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Foreword 

The spectacular advance in the development and application of integrated-circuit tech­
nology is unparalleled in our history, and the rapid growth of the Ic' industry has led to 
the emergence of microelectronics process engineering as a new discipline. The per­
vasive use of integrated circuits also requires that a wide range of engineers in the highly 
competitive electronics industry have an understanding of the design and limitations of 
integn;tted circuits. This text presents an introduction to the basic processes common to 
all IC technologies and provides a base for understanding more advanced processing and 
what can and cannot be achieved through integrated-circuit fabrication. 

The book has evolved from notes developed over the past seven years for a course 
which introduces seniors and beginning graduate students to the fabrication of solid state 
devices and integrated circuits. It assumes a basic knowledge of the material properties 
of silicon, and we use Volume I of this Series as a companion text in the fabrication 
course. This work also assumes a minimal knowledge of the existence of integrated 
circuits and of the terminal behavior of electronic components such as resistors, diodes, 
and MOS and bipolar transistors. In order to contain the scope of the material, we deal 
only with bas~c silicon processing. 

In our curriculum, other courses cover solid state materials, unipolar and bipolar 
device physics, and digital and analog integrated-circuit design. The material and device 
courses use Volumes 1-4 of this Series, and every attempt has been made to make 
the notation coincide with the earlier volumes, although some differences may have 
slipped through. 

The goal of this book is to present the basic information necessary to prepare the 
student for more advanced processing and design courses. The special problems of VLSI 

' -
fabrication are left to advanced processing texts, although a number of problem areas ·are 
mentioned throughout! the book. Chapters 2-5 focus on the basic processes used in 
fabrication, including lithography, oxidation, diffusion, ion implantation, and thin-film 
deposition. Interconnection technology, packaging, and yield, often neglected, are 
covered in Chapters 7 and 8. It is my belief that the student must also understand the 

vii 
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viii FOREWORD 

basic interaction between process design, device design, and device layout. For this 
reason, Chapters 9 and 10 on MOS and bipolar process integration have been included 
in this book. 

The material of the book is designed to be covered in one semester. On the quarter 
system at Auburn, we cover Chapters 1-5 and most of the material from Chapters 9 and 
10. The problems have been developed to both reinforce and extend the material in the 
chapters. In our case, the microelectronics fabrication course is also accompanied by a 
laboratory which stronglyreinforces the classroom material. The test chip of Fig. 2. 7 
is fabricated and tested during this laboratory; and a few of the problems are related to 
characterization of structures on this chip. We can provide pattern generator data for this 
mask set or can supply wafers fa]Jricated by previous classes on an "as-avaihible" basis. 

I must also recognize a number of previous books whicp have obviously influenced 
the preparation of this text. These include The Theory and Practice of Microelectronics 
and VLSI Fabrication Principles by S. K. Ghandhi, Basic Integrated Circuit Engineer­
ing by D. J. Hamilton and W. G. Howard, Integrated Circuit Engineering by A. H. 
Glaser and G. E. Subak-Sharpe, Microelectronics Processing and Device Design by 
R. A. Colclaser, and Semiconductor Devices-Physics an.d Technology by S.M. Sze. 

I thank my family for putting up with the countless hours of work whiCh have gone 
into the preparation of this book. In particular, I want to thank my wife Joan for the many 
hours that she spent in the library tracking down anq verifying errant references. During 
preparation of this text, we found that the references in many popular, recently published 
books were virtually useless because they contained so many errors. We have done our 
best to ~nsure that this is not the case with this text. 

Thanks also must go to my colleagues who have helped with this book, especially 
to Jim L. Davidson for his suggestions, and to our laboratory managers, Walter Power 
and Charles Ellis, who have been instrumental in developing the processes for the 
microelectronics class chips. 

