the individual circuits 
on a wafer. 
Chrome (Cr) : A metal often used 
to fabricate masks. Chrome does 
not wear out as fast as emulsion, so 
chrome masks last longer. 
Contact: The regions of exposed sili­
con that are covered during the 
metallization process to provide elec­
trical access to the devices. 
Contamination: A general term used 
to describe unwanted material that 
adversely affects the physical or 
electrical characteristics of a semi­
conductor wafer. 
Cross section: A magnified display 
of the structure of a device. Dif­
fused junctions, metallization, and 
oxide layers are often shown in this 
manner. 
Current: A measure of the number 
of charged particles passing a given 
point per unit time. 
Curve tracer: A piece of electrical 
test equipment that displays th~ 

characteristics of a device visually 
on a screen. 
Develop: A photoresist process, this 
step removes the photoresist from 



areas not defined by the mask and 
exposure step. 
Diborane (B2H6 ): A gas that is 
often used as a source of boron for 
doping silicon. 
Die: See chip. 
Dielectric: A material that conducts 
no current when it has a voltage 
across it. Two dielectrics encoun­
tered in semiconductor processing 
are silicon dioxide and silicon ni­
tride. 
Diffusion: A process used in the pro­
duction of semiconductors which 
introduces minute amounts of im­
purities into a substrate material 
such as silicon or germanium and 
permits the impurity to spread into 
the substrate. The process is very 
dependent on temperature and 
time. 
Diode: A two-terminal device that 
allows current to flow in one direc­
tion but not in the other. A diode is 
present at the intersection of a 
p-type and an n-type region of a 
semiconductor. 
Dopant: An element that alters the 
conductivity of a semiconductor by 
contributing either a hole or an elec­
tron to the conduction process. For 
silicon, the dopants are found in 
Group III and Group V. 
Dry oxide: Thermal silicon dioxide 
grown using oxygen. 
E-beam: See Electron beam. 
Electron: A charged particle revolv­
ing around the nucleus of an atom. 
It can form bonds with other atoms 
or be lost, making the atom an ion. 
Electron beam: A type of evapora­
tion that uses the energy of a fo­
cused electron beam to provide the 
required hear. 
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Emit!er: 1. The region of a transistor 
that serves as the source or input 
end for carriers. 2. The n-type dif­
fusion usually done using phospho­
rous that forms the emitter of npn 
transistors, the base contact of pnp 
transistors, the n + contact of npn 
transistors, and low-value resistors. 
Emulsion: The opaque portion of a 
mask made using light-sensitive sil­
ver compounds. 
Epi: See epitaxial. 
Epitaxial: Greek for "arranged 
upon." The growth of a single crys­
tal semiconductor film upon a single 
crystal substrate. The n-type layer 
of silicon deposited on the substrate 
and buried layer is epitaxial silicon. 
Etch: A process for removing ma­
terial in a specified area through a 
chemical reaction. 
Evaporation: A process step that 
uses heat to evaporate a material 
from a source and deposit it on 
wafers. Both electron-beam and fila­
ment evaporation are common in 
semiconductor processing. 
Filament: A coiled piece of wire 
that is loaded with a material to be 
evaporated and heated by passing 
current through it. 
Four-point probe: A piece of elec­
trical equipment used to determine 
the sheet resistivity of a predeposi­
tion or a diffusion. 
Furnace: A piece of equipment con­
tair.ing a resistance-heated element 
and a temperature controller. It is 
used to maintain a region of constant 
temperature with a controlled atmo­
sphere for the processing of semi­
conductor devices. 
Getter: A process by which un­
wanted impurities are segregated out 
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of a material such as silicon or sili­
con dioxide. 
H 2: See hydrogen. 
HCI: See hydrochloric acid. 
HF: See hydrofluoric acid. 
HN03: See nitric acid. 
Hole: The concept used to describe 
the movement of the "absence of an 
electron" through the crystal struc­
ture of a semiconductor. 
Hydrochloric acid (HCl): A strong 
acid often used to clean silicon. 
Hydrofluoric acid (HF) : A strong 
acid used to etch silicon dioxide. It 
is often diluted or buffered before it 
is used. 
Hydrogen (H2): A gas used in semi­
conductor processing primarily as a 
carrier gas for high-temperature re­
action steps like epitaxial silicon 
growth. 
Hydrogen peroxide (H20 2 ) : A 
chemical that is a strong oxidizing 
agent. It is often used with sulfuric 
acid to remove photoresist. 
Ion: An atom that has either gained 
or lost electrons, making it a 
charged particle (either positive or 
negative). 
Iron oxide (Fe20 3): A material 
used in making long-lasting masks. 
It has the added advantage of allow­
ing some visible light through, re­
sulting in a see-through mask. 
Isolation mask: The second mask in 
standard bipolar integrated circuit 
fabrication. Boron is diffused into 
silicon in regions etched during the 
isolation photoresist process and 
electrically separates or isolates re­
gions of silicon. 
Isopropyl alcohol: A solvent often 
used in semiconductor processing 
for final rinsing and drying. 
J-100: A commercial formulation of 
chemicals used to remove photo-

