
RODUCTION TO 
SEMICONDUCTOR MANUFACTURING 

TECHNOLOGY 

Hong Xiao 
AUSTIN COMMUNITY COLLEGE 

Prentice 
Ilall ---

IK 
7g71,gs-
X 53 

;2.00I 

Upper Saddle River, New Jersey 
Columbus, Ohio 

·OHIO UNIVERSITY 
LIBRARY 

Page 1 of 17 TSMC EXHIBIT 1038



To my wife, Liu Huang 
and my son, Jarry Xiao 

Library of Congress Cataloging-in-Publication Data 
Xiao, Hong. 

Introduction to semiconductor manufacturing technology / Hong Xiao. 
p.cm. 

Includes bibliographical references and index. 
ISBN 0-13-022404-9 
1. Semiconductors-Design and construction. 2. Semiconductor industry. I. Title. 

TK7871.85. X53 2001 
621.3815'2-dc21 

Editor in Chief: Stephen Helba 
Assistant Vice President and Publisher: Charles E. Stewart, Jr. 
Production Editor: Alexandrina Benedicto Wolf 
Production Coordination: Lithokraft II 
Design Coordinator: Robin G. Chukes 
Cover Designer: Becky Kulka 
Cover Image: V1Sual Edge Imaging 
Production Manager: Matthew Ottenweller 
Marketing Manager: Barbara Rose 

00-055721 

This book was set in Palatino by Lithokraft II. It was printed and bound by R. R. Donnelley & Sons Company. 
The cover was printed by Phoenix Color Corp. 

Copyright 2001 by Prentice-Hall Inc., Upper Saddle River, New Jersey 07458. All rights reserved. Printed 
in the United States of America. This publication is protected by Copyright and permission should be obtained 
from the publisher prior to any prohibited reproduction, storage in a retrieval system, or transmission in any form 
or by any means, electronic, mechanical, photocopying, recording, or likewise. For information regarding per­
mission(s), write to: Rights and Permissions Department. 

Prentice 
llall -- 10 9 8 7 6 6 4 3 2 

ISBN 0-13-022404-9 

Page 2 of 17



CHAPTER 1 INTRODUCTION 1 
1.1 Brief History 2 
1.2 Brief Overview 10 

Summary 17 
Review Questions 18 
References 18 

CHAPTER 2 INTRODUCTION TO IC FABRICATION 19 
2.1 Introduction 19 
2.2 Yield 20 
2.3 Cleanroom Basics 24 
2.4 Basic Structure of an IC Fab 32 
2.5 Testing and Packaging 43 
2.6 Future Trends 50 

Summary 51 
Review Questions 52 
References 52 

CHAPTER 3 SEMICONDUCTOR BASICS 53 
3.1 What Is a Semiconductor? 53 
3.2 Basic Devices 60 
3.3 IC Chips 73 
3.4 Basic IC Processes 77 
3.5 CMOS 85 
3.6 Technology Trends After 1990 88 

Summary 90 
Review Questions 92 
References 92 

CHAPTER 4 WAFER MANUFACTURING 93 
4.1 Introduction 93 
4.2 Why Silicon? 94 
4.3 Crystal Structure and Defects 95 
4.4 From Sand to Wafer 99 
4.5 Epitaxial Deposition 11 O 

Summary 119 

CONTENTS 

V 

Page 3 of 17



vi CONTENTS 

Review Questions 119 
References 120 

CHAPTER 5 THERMAL PROCESSES 121 
5.1 Introduction 121 
5.2 Thermal Process Hardware 122 
5.3 Oxidation 127 
5.4 Diffusion 150 
5.5 Annealing 157 
5.6 High-Temperature CVD 161 
5.7 Rapid Thermal Process (RTP) System 170 
5.8 Future Trends 176 

Summary 179 
Review Questions 180 
References 180 

CHAPTER 6 PHOTOLITHOGRAPHY 181 
6.1 Introduction 181 
6.2 Photoresist 183 
6.3 Photolithography Process 187 
6.4 Lithography Technology Trends 214 
6.5 Safety 224 

Summary 226 
Review Questions 227 
References 228 

CHAPTER 7 PLASMA BASICS 229 
7.1 Introduction 229 
7.2 Definition of Plasma 229 
7 .3 Collisions in Plasma 232 
7.4 Plasma Parameters 236 
7.5 Ion Bombardment 243 
7.6 DC Bias 244 
7.7 Advantages of Plasma Processes 248 
7.8 PECVD and Plasma Etch Chambers 252 
7.9 Remote Plasma Processes 255 