Richard C. Jaeger 

Micron Ex. 1025, p. 9 
Micron v. YMTC 
IPR2024-00909



Contents 

1 An Overview of Microelectronic Fabrication 

1.1 A Historical Perspective 1 
1.2 An Overview of Monolithic Fabrication Processes and Structures 2 
1.3 Metal-Oxide-Semiconductor (MOS) Processes 6 

1.3.1 Basic NMOS Process 6 
1.3.2 Basic Complementary MOS (CMOS) Process 8 

1.4 Basic Bipolar Processing 10 
Problems 12 

2 Lithography 

2.1 The Photolithographic Process 13 
2.1.1 Wafer Cleaning 14 
2.1.2 Barrier Layer Formation 16 
2. i .3 Photoresist Application 17 
2.1.4 Soft Baking 17 
2.1.5 Mask Alignment 17 
2.1.6 Photoresist Exposure and Development 18 
2.1. 7 Hard Baking 20 

2.2 Etching Techniques 20 
2.2.1 Wet Chemical Etching 20 
2.2.2 Dry Etching 21 
2.2.3 Photoresist Removal 21 

2.3 Photomask Fabrication 21 
2.4 Summary 25 

References 26 
Further Reading 26 
Problems 27 

ix 

), 

Micron Ex. 1025, p. 10 
Micron v. YMTC 
IPR2024-00909



x GONTENTS 

3 Thermal Oxidation of Silicon 

3 .1 The Oxidation Process 
3. 2 Modeling Oxidation 
3.3 Factors Influencing Oxidation Rate 
3.4 Dopant Redistribution During Oxidation 
3.5 Masking Properties of Silicon Dioxide 
3. 6 Technology of Oxidation 
3. 7 Oxide Quality 
3. 8 Selective Oxidation 
3. 9 Oxide Thickness Characterization 

3 .10 Summary 
References 
Problems 

4 Diffusion 

4.1 The Diffusion Process 
4. 2 Mathematical Model for Diffusion 

4.2.1 Constant-Source Diffusion 
4.2.2 Limited-Source Diffusion 
4.2.3 Two-Step Diffusion 

4.3 The Diffusion Coefficient 
4.4 Successive Diffusions 
4. 5 Solid-Solubility Limits 
4.6 Junction Formation and Characterization 

4.6.1 Vertical Diffusion and Junction Formation 
4.6.2 Lateral Diffusion 
4.6.3 Junction-Depth Measurement 

4. 7 Sheet Resistance 
4. 7.1 Sheet-Resistance Definition 
4.7.2 Irvin's Curves 
4.7.3 The Four-Point Probe 
4.7.4 Vander Pauw's Method 

4.8 Concentration-Dependent Diffusion 
4. 9 Process Simulation 

4.10 Diffusion Systems 
4.10.1 Boron Diffusion 
4.10.2 Phosphorus Diffusion 
4.10.3 Arsenic Diffusion 
4.10.4 Antimony Diffusion 

4.11 Summary 
References 
Problems 

29 
30 
33 
38 
39 
40 
41 
42 
43 
46 
46 
47 

49 
51 
51 
52 
53 
53 
57 
57 
58 
58 
62 
64 
66 
66 
67 
71 
73 
74 
76 
77 
79 
81 
82 
82 
82 
83 
85 

Micron Ex. 1025, p. 11 
Micron v. YMTC 
IPR2024-00909



CONTENTS xi 

5 I on Implantation 

5.1 Implantation Technology 89 
5.2 Mathematical Model for Ion Implantation 91 
5.3 Selective Implantation 94 
5.4 Junction Depth and Sheet Resistance 98 
5.5 Channeling, Lattice Damage, and Annealing 99 

5. 5 .1 Channeling 99 
5.5.2 Lattice Damage and Annealing 101 
5.5.3 Deviations from the Gaussian Theory 102 

5.6 Summary 102 
References 104 
Source Listing 104 
Problems 105 

6 Film Deposition 

6.1 Evaporation 107 
6 .1.1 Kinetic Gas Theory 108 
6.1.2 Filament Evaporation 110 
6 .1. 3 Electron-Beam Evaporation 111 
6.1.4 Flash Evaporation 112 
6.1.5 Shadowing and Step Coverage 113 

6.2 Sputtering 113 
6.3 Chemical Vapor Deposition 115 

6.3.1 CVD Reactors 116 
6.3.2 Polysilicon Deposition 116 
6.3.3 Silicon Dioxide Deposition 118 
6. 3 .4 Silicon Nitride Deposition 119 
6.3.5 CVD Metal Deposition 120 