resist from wafers following an etch­
ing step. J-100 may be used with 
many metals. 
Junction: The place at which the 
conductivity type of a material 
changes from p-type to n-type or 
vice versa. 
Kit part: A device or a group of de­
vices made electrically accessible by 
a separate metal mask stepped into 
the standard array of circuit metalli­
zation. 
Leaky: A much-used term implying 
the presence of an unwanted current 
when a voltage is applied between 
two points. 
Mask: A glass plate covered with an 
array of patterns used in the photo­
masking process. Each pattern con­
sists of opaque or clear areas that 
respectively prevent or allow light 
through. The masks are aligned with 
existing patterns on silicon wafers 
and used to expose photoresist prior 
to etching either silicon dioxide or 
a metal. Masks may be emulsion, 
chrome, iron oxide, silicon, or a 
number of other materials. 
Metallization: The layer of high­
conductivity material (a metal) used 
to interconnect devices on a chip. 
Aluminum is most often used with 
silicon. 
Methanol: See methyl alcohol. 
Methyl alcohol: A solvent often used 
in semiconductor processing for re­
moving other solvents, as a wetting 
agent, or as a final rinse. 
Micron: A unit of length. 1 micron 
(µ,) is one-millionth of a meter 
(10- 6 meters). 
Monolithic: Refers to the single sili­
con substrate in which an integrated 
circuit is constructed. 
MOSFET (Metal Oxide Silicon 
Field-Effect Transistor): A device 



that works by inducing a conductive 
channel in silicon using a metal gate 
over a layer of oxide. 
N2: See nitrogen. 
Negative resist: Photoresist that re­
mains in areas that were not pro­
tected from exposure by the opaque 
regions of a mask while being re­
moved in regions that were protected 
by the develop cycle. A negative 
image of the mask remains follow­
ing the develop process. Waycoat 
and microneg are two common 
negative resists. 
Nitric acid (HN03 ): A strong acid 
often used to clean silicon wafers or 
etch metals. 
Nitride: See silicon nitride. 
Nitrogen (N2): A gas that seldom 
reacts with other materials. It is 
often used as a carrier gas for chemi­
cals in semiconductor processing. 
npn transistor: A transistor with an 
emitter and collector of n-type sili­
con and a base of p-type silicon. 
n-type: A dopant belonging to the 
Group V elements. In silicon, the 
dopants fifth outer electron is free 
to conduct current. 
0 2: See oxygen. 
Ohm ( !l) : The unit used to express 
resistance. One ohm is the resistance 
against which one volt will cause a 
current of one amp to flow. 
Ohmic: A term used to denote a 
linear relationship between the volt­
age across a region and the current 
through it. An ohmic contact has 
this linear relationship, but hopefully 
the resistance is low. 
1,1,1-Trichloroethane: A solvent 
which replaces regular trichloro­
ethylene. 
Operational amplifier (abbreviated 
op amp) : The basic building block 
of linear circuits. The 709 and the 
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741 are operational amplifiers pro­
duced in large quantities for use in 
equipment like analog computers. 
Oxide: See silicon dioxide. 
Oxygen (02 ): A gas used in semi­
conductors to oxidize silicon, to 
form vapor-deposited oxide, and for 
other processing steps. 
Passivation: A layer of a material 
put over an integrated circuit to 
stabilize the surface of its devices. 
Silicon dioxide or silicon nitride are 
often used for passivation. 
Phosphine (PH3): A gas that is 
often used as a source of phospho­
rus for doping silicon. 
Phosphorus: The n-type dopant com­
monly used for the sinker and emit­
ter diffusions in standard bipolar 
integrated circuit technology. 
Phosphorus oxychloride (POC 13 ) : A 
liquid that is often used as a source 
of phosphorus for doping silicon. 
Photoresist: The light-sensitive film 
spun onto wafers and "exposed" us­
ing high-intensity light through a 
mask. The "exposed" photoresist can 
be dissolved off of the wafer using 
developers leaving a pattern of 
photoresist which allows etching to 
take place in some areas while pre­
venting it in others. 
Plating: The electrochemical process 
used to deposit a metal on a desired 
object by placing the object at one 
electrical polarity and passing a cur­
rent through a chemical solution to 
another electrode. The metal is 
plated from either the solution or the 
other electrode. 
pnp resistor: A transistor with an 
emitter and collector of p-type sili­
con and a base of n-type silicon. 
POCI3: See phosphorus oxychloride. 
Positive resist: Photoresist that is re­
moved in areas that were not pro-
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tected from exposure by the opaque 
regions of a mask while remaining 
in regions that were protected by the 
develop cycle. A positive image of 
the mask remains following the de­
velop process. AZ-1350 is a common 
positive resist. 
Poly: See polycrystalline silicon. 
Polycrystalline silicon: Silicon com­
posed of many (poly) crystals. Raw 
silicon comes in ingots of poly prior 
to crystal growth. Poly may be de­
posited epitaxially (either acciden­
tally or on purpose) by depositing it 
too fast, at too low a temperature, 
or by depositing on a layer of sili­
con dioxide. 
Predeposition (often called predep) : 
The process step during which a 
controlled amount of a dopant is 
introduced into the crystal structure 
of a semiconductor. 
p-type: A dopant belonging to the 
Group III-A elements. In silicon, the 
absence of a fourth outer electron 
manifests itself as conduction by a 
positively charged particle called a 
hole. 
PVX (a shortened name for phospho­
rus-doped vapor-deposited oxide) : 
a chemically deposited layer of 
phosphorous-rich silicon dioxide. 
PYX can be used for scratch protec­
tion, but is often used with a layer 
of vapox. 
Quartz: Another name for silicon 
dioxide. Because of its temperature­
resistant properties, quartz is used 
in many processing steps in inte­
grated circuit fabrication. 
Radio frequency: The energy me­
dium used to heat the susceptor in 
most epitaxial reactors. Radio fre­
quency means that the energy is 