7.10 High Density Plasma 258 
Summary 261 
Review Questions 262 
References 262 

CHAPTER 8 ION IMPLANTATION 263 
8.1 Introduction 263 
8.2 Ion Implantation Basics 272 
8.3 Ion Implantation Hardware 282 

Page 4 of 17



8.4 Ion Implantation Processes 294 
8.5 Safety 304 
8.6 Technology Trends 306 

Summary 310 
Review Questions 311 
References 312 

CHAPTER 9 ETCH 313 
9.1 Introduction 313 
9.2 Etch Basics 316 
9.3 Wet Etch Process 323 
9.4 Plasma (Dry) Etch 328 
9.5 Plasma Etch Processes 342 
9.6 Process Trends 354 
9.7 Future Trends 356 

Summary 359 
Review Questions 360 
References 360 

CHAPTER 10 CVD AND DIELECTRIC THIN FILM 361 
10.1 Introduction 361 
10.2 Chemical Vapor Deposition (CVD) 363 
10.3 Applications of Dielectric Thin Film 383 
10.4 Dielectric Thin-Film Characteristics 393 
10.5 Dielectric CVD Processes 408 
10.6 Spin-On Glass 423 
10.7 High-Density Plasma CVD 425 
10.8 Dielectric CVD Chamber Clean 429 
10.9 Process Trends and Troubleshooting 433 

10.10 Future Trends 440 
Summary 444 
Review Questions 445 
References 446 

CHAPTER 11 METALLIZATION 447 
11.1 Introduction 447 
11.2 Conducting Thin Films 450 
11 .3 Metal Thin-Film Characteristics 462 
11.4 Metal CVD 471 
11 .5 Physical Vapor Deposition (PVD) 480 
11.6 Copper Metallization 494 
11 .7 Safety 501 

Summary 502 
Review Questions 503 
References 504 

CONTENTS vii 

Page 5 of 17



viii CONTENTS 

CHAPTER 12 CMP (Chemical Mechanical Polishing) 505 
12.1 Introduction 505 
12.2 CMP Hardware 517 
12.3 CMP Slurries 523 
12.4 CMP Basics 528 
12.5 CMP Processes 533 
12.6 Future Trends 542 

Summary 543 
Review Questions 544 
References 544 

CHAPTER 13 PROCESS INTEGRATION 545 
13.1 Introduction 545 
13.2 Wafer Preparation 545 
13.3 Well Formation 547 
13.4 Isolations 551 
13.5 Transistor Making 557 
13.6 Interconnections 566 
13.7 Passivation 575 

Summary 577 
Review Questions 578 
References 578 

CHAPTER 14 CMOS PROCESSES 579 
14.1 Introduction 579 
14.2 CMOS Process Flow of the 1980s 579 
14.3 Advanced CMOS Process Flow (1990s Technology) 583 
14.4 State-of-the-Art CMOS IC Process Flow 601 

Summary 629 
Review Questions 630 
References 630 

CHAPTER 15 SUMMARY AND FUTURE TRENDS 631 

INDEX 635 

Page 6 of 17



272 

Figure 8.6 
Different stopping 
mechanisms. 

CHAPTER 8 

8.2 ION IMPLANTATION BASICS 

8.2.1 Stopping Mechanisms 
When ions bombard and penetrate the silicon substrate, they collide with lat­
tice atoms. The ions gradually lose their energy, and eventually stop inside the 
silicon. There are two stop mechanisms. One is when the implanted ions col­
lide with nuclei of the lattice atoms, are scattered significantly by the collision, 
and transfer energy to the lattice atoms. This is called nuclear stopping. In this 
"hard" collision, lattice atoms can get enough energy to break free from the 
lattice binding energy, which causes crystal structure disorder and damage. 
Another stop mechanism is when incidental ions collide with electrons of the 
lattice atoms. The incident ion path in the electronic collision is almost 
unchanged, energy transfer is very small, and crystal structure damage is neg­
ligible. This "soft" collision is called electronic stopping. The total stopping 
power, which is the energy loss of the ion per unit distance it travels inside the 
substrate, can be expressed as: 

Stoia/= Sn + S e 

Here S
11 

is the nuclear stopping power and S e is the electronic stopping 
power. Figure 8.6 illustrates the stopping mechanisms, and Figure 8.7 shows 
the relationship between stopping power and ion velocity. 