6.4 Epitaxy 121 
6.4.1 Vapor-Phase Epitaxy 121 
6.4.2 Doping of Epitaxial Layers 125 
6.4.3 Buried Layers 125 
6.4.4 Liquid-Phase and Molecular-Beam Epitaxy 127 

6.5 Summary 128 
References 129 
Further Reading 129 
Problems 130 

7 Interconnections and Contacts 

7.1 Interconnections in Integrated Circuits 133 
7.2 Metal Interconnections and Contact Technology 134 

7.2.1 Ohmic Contact Formation 135 

Micron Ex. 1025, p. 12 
Micron v. YMTC 
IPR2024-00909



xii CONTENTS 

7.2.2 Aluminum-Silicon Eutectic Behavior 135 
7.2.3 Aluminum Spiking and Junction Penetration 136 
7.2.4 Contact Resistance. 138 
7.2.5 Electromigration 138 

7.3 Diffused Interconnections 140 
7.4 Polysilicon Interconnections and Buried Contacts 142 

7.4.1 Buried Contacts 142 
7.4.2 Butted Contacts 142 

7.5 Silicides and Multilayer-Contact Technology 142 
7.5.1 Silicides, Polycides, and Salicides 144 
7.5.2 Barrier Metals and Multilayer Contacts 145 

7.6 The Liftoff Process 146 
7.7 Multilevel Metallization 147 
7.8 Summary 149 

References 150 
Further Reading 150 
Problems 151 

8 Packaging and Yield 

8.1 Testing 153 
8.2 Die Separation 154 
8.3 Die Attachment 154 

8. 3 .1 Epoxy Die Attachment 154 
8.3.2 Eutectic Die Attachment 155 

8.4 Wire Bonding 155 
8.4.1 Thermocompression Bonding 155 
8.4.2 Ultrasonic Bonding 156 
8.4.3 Thermosonic Bonding 157 

8.5 Packages 158 
8.5.1 Circular TO-Style Packages 158 
8.5.2 Dual-in-Line Packages (DIPs) 158 
8.5.3 Pin-Grid Arrays (PGAs) 160 
8.5.4 Leadless Chip Carriers (LCCs) 160 
8.5.5 Packages for Surface Mounting 161 

8.6 Flip-Chip and Tape-Automated-Bonding Processes 161 
8. 6.1 Flip-Chip Processing 162 
8.6.2 The Tape-Automated-Bonding (TAB) Process 163 

8.7 Yield 163 
8. 7.1 Uniform Defect Densities 163 
8.7.2 Nonuniform Defect Densities 167 

8.8 Summary 169 
References 170 . 
Further Reading 170 
Problems 171 

Micron Ex. 1025, p. 13 
Micron v. YMTC 
IPR2024-00909



9 MOS Process Integration 

9.1 Basic MOS Device Considerations 
9 .1.1 Gate-Oxide Thickness 
9.1.2 Substrate Doping and Threshold Voltage 
9.1.3 Threshold Adjustment 
9.1.4 Field-Region Considerations 

9.2 MOS Transistor Layout and Design Rules 
· 9.2.1 Metal-Gate Transistor Layout 

9.2.2 Polysilicon-Gate Transistor Layout 
9.2.3 More-Aggressive Design Rules 
9.2.4 Channel Length and Width Biases 

9.3 Complementary MOS (CMOS) Technology 
9.4 Other MOS Structures 
9.5 Summary 

References 
Problems 

1 0 Bipolar Process Integration 

10.1 The Junction-Isolated Structure 
10.2 Current Gain 
10.3 Transit Time 
10.4 Basewidth 
10.5 Breakdown Voltages 

J9.5.1 Emitter-Base Breakdown Voltage 
10.5.2 Collector-Base Breakdown Voltage 

10.6 Layout Considerations 
10.6.1 Buried-Layer and Isolation Diffusions 
10.6.2 Base Diffusion to Isolation Diffusion Spacing 
10.6.3 Emitter-Diffusion Design Rules 
10.6.4 A Layout Example 