transferred at a frequency near the 
normal radio transmitting band. 
Reactor: A piece of equipment used 
for the deposition of a layer of ma­
terial used in semiconductor proces­
sing. Common types of reactors are 
epitaxial reactors, vapor reactors, 
and nitride reactors. 
Resistance: A measure of the diffi­
culty in moving electrical current 
through a material when voltage is 
applied. Resistance is designated by 
the symbol R, and is measured in 
ohms. 
RF: See radio frequency. 
Sheet resistivity: A measurement 
with dimensions of ohms per square 
that tells the number of n-type or 
p-type donor atoms in a semicon­
ductor. 
SIGFET (Silicon Gate Field Effect 
Transistor) : A device similar to a 
MOSFET but with a gate of doped 
polycrystalline silicon instead of 
metal. 
Silane (SiH4 ) : A gas that readily de­
composes into silicon and hydrogen. 
It is often used to deposit epitaxial 
silicon, and reacts with ammonia to 
form silicon nitride or oxygen to 
form silicon dioxide. 
Silicon (Si): The Group IV element 
used for fabricating diodes, transis­
tors, and integrated circuits. 
Silicon dioxide (Si02 ): A passivat­
ing layer that can be thermally 
grown or deposited on silicon wafers. 
Thermal silicon dioxide is commonly 
grown using either oxygen (02 ) or 
water vapor (H20) at temperatures 
above 900°C. 
Silicon nitride (Si3N 4 ): A passivat­
ing layer chemically deposited on 
wafers at temperatures between 



600°C and 900°C. It protects de­
vices against contamination once it 
is applied. 
Silicon tetrachloride (SiC14): A gas 
that reacts with hydrogen producing 
silicon and hydrogen chloride gas. 
It is often used to deposit epitaxial 
silicon. 
Sinker: An n + diffusion from the 
surface of a device to the buried 
layer. The sinker provides a low­
resistance path from the collector 
contact to the buried layer. Phos­
phorous is the dopant commonly 
used for sinkers. 
Si3N4: See silicon nitride. 
Slug: See buried layer. 
Sputtering: A method of depositing 
a film of material on a desired ob­
ject. A target of the desired material 
is bombarded with RF-excited ions 
which knock atoms from the target 
and deposit them on the object to 
be coated. 
Steam oxide: Thermal silicon dioxide 
grown by bubbling a gas (usually 
oxygen or nitrogen) through water 
at 95°-98°C. 
Subcollector: See buried layer. 
Sulfuric acid (H2S04): A strong 
acid often used to clean silicon 
wafers and to remove photoresist. 
Susceptor: The flat slab of material 
(usually graphite) on which wafers 
are heated during high-temperature 
deposition processes like epitaxial 
growth or nitride deposition. 
TCE: See trichloroethylene. 
Thermal oxide: A layer of silicon 
dioxide grown in a furnace. 
Thermocouple: A device to measure 
the temperature in a furnace or a 
reactor. It is made by welding two 
wires together at a point. Heat gen-

Glossary 189 

erates a voltage between the two 
materials that is proportional to the 
temperature. 
Transistor: A three-terminal electri­
cal device fabricated in silicon hav­
ing three distinct regions: 

a. emitter-the carriers originate 
here. 

b. base-the control region 
c. collector--carriers leave the 

transistors here 
Transistors may be either pnp or 
npn devices. 
Trichloroethylene: A solvent often 
used in semiconductor processing to 
remove grease or wax from wafers, 
boats, glassware, or other articles. 
Its use has been discontinued in 
many areas because of environ­
mental considerations. 
Tube: 1. See furnace. 2. A cylin­
drical piece of quartz with fittings 
on one or both ends. It is placed in 
a furnace to provide a contamina­
tion-free and controlled atmosphere. 
Vapox (a shortened name for vapor 
deposited oxide) : A chemically de­
posited layer of silicon dioxide. It is 
usually deposited at temperatures be­
tween 350°C and 500°C, and is of­
ten used for scratch protection. 
Voltage: The force applied between 
two points to try to cause charged 
particles (and hence current) to 
flow. 
Wafer: A usually round, thin slice 
of a semiconductor material. Often 
used when referring to a wafer of 
silicon. 
Wafer sort: The step at which inte­
grated circuits are tested to see 
whether or not they work. Probes 
contact the pads of the circuit and 
they are measured by putting in an 
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electrical signal and seeing if the 
correct one comes out. 
Wet oxide: Thermal silicon dioxide 
grown by bubbling a gas (usually 
oxygen or nitrogen) through water 

J 

at some temperature between 0°C 
and 100°c. 
Xylene: A solvent often used in semi­
conductor processing to remove un­
exposed photoresist. 
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Solutions 