Random Collisions 

0 0 0 0 0 0 0 0 Channeling 

0 0 0 0 0 0 0 0 0 (S = Se) 

0 
Back Scattering (S = Sn) 

~ 

The ion energy of the ion implantation process ranges from ultralow 
energy of 0.5 keV for ultrashallow junction (USJ) to high energy of 1 MeV for 
well implantation, which is located in region I of Figure 8.7. From the far-left 
side of the figure, we can see that the main stopping mechanism is nuclear 
stopping for the low-energy and high-atomic-number ion implantatio_n 
processes. For high-energy, low-atomic-number ion implantation, electroruc 
stopping mechanism is more important. 
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8.2.2 Ion Range 
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~nergetic ions penetrate the target, gradually lose their energy through colli­
sions with the atoms in the substrate, and eventually rest inside the substrate. 
Figure 8.8 shows the trajectory of an ion inside the substrate and the definition 
of the ion projected range. 

Vacuum 
Collision 

Ion Trajectory 

Ion Beam 

Projected Range 

Distance to the Surface 

Generally, the higher the ion energy, the deeper it can penetrate into the 
substrate. However, even with the same implantation energy, ions do not stop 
~x~ctly at the same depth in the substrate, because each ion has different col­
lis1?ns with different atoms. The projected ion range always has a distribution, 
as illustrated in Figure 8.9. 

273 

Figure 8.7 
Different stopping 
mechanisms. 
Source: Redrawn form 
S.A. Cruz, ·on lhe 
Energy Loss of Heavy 
Ions in Amorphous 
Materials" 

Figure 8.8 
Ion trajectory and 
projected range. 
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Figure 8.9 
Distribution of the 
projected ion range. 

Figure 8.10 
Projected range 
of dopant ions in 
silicon. 

CHAPTER 8 

Projected 
Range 

Substrate Surface Depth from the Surface 

Higher-energy ion beams can penetrate deeper into the substrate, and 
therefore have a longer projected ion range. Since smaller ions have smaller 
collision cross sections, smaller ions at the same energy level can penetrate 
deeper into the substrate and the mask materials. Figure 8.10 illustrates the 
projected range at different energy level for boron, phosphorus, arsenic, and 
antimony ions in the silicon substrate. 
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Ion Implantation 

Projected ion range is an important parameter for ion implantation, 
because it indicates the ion energy needed for certain dopant junction depth. 
It also gives information on the required implantation barrier thickness for the 
ion implantation process. Figure 8.11 shows the required thickness of different 
barrier materials for 200-keV dopant ions. We can see that for ion energy of 
200 keV, boron ions require the thickest masking layer. This is because boron 
has the lowest atomic number, smallest size, and longest projection range, so 
it can penetrate more deeply into the materials than any other dopant ions. 
For the low-atomic-number atoms, such as boron, the main stopping mecha­
nism is electronic stopping at high-energy level, whereas nuclear stopping is 
the main stopping mechanism for the high-atomic-number dopant atoms. 
Similarly, the dopant ion with highest atomic number, antimony, has the high­
est stopping power and shortest projection range, therefore requires thinnest 
masking materials. 
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8.2.3 Channeling Effect 
The projected range of an ion in an amorphous material always follows 
Gaussian distribution, also called normal distribution. In single-crystal silicon, 
the lattice atoms have orderly arrangement, and lots of channels can be seen 
at certain angles. If an ion with the right implantation angle enters the chan­
nel, it can travel a long distance with very little energy loss, as illustrated in 
Figure 8.12. This is called channeling effect. 

Figure 8.11 
Required barrier 
thickness for 
200-keV dopant 
ions. 
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Figure 8.12 
Channeling effect. 

Figure 8.13 
Dopant distribution 
with channeling 
effect. 
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Channeling Ion 
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The channeling effect causes some ions to penetrate deeply into the sin­
gle-crystal substrate. This can form a "tail" on the normal dopant distribution 
curve, as shown in Figure 8.13. It is undesired dopant profile, which could 
affect microelectronic device performance. Therefore, several methods have 
been used to minimize this effect. 
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The channeling effect allows an ion to penetrate deeply into single-crystal sil­
icon substrate with relatively low energy. Why don't people try to apply this 
effect to create deep dope junctions without very high ion energy? 
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Ion Implantation 

Answer 

If all ions of the ion beam are perfectly vertically implanted into the substrate, 
the channeling effect might really be applied for the deep junction formation 
with relatively low energy. However, ions always expel each other due to the 
Coulomb force of the same kind of charge, so the ion beam can't be perfectly 
parallel. This means that many ions collide with the wafer surface at a small 
tilt angle and will start to have a lot of nuclear collisions with lattice atoms 
immediately after they penetrate into the substrate. The result is some ions 
channeling deep into the substrate, and many ions stopped, as in the normal 
Gaussian distribution. 