10.7 Advanced Bipolar Structures 
10.8 Other Bipolar Isolation Techniques 

10.8.1 Collector-Di~fusion Isolation (CDI) 
10.8.2 V-Groove Isolation 
10.8.3 Dielectric Isolation 

10.9 Summary 
References 
Problems 

Answers to Selected Problems 

Index 

CONTENTS xiii 

173 
174 
175 
178 
180 
181 
182 
185 
188 
188 
190 
192 . 
194 
196 
197 

201 
202 
204 
205 
207 
207 
208 
211 
211 
212 
212 
212 
214 
216 
216 
218 
219 
220 
220 
221 

225 

227 

Micron Ex. 1025, p. 14 
Micron v. YMTC 
IPR2024-00909



Micron Ex. 1025, p. 15 
Micron v. YMTC 
IPR2024-00909



1 I An Overview of Microelectronic 
Fabrication 

1.1 A HISTORICAL PERSPECTIVE 

In this volume we will develop an understanding of the basic processes used in mono­
lithic integrated-circuit fabrication. Silicori is the dominant material used throughout the 
integrated-circuit industry today, and in order to conserve space only silicon processing 
will be discussed in this book. However, all of the basic processes discussed here are 
applicable to the fabrication of gallium arsenide integrated circuits (lCs) and thick- and 
thin-film hybrid ICs. 

Germanium was one of the first materials to receive wide . attention for use in 
semiconductor device fabrication, but it was rapidly replaced by silicon during the early 
1960s. Silicon emerged as .. the dominant material because it was found to have major 

:D: . '· ~>" :,.,/r;:.<,;f.Li'' tz.::>Z};u;;Z<,~J;<~.' • . <&; , 

processing advantages. !Silicon can ~asjly be oxidized to form silicon dioxid~~ Silicon 
dioxicle~was found to be not only a. high-quality . insulator but also an excellent barrier 

>-.. ~'J.,. ',, ,?.~. fJ ''• ' .' ·. 

layer for the selective diffusion steps needed in integrated-circuit fabrication. 
-silicon was also shown to have a number of ancillary advantages. It is a very 

abundant element in nature, providing the possibility of a low-cost starting material. It 
k~~ e .. w,i4er \)(!ndgap than gemianium and can therefore operate at higher temperatures 
"than germanium~ In retrospect it appears that the processing advantages we~e the domi­
nant reasons for the em~rgence of silicon over other semiconductor materials. 

The first successful fabrication techniques produced single transistors on a silicon 
die 1 to 2 mm on a side. Early integrated circuits, fabricated at Texas Instruments 
and Fairchild Semiconductor, included several transistors and resistors to make simple 
logic gates and amplifier circuits. From this modest beginning, we have reached integra­
tion levels of several million components on a 7 mm x 7 mm die. For example, a 
one-megabit dynamic random-access memory (DRAM). chip has more than 
1, 000,000 transistors and more than 1 , 000,000 capacitors in the memory array, as well 
as tens of thousands of transistors in the access and decoding circuits. The level of 
integration has been doubling every one to two years since the early 1960s. 

1 
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2 AN OVERVIEW OF MICROELECTRONIC FABRICATION 

One-megabit RAMs are currently being produced with photolithographic features 
measuring between 1 and 2 microns (p,m). MOS transistors with dimensions approxi­
mately ten times smaller (0.1 to 0.2 p,m) have already been fabricated in research 
laboratories. So we still have at least a factor of 100 to go in terms of integrated-circuit 
density, provided manufacturable fabrication processes can be developed for these sub­
micron dimensions. 

Early fabrication used silicon wafers which had 1- and then 2-in. diameters. The size 
of the wafers has steadily increased to the point where 4-, 5-, and 6-in. wafers are now 
in production. Wafers with 8-in. diameters have been successfully produced by siiicon 
wafer manufacturers. 

The larger the diameter of the wafer, the more integrated-circuit dice can be produced 
at one time. Many wafers are processed at the same time. The same silicon chip is 
replicated as many times as possible on a silicon wafer of a given size. Figure 1.1 shows 
the approximate number of 5 X 5 mm dice that fit on a wafer of a giveri diameter. 