AV·l SEMICONDUCTOR PHYSICS I 

1. Since only phosphorus atoms have been added and they are donors, 

Nn = 1015/cm3 and NA= 0 

All of the donors ionize, with each donor producing one conduction 
electron. Therefore 

n = 1015/cm3 

We can solve for p, since n = p = n.2 and ni2 = 2 x 1020 /cm6 

n.2 

p = = ----/cm3 = 2 x 105/cm3 
1Ql5 

2 x 1020 

n 

Figure 1-7 can be used to determine the resistivity. 

p=50-cm 

2. Since only boron has been added to the silicon, and it is an acceptor 
atom, 

NA= 2 x 1016/cm3 and Nn = 0 

191 
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Every acceptor atom produces one hole, sop = NA = 2 X 1016 /ems. 
We can solve for n since n • p = ni2• 

ni2 2 x 1020 /cm6 

n =- = ----- = 1 x 104/cm3 

p 2 x 1016/cm3 

Figure 1-7 can be used to determine the resistivity. 

p=l.0.-cm 

3. Since arsenic atoms are donors, ND= 3 x 1017 atoms/cm3 • Like­
wise, boron atoms are acceptors, so NA= 5 X 1017 atoms/cm3 • 

Since donors and acceptors cancel each other out, 3 x 1017 /ems of 
the acceptor atoms cancel the effect of 3 x 1017/cm3 donor atoms. 
This leaves only 2 x 1017 acceptor atoms free to give holes. There­
fore, p =NA - ND= 2 x 1017/cm3 • Since 

n,2 2 x 102° /cm6 

n • p = ni2, n = - = = 1 x 103/cm3 

p 2 x 1017/cm3 

4. From the text, 

V 5 x 10-3 Volts 
R. = 4.5 - = ( 4.5) ------

1 4.5 x 10-3 Amps 

Volts 
R. = 5 -- = 5 ohms 

Amps 

5. The equation for the resistance of a bar of material is 

pL 100 microns 
R = = (2 .0.-cm) --------

Width x Height ( 5 microns) ( 2 microns) 

2 .0.-ctn 100 
R = (--) = 20 .0.-cm/microns 

micron 10 

R = 200,000 ohms 

6. Since only boron atoms have been added, and they are acceptors, 

NA= 5 x l016/cm3 and Nn = 0 

I 
i' 
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All of the acceptors are ionized, thus 

p = 5 x 1016/cm3 

Now, we can solve for the electron concentration since n • p = ni2• 

n12 5.9 x l026/cm6 

n = - = = 1.18 x 1010/cm3 

p 5 x 1016/cm3 

7. Since the intrinsic carrier concentration increases exponentially at 
the rate of 6% per °K, we have that 

ni = e·0MT • 2.43 x 1013/cm3 

Now for the minority carrier concentration to be 2% of the ma­
jority concentration we may write 

Np _ _ nf _ (e·oMT)2(2.43 x 101s)2 
- - .02 - - - -------
Pp Pp2 (5 x 101s)2 

Solving for L. T yields 

LT= 94.6° 

And 

T = 394.6°K 

8. Since the hole and electron concentrations are known, the intrinsic 
carrier concentration is thus 

ni = (n. p)1;2 = (1 x 1Q15/cm3. 4 x 10rn;cma)1/2 
= 2 x 109/cm3 

Finally the net impurity concentration is very nearly equal to the 
electron concentration or 

(ND - NA) = 1 x 1015/cm3 

9. By electrical neutrality, 5 x 1016 donors /cm3 must be added to 
the sample. 
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10. From the dimensions of the bar and its resistance, the resistivity 
can be determined from 

pL 
R=-­

H·W 

or 

R·H·W 
p= 

(10 !1) (0.1 cm) (0.1 cm) --------- = 0.1 !1-cm 
L lcm 

Since the bar is n-type, the donor concentration is found from 
Figure 1. 7 to be 

Nn = 5 X 1017 /ems 

AV-2 SEMICONDUCTOR PHYSICS II 

1. Since the bar contains only acceptor atoms, n = N v = 2 x 1015 

I ems. The hole concentration is determined using the equation: 

n,2 2 x 1020 /cm6 

p = - = = 1 X 105/cms 
n 2 x 1015 /ems 

The formula for conductivity is: 

But, since n » p, o- 2" qf.4,n and 

1 1 
- -P---

qµ,.n (1.6 x 10-19 coulombs) f.Ln (2 x 1015/cms) 

cm2 

From Figure 2-5, fLn = 1200 -- . Therefore, 
V-sec. 

1 
p= 

(1.6 x 10-19 ) (1200) 2 x 1015 1 (coulomb) cm2 

volt sec ems 



1 
-------- = 2.6fl-cm 
(l.6)(1.2)(2) x 10-1 
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From Figure 1-7, we have p = 2.6 fl-cm, so the comparison is 
quite good. 

2. In the silicon bar, Nv = 3 x 1018/cm3 and NA= 1 X 1018/cm3 • 

Therefore, 

n = N v - NA = 2 X 1018 I cm3 

2 x 1020 

p = n·2 /n = = 1 X 102/cm3 
• 2 X 1018 

ThetotalimpurityconcentrationCT =NA+ Nv = 4 x 1018/cm3, 

and ./Ln and µ11 can be determined from Figure 2-13 using this 
value for Cp. 