One way to minimize the channeling effect is ion implantation on a tilted 
wafer, typically with a tilt angle of 0 = 7°. By tilting the wafer, the ions impact 
with the wafer at an angle and cannot reach the channel, as shown in Figure 
8.12. The incident ions will have nuclear collisions right away, and effectively 
reduce the channeling effect. Most ion implantation processes use this tech­
nique to minimize the channeling effect, and most wafer holders of ion 
implanters have the capability to adjust tilting angle of the wafer. 

Tilting the wafer could cause a shadowing effect by the photoresist, as 
shown in Figure 8.14, which can be solved by rotating the wafer and/or a 
small amount of dopant diffusion during the postirnplantation annealing. 

Ion Beam After Annealing and Diffusion 

Photoresist 

Substrate Doped Regi n 
Substrate 

Doped Region 

Shadowed Region 

If the tilt angle is too small, sometime the dopant concentration in silicon 
can form a hump distribution due to the channeling effect, as shown in 
Figure 8.15. 

Another widely used method to deal with the channeling problem is 
implantation through a thin layer of screen silicon dioxide. Thermally grown 
silicon dioxide is an amorphous material. The passing implantation ions col­
lide with and scatter silicon and oxygen atoms in the screen layer before they 
enter the single-crystal silicon substrate. Due to collisional scattering, the pitch 
angle of ions to the silicon crystal will distribute in a wider range, thus reduc­
ing the chance of channeling. The screen oxide also can prevent the silicon sub­
strate from contacting and being contaminated by masking photoresist. In 

Figure 8.14 
Shadowing effect 
and diffusion 
treatment. 
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Figure 8.15 
Postcollision chan­
neling effect. 
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some cases, both screen oxide and wafer tilting are used to minimize the chan­
neling effect in ion implantation processes. 

The problem with the screen layer is that some atoms in that layer can get 
high enough energy from the energetic ions to implant into the silicon. This is 
called the recoil effect. For a silicon dioxide screen layer, recoiling oxygen atoms 
can be implanted into the silicon substrate, forming a high-oxygen­
concentration region in the silicon substrate near the silicon-oxide interface, 
which can degrade the carrier mobility and introduce deep-level trap. There­
fore, in some implantation processes, screen oxide can't be used. In some cases, 
post-implantation oxidation and sacrificial oxide strip is needed to remove the 
oxygen-rich silicon layer. During the oxidation process, implantation-caused 
crystal damage can be annealed, and the oxide layer grows into the silicon 
substrate to consume the oxygen-rich region. Oxide stripping can remove 
the surface defect and the high-oxygen-concentration layer. However, for 
ultrashallow junction (USJ) implantation, this technique is inapplicable, since 
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Ion Implantation 

oxidation can cause too much dopant diffusion and consumes the shallow sil­
icon junction from the substrate. 

High-current silicon or germanium ion implantation can heavily damage 
the single-crystal lattice structure and create an amorphous layer near the 
wafer surface. Si or Ge amorphous implantation process can completely elim­
inate the channeling effect because, in an amorphous substrate, the dopant 
junction profile formed by ion implantation always follows Gaussian distrib­
ution, which is predictable, repeatable, and controllable. The trade-off for the 
preamorphous implantation solution is that it increases the production cost by 
adding an extra ion implantation step. 

8.2.4 Damage and Annealing 
In an ion implantation process, ions gradually lose their energy by colliding 
with lattice atoms, transferring their energy to these atoms in the process. The 
transferred energy is high enough for these atoms to break free from the lat­
tice-binding energy, typically about 25 eV. These freed atoms also collide with 
other lattice atoms while traveling inside the substrate, and knock them free 
from the lattice by transferring enough energy to them. These processes con­
tinue until none of the freed atoms have enough energy to free other lattice 
atoms. One energetic ion can cause thousands of displacements of lattice 
atoms. Damage caused by an energetic implanted ion is shown in Figure 8.16. 
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The damage created by one ion can be quickly self-annealed by the ther­
mal movement of the atoms inside the substrate at the room temperature. 
However, in an ion implantation process, the amount of ions is so large that it 
always causes such substantial lattice damage in the single-crystal substrate 
that the layer close to the surface becomes amorphous, and the self-annealing 
process can't repair the crystal damage in a short time. The damage effect is 

279 

Figure 8.16 
Damage caused by 
one ion. 
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280 CHAPTER 8 

related to the dose, energy, and mass of the ion species; it increases when dose 
and ion energy increase. If the implantation dose is high enough, the substrate 
crystal structure can be completely destroyed and become amorphous near 
the substrate surface within the ion range. 