~. 

Processing costs per wafer are relatively independent of wafer size, so the cost per die 
is lower for larger wafer sizes. Thus there are strong economic forces driving the 
integrated-circuit industry to continually move to larger and larger wafer sizes. 

Here we see a problem with the units of measure used to describe integrated circuits. 
Horizontal dimensions were originally specified in mils (1 mil = 0.001 iri.), whereas 
specification of the shallower vertical dimensions commonly made use of the metric 
system. Today, most of tlie dimensions are specified using the metric system, although 
English units are occasionally still used. Throughout the rest of this book, we will 
attempt to make consistent use of metric units. 

1.2 AN OVERVIEW OF MONOLITHIC FABRICATION PROCESSES AND 
STRUCTURES 

Monolithic integrated-circuit fabrication can be illustrated by studying the basic cross 
sections of MOS and bipolar transistors in Figs. 1.2 and 1.3. The n~channel MOS 
transistor is formed in a p-type substrate. Source/drain regions are formed by selectively 
converting shallow regions at the surface· to n-type material. Thin and thick silicon 
dioxide regions on the surface form the gate insulator of the transistor and serve to isolate 
orie device from another. A thin film of polysilicon is used to form the gate of the 
transistor, and aluminum is used to make contact to the source and drain. Inter­
connections between devices can be made using the diffusions and the la.Yers of poly­
silicon and metal. 

The bipolar transistor has alternating n- and p-type regions selectively fabricated on 
a p-type substrate. Silicon dioxide is again used as an insulator, and a metal such as 
aluminum is used to make electrical contact to the emitter, base, and collector of the 
transistor. 
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1.2 AN OVERVIEW OF MONOLITHIC FABRICATION PROCESSES 3 
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Fig. 1.1 (a) The same integrated-circuit die is replicated hundreds of times on a typical silicon 
wafer; (b) the graph gives the approximate number of 5 x 5 mm dice which can be fabricated on 
wafers of different diameters. 
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4 AN OVERVIEW OF MICROELECTRONIC FABRICATION 
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Fig. 1.2 The basic structure of an n-channel metal-oxide-semiconductor (NMOS) transistor 
structure. (a) The vertical cross section through the transistor; (b) a composite top view of the 
masks used to fabricate the transistor in (a). 

These structures are fabricated through the repeated application of a number of basic 
processing steps: 

• Oxidation 
• Photolithography 
• Etching 
• Diffusion 
· Evaporation or sputtering 
• Chemical vapor deposition (CVD) 
• Ion implantation 
• Epitaxy 
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1.2 AN OVERVIEW OF MONOLITHIC FABRICATION PROCESSES 5 
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Fig. 1.3 The basic structure of a junction-isolated bipolar transistor. (a) The vertical cross section 
through the transistor; (b) a composite top view of the masks used to fabricate the transistor in (a). 

Silicon dioxide can be formed by heating a silicon wafer to a high temperature (1000 to 
1200 °C) in the presence of oxygen. This process is called oxidation. Metal films can be 
deposited through evaporation by heating the metal to its melting point in a vacuum. Thin 
films of silicon nitride, silicon dioxide, and polysilicon can all be formed through a 
process known as chemical vapor deposition (CVD), in which the material is deposited 
out of a gaseous mixture onto the surface of the wafer. Metals and insulators may also 
be deposited by a process called sputtering. 

Shallow n- and p-type layers are formed by high-temperature (1000 to 1200 °C) 
diffusion of donor or acceptor impurities into silicon or by ion implantation, in which the 
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6 AN OVERVIEW OF MICROELECTRONIC FABRICATION 

wafer is bombarded with high-energy donor or acceptor atoms generated in a high­
voltage particle accelerator. 

In order to build devices and circuits, the n- and p-type regions must be formed 
selectively in the surface of the wafer. Silicon dioxide, silicon nitride, polysilicon, and 
other materials can all be used to mask areas of the wafer surface to prevent penetration 
of impurities during ion implantation or diffusion. Windows are cut in the masking 
material by etching with acids or in a plasma. Window patterns are transferred to the 
wafer surface from a mask through the use of optical techniques. The masks are also 
produced using photographic reduction techniques. 