µ,. ~ 170 cm2/V-sec 

µ11 ~ 70 cm2/V-sec 

er= q(f.Lnn + µ 11p) ~ qµ,.n since n » p 

1 1 1 
p=-=--= fl-cm 

er qf.Lnn (1.6 X 10-19 )(170) 2 X 1018 

e. This answer differs from that of Figure 1-7 because of the 
2 x 1018 atoms that have cancelled each other out, but still 
modify the mobility of the carriers. 

3. Given the dimensions and resistivity of the device, we first note 
that for the p-region 

Nv = 1 X 1014/cm3 

NA~ 6 x 1015/cm3 

The total number of impurities in the p-region is just 

N = (NA+ Nv) ·volume= (6.1 x 1015/cm3 ) (0.5 cm)s 

= 7.63 x 1014 impurity atoms 
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4. 
conduction band 
donor levels 

acceptor levels 
valence band 

5. The resulting crystal is not electrically intrinsic since the mobili­
ties of the holes and electrons decrease with increased doping. 

6. a. np = n;2 is valid under equilibrium conditions 
b. p + Nn = n +Na is valid for any region in electrical neutrality. 

7. The net impurity concentration is found from 

Na - Nn = 7 x 1015/cm3 - 3 X 1015/cm3 = 4 X 1015/cm3 

and the material is p-type. 
Thus the hole concentration is 

p = (Na - Nn) = 4 X l015/cm3 

and the electron concentration is determined by 

ni2 (l.45 x 1010/cm3) 2 

n = - = = 5.26 x 104/cm3 

p 4 x 1015/cms 

AV·3 WAFER PREPARATION I 

1. It is easier to separate a gas from a liquid or solid than it is to 
separate just liquids or gases. 

2. a. Silicon dioxide. 
b. The crucible is made of Si02, and some of it melts during the 

crystal growth process. 
3. Silicon dioxide. The silicon dioxide crucible is capable of contain­

ing molten silicon, so it must not be molten. 
4. a. The crystal orientation determines the preferred direction of wafer 

breakage. 
b. The break planes of the wafer are denoted by the flat ground on 

one edge of the wafer. 
5. Polysilicon is silicon in which the atoms are not in an ordered 

crystal structure. 
6. The inert atmosphere of argon gas during crystal growth prevents 

oxidation of the silicon. 
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7. A seed crystal is necessary to initiate the growth of the ingot 
with the correct crystal orientation. 

8. The two variables which control the diameter of the silicon rod 
are pull-rate and temperature. 

AV-4 WAFER PREPARATION II 

1 
1. a. x index = - = 2 

~ 

1 
y index= - = 1 

1 

1 
zindex = - = 0 

00 

b. We have a <210> plane. 
2. A value of k = 1 means that the concentration of dopant in the 

solid equals the concentration of dopant in the liquid. 
3. The dopant with k closest to 1 will produce the flattest impurity 

profile. From the table, this impurity is boron. 
4. The two most common orientations are ( 111 ) and ( 100) 
5. Slip and dislocation. 

AV-5 EPITAXIAL GROWTH I 

1. 

2. 
3. 

4. a. 

b. 

5. 

6. 

7. 

8. 

No. As long as the crystal structure of the substrate is continued 
through the deposited layer, it is an epitaxial layer. 
A misalignment of 35° will produce a maximum deposition rate. 
From Figure 5-7, we see that above 4% HCl, a pitted surface 
will result. 
From Figure 5-9, the maximum growth rate occurs when the 
mole fraction of SiC14 is .1. 
Silicon deposited using these growth conditions has poor crystal 
structure. 
For epitaxial deposition to take place, nucleation sites and empty 
lattice sites must be available. 
Nucleation sites are created by first slicing the wafers 3 to 7 
degrees off-axis and then etching the wafers to expose the sites. 
Low deposition rates and poor quality crystal structure are the 
disadvantages of vacuum deposition. 
Hydrogen reduction of silicon tetrachloride 
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SiCl4 + 2H2 __,, Si + 4HC1 

and pyrolysis of silane 

9. Using silane at 1,050°C for 5 minutes yields an epitaxial layer of 
100 microns from figure 5-10 

AV-6 EPITAXY II 

1. a. 

b. 

2. 

3. a. 
b. 
c. 

4. 

s. 

6. 

Induction heating or RF-the RF energy is coupled directly into 
a carbon susceptor, which heats the wafers that are lying on it. 
U.V.-ultraviolet radiation from special bulbs heats the susceptor 
by being directly absorbed. 
The reacting species react less rapidly on a cold wall than on the 
hot susceptor, which means that there is less build-up on the wall. 
Thickness 
Impurity concentration 
Crystal quality 

n>.. (8) .3µ 
d= - = = 1.2µ 

2 2 
Epitaxial layer thickness can be determined by groove and stain 
or etch pit depth (see sec. 6-2) . 
For etch pits 1.838 µm on a side, the thickness of the epi layer is 
1.5 µ,m. 

AV-7 OXIDATION I 

1. Quartz, a form of Si02. 
2. Oxygen and water vapor. 
3. The reaction occurs at the Si-Si02 interface. 
4. a. Bubbler system 

b. Flash system 
c. Burnt hydrogen system 

S. The nitrogen is used to reduce the volume of oxygen used during 
the dry 02 cycle. 

6. 98°C typically. 
7. Explosion. 
8. Greater than 

2 micron x 900 v/micron = 1800 v. 
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9. Injection of a small amount of chlorine bearing compounds will 
trap normally mobile sodium and increase the dielectric quality 
of the Si02 layer. 