To achieve device requirement, the lattice damage must be repaired in an 
annealing process to restore the single-crystal structure and activate the 
dopant. Only when dopant atoms are at the single-crystal lattices can they 
effectively provide electrons or holes as the majority carriers for electric cur­
rent. In a high-temperature process, atoms get energy from the heat and start 
rapid thermal motion. When they find the sites with the lowest free energy, 
which are located at single-crystal lattices, they stay there. Since the undam­
aged substrate underneath is single-crystal silicon, the silicon and dopant 
atoms in the damaged amorphous layer reconstruct the single-crystal struc­
ture there by falling into the lattice grids and being bonded by the lattice 
energy. Figure 8.17 illustrates the crystal recovery and dopant activation in the 
thermal annealing process. 

Figure 8.17 
Postimplantation annealing process. 
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During the high-temperature process, the single-crystal annealing, dopant 
atom activation, and the dopant atom diffusion happen simultaneously. When 
IC feature size shrinks deep into submicron, there is less room for the dopant 
atoms to diffuse; thus, minimizing the dopant diffusion during thermal anneal­
ing becomes very important. It is also important that dopant atoms in amor­
phous silicon have free thermal movement without any restriction; thus, they 
can diffuse much faster than they can in the single-crystal lattice, because the 
lattice binding energy severely restricts the movement of the dopant atoms. At 
a lower temperature, the diffusion process outpaces the annealing process; 
when the temperature is high enough, such as > 1000 °C, the annealing process 
is faster than the diffusion process. This is because the annealing activation 
energy(~ 5 eV) is higher than the diffusion activation energy (3 to 4 eV). 
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Ion Implantation 

Furnaces have been widely used for the postimplantation annealing 
process for a long time. Furnace annealing is a batch process, which normally 
operates from 850 to 1000 °C for about 30 minutes. Since the furnace annealing 
process takes a long time, the dopant atom diffusion can be quite substantial; 
thus for devices with small feature size it becomes unacceptable. Only for some 
noncritical implantation with large feature size, such as well implantation 
processes, furnaces may still be useful for the postimplantation annealing and 
dopant drive-in. For the critical doping processes such as source/ drain implan­
tation annealing, it can cause too much dopant diffusion and results in intoler­
able device performance for submicron microelectronic transistors. 

Rapid thermal process (RTP) developed to anneal implantation-caused 
damages while minimizing dopant diffusion to meet the requirements of 
shrinking IC devices. RTP is a single-wafer system with temperature ramp 
rate up to 250 °C/ sec and good temperature and temperature uniformity con­
trol at about 1100 °C. With the RTP system, the rapid thermal annealing (RTA) 
process can operate up to 1150 °C; at that temperature, the implantation dam­
age can be annealed in less than 20 seconds. The RTA system can process a 
wafer in about a minute, from wafer in through temperature ramp up, anneal, 
wafer cool-down, and wafer out. For a comparison of furnace and RTP anneal­
ing, see Figure 8.18. 

Source/Drain 

RTP Annealing Furnace Annealing 

Question 

Why can't the furnace temperature be ramped up and cooled down as quickly 
as a RTP system? 

Answer 

A furnace needs high power to ramp up temperature rapidly. It is difficult to 
ramp up temperature very fast without large temperature oscillation, due to 
temperature overshoot and undershoot. 
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figure 8.18 
Dopant diffusion in 
furnace and RTP 
annealing 
processes. 
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Figure 8.19 
Schematic of an ion 
implanter. 

CHAPTER 8 

Because of the slow temperature ramp rate, usually less than 10 °C/min, 
it takes a long time to ramp up the process tube from the idle temperature, 
normally between 650 and 850 °C, to the required annealing temperature, 
such as 1000 °C. Even as the temperature ramps up, part of the damage has 
already annealed. The wafers must be loaded into and unloaded from the fur­
nace very slowly to prevent wafer warping from thermal stress caused by sud­
den temperature change. Because the furnace maintains high temperature 
during idle time, the wafers at the two ends of the wafer loader will have dif­
ferent annealing time due to the slow pushing and pulling, which could cause 
wafer-to-wafer nonuniformity. 

RTA systems can ramp up wafer temperature from room temperature to 
1100 °C very quickly, normally within 10 seconds, with precise control of 
wafer temperature and temperature uniformity within the wafer. At about 
1100 °C, the single-crystal lattice can be recovered in 10 seconds, with mini­
mum dopant diffusion. RTA process has better wafer-to-wafer uniformity con­
trol than the furnace annealing process. 

8.3 ION IMPLANTION HARDWARE 

An ion implanter is normally a very large piece of equipment, most likely the 
largest process equipment one can find in a semiconductor fab. It has several 
subsystems, including a gas system, vacuum system, electrical system, control 
system, and most important, the beam line system, as shown in Figure 8.19. 
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