Photolithography includes the overall process of mask fabrication as well as the 
process of transferring patterns from the masks to the surface of the wafer. The photo­
lithographic process is critical to the production of integrated circuits, and the number 
of mask steps is often used as a measure of complexity when comparing fabrication 
processes. 

1.3 METAL-OXIDE-SEMICONDUCTOR (MOS) PROCESSES 

1.3.1 Basic NMOS Process 

A possible process flow for a basic n-channel MOS process (NMOS) is shown in 
Figs. 1.4 and 1.5. The starting wafer is first oxidized to form a thin-pad oxide layer of 
silicon dioxide (Si02) which protects the silicon surface. Silicon nitride is then deposited 
by a low-pressure chemical vapor deposition (LPCVD) process. Mask #1 defines the 
active transistor areas. The nitride/oxide sandwich is etched away everywhere except 
where transistors are to be formed. A boron implantation is performed and followed by 
an oxidation step. The nitride serves as both an implantation mask and an oxidation 
mask. After the nitride and thin oxide padding layers are removed, a new thin layer of 
oxide is grown to serve as the gate oxide for the MOS transistors. Following gate-oxide 
growth, a boron implantation is commonly used to adjust the threshold voltage to the 
desired value. 

Polysilicon is deposited over the complete wafer using a CVD process. The second 
mask defines the polysilicon gate region of the transistors. Polysilicon is etched away 
everywhere except over the gate regions and the areas used for interconnection. Next, 
the source/drain regions are implanted through the thin oxide regions. The implanted 
impurity may be driven in deeper with a high-temperature diffusion step. More oxide is. 
deposited on the surface, and contact openings are defined by the third mask step. Metal 
is deposited over the wafer surface by evaporation or sputtering. The fourth mask step 
is used to define the interconnection pattern which will be etched in the metal. A 
passivation layer of phosphosilicate glass (not shown in Fig. 1.4) is deposited on the 
wafer surface, and the final mask ( #5) is used to define windows so that bonding wires 
can be attached to pads on the periphery of the IC die. 

This simple process requires five mask steps. Note that these mask steps use sub­
tractive processes. The entire surface of the wafer is first coated with a desired material, 
and then most of the material is removed by wet chemical or plasma etching. 
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1.3 METAL-OXIDE-SEMICONDUCTOR (MOS) PROCESSES 
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Fig. 1.4 Process sequence fot a semirecessed oxide NMOS process. (a) Silicon wafer covered 
with silicon nitride over a thin padding layer of silicon dioxide; (b) etched wafer after first mask 
step. A boron implant is used to help control field oxide threshold; (c) structure following nitride 
removal and polysilicon deposition; (d) wafer after second mask step and etching of polysilicon; 
(e) the third mask has been used to open contact windows following silicon dioxide deposition; 
(f) final structure following metal deposition and patterning with fourth mask. 
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8 AN OVERVIEW OF MICROELECTRONIC FABRICATION 
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Fig. 1.5 Basic NMOS process flowchart. 

1.3.2 Basic Complementary MOS (CMOS) Process 

Figure 1.6 shows the mask sequence for a basic complementary MOS (CMOS) process. 
One new mask, beyond that of the NMOS process, is used -to define the "p-well" or 
"p-tub," which serves as the substrate for the n-channel devices. A second new mask step 
is used to define the source/drain regions of the p-channel transistors. Additional masks 
may be used to adjust the threshold voltage of the MOS transistors and are very common 
in state-of-the-art NMOS and CMOS processes. 