AV-8 OXIDATION II 

1. a. Using Figure 8-1, the oxide thickness is .2µ, or 2000 A. 
b. Using Figure 8-2, the oxide thickness is .15µ, or 1500 A. 

2. No. The oxidizing species must diffuse through a layer of Si02 

before it can react. If the oxide growth curve is in the transport­
limited region, doubling the time does not result in a doubling of 
the thickness of the Si02 layer. 

3. a. Since we are beginning with a bare silicon wafer, we can use 
Figure 8-1 directly. We find a value of .3µ, or 3,000 A. 

b. Using 3,000 A as a starting point on Figure 8-2, we find that we 
have grown the equivalent of 9 minutes (at 1200°C in 97°C H2). 
We add another 6 minutes, bringing the total time to 15 minutes. 
Figure 8-2 shows a total oxide thickness of Aµ, or 4000 A. 

c. Using 4000 A as a starting point on Figure 8-2, we find that we 
have grown the equivalent of 24 minutes at 1,100°C in 97°C 
H20. Adding another 12 minutes brings this total up to 36 min­
utes. Figure 8-2 shows a total oxide thickness of .5µ, or 5,000 A. 

4. In anodic oxidation, silicon is the mobile species. 
5. From Figure 8-2, an additional 2 microns will require six more 

hours. 
6. For (100) silicon at l,100°C for 24 minutes in steam, a layer 4 

microns thick will be grown. Now in dry 0 2 at 1000°C, it would 
take 2 hours to grow 4 microns and 3 hours to grow 5 microns. 
The additional micron thus takes 1 hour to grow. 

7. Steam oxidation is faster than dry 0 2 since the water molecule is 
considerably smaller than the 0 2 molecule and thus will diffuse 
more rapidly into more locations. 

8. Transport limited implies that the number of available molecules 
has been limited whereas reaction rate limited implies that the 
temperature is the limiting factor. 

9. Boron tends to be depleted from the silicon during oxidation due 
to its greater solubility in silicon dioxide. 

AV-9 IMPURITY INTRODUCTION AND REDISTRIBUTION I 

1. From Figure 9-2, we see that the solid solubility is approximately 
2 x 1019 atoms/cm3• 
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2. Again using Figure 9-2, we see that this value is approximately 
1.2 x 1017 atoms/cm3 • 

3. Figure 9-8 reveals that gallium has a higher diffusion coefficient. 
4. Using Figure 9-8, we see that this value is 2.5 x 10-12 cm2/sec. 
5. The acceleration energy (in Ke V or thousand electron volts) deter­

mines the depth. 
6. During predeposition the substrate temperature (and hence the 

solid solubility) determines the concentration of dopant at the sur­
face of the wafer. 

7. The predeposition profile is determined by a combination of the 
time and temperature of the predeposition. 

8. An oxide thickness of 0.12 microns will effectively mask a wafer 
against a boron diffusion for 1 hour and l,l00°C. 

9. Seven methods of introducing dopant impurities into a silicon wafer 
are: solid source, liquid source, gaseous source, source wafers, 
chemical vapor deposition of oxide, spinning on doped oxide, and 
ion implantation. 

10. The three variables which determine the junction depth during 
drive-in are the predeposition impurity concentration, the time, and 
the temperature. 

11. The two most frequently used measurements are sheet resistivity 
and junction depth. 

12. The constantly changing concentration profile leads to only an 
average resistivity measurement. 

AV-10 IMPURITY INTRODUCTION AND REDISTRIBUTION II 

1. From Table 10-1 : 
a. 1.49008 x 10-10 
b. 2.06 

2. From Figure 10-3: 
a. The junction will be present at -.3µ,. 
b. The junction will be present at -.13µ,. 

3. From Figure 10-4: 
a. The junction will be present at 1.75µ,. 
b. The junction will be present at .45µ,. 

4. Graph data from problems 2 and 3. 
5. Inversely since the resistivity decreases with increasing (Q). 
6. As time progresses during a predeposition, the (Q) will increase and 

the resistivity will decrease. 
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AV·l 1 PHOTOMASKING 

1. Yes. Positive resist is "light-softened" resist. 
2. a. 5500 rpm 

b . . 8µ, or 8000 A 
3. More viscous. 
4. a. Forced hot air-hot air is circulated through the chamber heat­

ing wafers and carrying away vapor 
b. l.R.-Infrared radiation heats the wafers evaporating excess 

solvents. 
S. Iron oxide and silicon masks are transparent to yellow light while 

being opaque to intense ultraviolet. Chrome masks are very hard 
and resist scratching while emulsion masks minimize light reflection 
within the opaque regions. 

6. Photolithography is the transfer of an image from the mask to a 
wafer through the use of photosensitive photoresist. 

7. Photoresist performance is characterized by adhesion, etch resis­
tance, resolution and photosensitivity. 

8. Priming removes water vapor from the wafer and improves adhe­
sion. 

9. Spinning. 
10. Time and temperature during baking. 
11. Develop check verifies the quality and alignment of the photoresist 

pattern. 
12. Soft bake allows poor quality of incorrectly aligned resist to be 

stripped and reapplied for exposure. Hard bake increases the ad­
herence of the photoresist for the subsequent etch step. 

AV-12 CHEMICAL VAPOR DEPOSITION 

1. Hot-wall reactor-the reaction proceeds on the chamber wall as fast 
or faster than on the substrates. It is heated using thermal resistance 
heating. 

2. a. Polycrystalline silicon 
b. Silicon dioxide 
c. Silicon nitride 

3. Using Figure 12-6, the phosphorus concentration is 7 x 1020 atoms/ 
cm3• 

4. The reaction chamber provides a controlled envelope around the 
reaction zone. 
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5. Reaction chamber 
Gas control section 
Time and sequence section 
Heat source for substrates 
Effluent handling system 

6. Epitaxial growth is the special case of chemical vapor deposition 
during which the grown layer assumes the same crystal orientation as 
the substrate. 

7. 3SiH4 + 4NH3 ~ Si3N4 + 12H2 

AV-13 METALLIZATION 

1. See text 
2. See text 
3. E-beam 
4. Planetary 
5. Aluminum meets most of the requirements indicated on p. 120. 
6. To prevent reaction and electromigration respectively. 
7. The chamber, vacuum pumps and monitor instrumentation. 
8. Four deposition methods are filament, E-Beam, flash and induction 

evaporation. 
9. A typical vacuum deposition cycle includes: 

Wafer clean and dry 
Wafer load 
Rough vacuum 
High vacuum 
Evaporate source 
Deposit 
Stop source 
Backfill 
Unload wafers 

AV-14 DEVICE PROCESSING: FROM ALLOY TO SALE 

1. From Figure 14-3, the two compositions are: 
a. 22% Au, 78% Si 
b. 44% Au, 56% Si 

2. From Figure 14-1, the composition is 11.3 atomic percent alumi­
num and 88. 7 atomic percent silicon. 

3. From Figures 14-1 and 14-3, we see that the aluminum-silicon 
eutectic temperature is higher. 



4. a. Diamond scribing 
b. Laser scribing 
c. Sawing 

5. a. TC bonding 
b. US bonding 
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6. The post alloy probe step provides the designer with an indication 
of process variations. 

7. Backside lapping and backside metal deposition prepare the back­
side of the wafer for die attach and also remove builtup contami­
nation. 

8. Gold has excellent soldering and thermal properties. 
9. Non-functional die are inked during wafer sort. 

10. Typical steps include scratch protection, backside preparation, 
wafer sort, device separation, die-attach, wire bonding, packaging, 
final test, and mark and pack. 

AV-15 DEVICES 

1. Bipolar and MOS technology 
2. Bipolar technology has seven masking steps while MOS technology 

has 5 MOS masking steps. 
3. Shorting any two leads of a transistor together form a diode between 

the two shorted leads and the third lead. 
4. A pinched-base resistor usually has a much higher resistance per 

unit area. 
5. Reduced saturation resistance 
6. The gate oxide isolates the gate material from the channel. 
7. The dielectric capacitor offers higher breakdown voltages and larger 

capacitance values than the junction capacitor. 
8. n-channel and p-channel transistors, resistors and capacitors can be 

fabricated using MOS technology. 
9. NPN transistors, PNP transistors, diodes, resistors and capacitors 

can be fabricated using bipolar technology. 

AV-16 CONTAMINATION CONTROL 

1. Sodium 
2. a. Deionization 

b. Reverse osmosis 
3. a. Solvent clean 

b. The solvents remove organic contaminants such as waxes that 
may not react with the acids. 



204 Appendix V 

4. Ideally, the ceiling of a wafer fabrication area would consist entirely 
of laminar flow hoods. Unfortunately, their expense prohibits their 
use overall, except for the most sensitive processing stations. 

5. Heat in H2S04 to remove organics 
Heat in aqua regia to remove metals 
Dip in dilute HF to clean oxides 
Rinse in H20 to remove acids 
Dry to prepare for next step. 

6. See Figure 16-1 
7. The major differences are the pH adjustment, the filtering and the 

use of reverse osmosis. 
8. Inert plastic piping 
9. Copper tubing for oxygen and nitrogen and stainless steel for others. 

10. See text. 

AV·17 ADVANCED SILICON TECHNOLOGY 

1. Edge-defined film-fed growth of EFG 
2. a. Electron beams 

b. X-ray beams 
3. Silicon oxidizes much more rapidly than silicon nitride. 
4. l2L devices use a common n+ layer as an emitter, so they do not 

have to be isolated. 
5. Lower processing cost per circuit. The size of the ingot. 
6. Between 0.5 and 1.0 microns 
7. Between 2.5 and 5.0 microns. 
8. No mask to wafer contact and no final mask. 
9. See Figures 17.4 and 1 7 .5 

10. Extremely simple structure and thus very few processing steps. 

AV-18 NONSILICON TECHNOLOGY 

1. An LED display requires more power because it actually emits light 
as opposed to just reflecting or transmitting it. 

2. Quartz is a piezoelectric material which means that it vibrates when 
a voltage is applied. 

3. Thin-film hybrid circuits use thin layers of vacuum-deposited ma­
terial while thick-film hybrid circuits are formed by screening a layer 
of paste on a substrate and firing it at an elevated temperature. 



4. Epital growth 
Surface oxidation 
Photolithographic transfer 
High temperature diode diffusion 
Ohmic contact formation 
Interconnect 
Test and pack 
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Index 

Acceptor 7, 8, 13 
Alloy 129 
Aluminum 108, 121 
Angle lap and stain 46 
Anneal 129, 130 
Anodic oxidation 67 
Argon 21 

Base, transistor 139 
Bipolar integrated circuit 33 
Bipolar Technology 138, 164 
Bipolar Transistor 32, 139 
Boat 52, 72 
Buried layer 138 

CCD 164 
CVD 111 
Capacitor 147, 148 
Charge coupled device 164 
Chemical vapor deposition 111 
Conduction band 13 
Conductivity 8 
Crucible, crystal growth 21 
Crystal defects 30 
Crystal growth, Czochralski 21 
Crystal growth, EFG 160 
Crystal growth, float zone 22 

Crystal orientation, 
definition of 26 

Crystal orientation, 
determination of 24 

Czochralski crystal growth 21, 28 

Deposition, epitaxial 32 
Diffusion 69 
Diffusion coefficient 80 
Diode 32, 142 
Distribution coefficient 28 
Donors 7, 8, 13 
Dopant 7, 8, 72 
Drift 17 
Drive-in 70, 93 

EFG crystal growth 160 
Electromigration 121 
Electron 1, 7 
Electron beam evaporation 124 
Electron beam resist exposure 161 
Electron charge 15 
Electron conduction 6 
Emitter, Transistor 139 
Energy bands 13 
Epitaxial deposition 32, 24, 111 
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Epitaxial reactor 44 
Eutectic 130 

Filament evaporation 124 
Flash evaporation 124 
Float zone crystal growth 21, 22 
Four-point probe 9, 10 

Germanium 5 
Gold 132 
Groove and stain 46 

HEPA filter 156 
Hole 6, 7 
Hot probe 17 
Hybrid circuits 169 

IIL 164 
Induction evaporation 124 
Insulator 4, 13 
Integrated circuit, bipolar 32 
Integrated injection logic 164 
ion 1 
ion implantation 80 
Isolation 138 
Isoplaner process 163 

Junction depth 92 

Laminar flow hood 156 
Light emitting diode 32, 167 
Liquid crystal displays 168 

MOS Technology 138, 147 
Magnetic bubble devices 169 
Mask 101 
Mendeleev 2, 4 

Metal 4, 13 
Miller indices 26, 27 
mobility 8 

n-type semiconductor 7 
Neutron 1 
Nucleation sites, epitaxial 34 
Nucleus 1 

Optical integrated circuits 168 
Oxidation of silicon 50, 52, 60 
Oxidation of silicon, 

diffusion limited 64 
Oxidation of silicon, 

reaction rated limited 64 

P-type semiconductor 7 
Periodic Table 2 
Photolithography 104 
Photomasking 101 
Photoresist 104 
Plasma etching 108 
Predeposition 70, 84 
Proton 1 

RF heating 43, 114 
Radio frequency heating 43, 114 
Redistribution, dopant 64 
Resistance, sheet 9 
Resistivity 8, 10, 15, 16 
Resistor 9, 144, 148 

Scribing 133 
Seed crystal 21, 22 
Semiconductor 4, 13 
Silane 38 
Silicon 5 
Silicon dioxide 20, 50, 115, 169 
Silicon nitride 105, 114, 116, 163 



Silicon, polycrystalline 21, 105, 114 
Silicon preparation 20 
Silicon Tetrachloride 37 
Silicon wafer 20 
Sodium 152 
Solid solubility 71, 72 
Sputtering 125 
Susceptor, epitaxial 43 

Thermal compression bonding 135 
Transistor, bipolar 32 
Transistor, MOS 148 
Trichlorosilane 21 
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Ultrasonic bonding 13 5 
Ultraviolet heating 43, 114 

Vacuum deposition 121 
Vacuum deposition techniques 124 
Vacuum gauges 124 
Vacuum pumps 123 
Valence band 13 
Viscosity 104 

X-ray diffraction 24 
X-ray resist exposure 161 
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Digital Signal Processing 
William D. Stanley 

This introductory treatment of digital signal processing incorporates 
material on linear system concepts and filter design. The text was de­
signed for long-term usefulness as a reference and as an instructional aid , 
and concentrates on the theory and developments of algorithms and sig­
nal processing la you ts. 

Integrated Circuits: Theory and Applications 
Charles Wojslaw 

Detailed information on integrated circuits from design to production 
is illustrated with data sheets on specific devices, end-of-chapter ques­
tions, and numerous photographs and drawings . Written by an instruc­
tor of electronics technology and engineering, the text carries the 
reader through the manufacturing steps not usually covered elsewhere. 

Integrated Circuit Fabrication Technology 
Andrew Veronis 

Integrated circuit design for various types of semiconductors is ex­
plained along with the advantages of specific fabrication materials 
when manufacturing such devices as integrated resistors, integrated 
capacitors, and integrated diodes and transistors . Basic design rules and 
mathematical equations guide the reader toward successful and more 
effective circuit design . 

RESTON PUBLISHING COMPANY, INC. 
A Prentice-Hall Company 
Reston , Virginia 0-87909-668-3 