Some recent CMOS processes use ann-well instead of a p-well. Then-well can be 
added to an existing NMOS process with a minimum of change, and it permits high-
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1.3 METAL-OXIDE-SEMICON-DUCTOR (MOS) PROCESSES 9 
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Fig. 1.6 Cross-sectional views at major steps in a basic CMOS process. (a) Following p-well 
diffusion, (b) following selective oxidation, and (c) following gate oxidation and polysilicon gate 
definition; (d) PMOS source/drain implantation; (e) NMOS source/drain implantation; (f) structure 
following contact and metal mask steps. 

performance NMOS and CMOS on the same chip. Twin-well processes have also been 
developed recently. Both a p-well and ann-well are formed in a lightly doped substrate, 
and the n- and p-channel devices can each be optimized for highest performance. 
Twin-well very large-scale integration (VLSI) processes use lightly doped layers grown 
on heavily doped substrates to suppress a CMOS failure mode called latchup. 
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10 AN OVERVIEW OF MICROELECTRONIC FABRICATION 

1.4 BASIC BIPOLAR PROCESSING 

Basic bipol,ar fabrication is somewhat more complex than single-channel MOS process­
ing, as indicated in Figs. 1.7 and 1.8. Ap-type silicon wafer is oxidized, and the first 
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Top Views 

Buried-layer mask 

Isolation mask 

Base mask 

Emitter mask 
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Fig. 1.7 Cross-sectional view of the major steps in a basic bipolar process. (a) Wafer with silicon 
dioxide layer; (b) following buried-layer diffusion using first mask, and subsequent epitaxial layer 
growth and oxidation; (c) following deep-isolation diffusion using second mask; (d) following 
boron-base diffusion using third mask; (e) fourth mask defines emitter and collector contact 
regions; (f) final structure following contact and metal mask steps. 

Micron Ex. 1025, p. 25 
Micron v. YMTC 
IPR2024-00909



1.4 BASIC BIPOLAR PROCESSING 11 
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Fig. 1.8 Basic bipolar process flowchart. 

mask is used to define a diffused region called the buried layer or subcollector. This 
diffusion is used to reduce the collector resistance of the bipolar transistor. Following the 
buried-layer diffusion, a process called epitaxy is used to grow single-crystal n-type 

/ 

silicon on top of the silicon wafer. The epitaxial· growth process results in a high-quality 
silicon layer with the same crystal structure as the original silicon wafer. An oxide layer 
is then grov non the wafer. Mask two is used to open windows for a deep p-diffusion, 
which is used to isolate one bipolar transistor from another. Another oxidation follows 
the isolation diffusion. Mask three opens windows in the oxide for the p-type base 
diffusion. The wafer is usually oxidized during the base diffusion, and mask four is used 
to open windows for the emitter diffusiop.. The same diffusion step places an n + region 
under the collector contact to ensure that a good ohmic contact will be formed during 
subsequent metallization. Masks five, six, and seven are used to open contact windows, 
pattern the metallization layer, and open windows in the passivation layer just as in the 
NMOS process described in Section 1.3. Thus the basic bipolar process requires seven 
mask levels compared with five for the basic NMOS process. 
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12 AN OVERVIEW OF MICROELECTRONIC FABRICATION 

After the MOS or bipolar process is completed, each die on the wafer is tested, and 
bad dice are marked with ink. The wafer is then sawed apart. Good dice are mounted in 
various packages for final testing and subsequent sale or use. 

The rest of this book concentrates on the basic processes used in the fabrication of 
monolithic integrated circuits. Chapters 2 through 8 discuss mask making and pattern 
definition, oxidation, diffusion, ion. implantation, film deposition, interconnections and 
contacts, and packaging and yield. The last two chapters introduce the integration of 
process, layout, and device design for MOS and bipolar technologies. 

PROBLEMS 

1.1 The curve in Fig. 1.1b represents the approximate number of chips on a wafer of a given 
diameter. Determine the exact number of 5 x 5 mm qice that will fit on a wafer with a diameter 
of 100 inm. (The number indicated on the curve' is 254.) 

1.2 The cost of processing a wafer in a particular process is $400. Supposing that 35% of the dice 
fabricated are good, find t~e number of dice, using fig. 1.1b. 

(a) Determine the cost per good die for a 75-mm wafer. 

(b) Repeat for a 150-~ wafer. 

1.3 A certain silicon-gate NMOS transistor occupies an area of 25 A 2 where A is the minimum 
lithographic feature size.· 

(a) How many MOS transistors can fit on a 5 x 5 mm die if A = 10 JLm? 

(b) 2.5 JLm? 

(c) 1 f.Lm? 

1.4 A simple pn junction diode is shown in cross section in Fig. P1.4. Make a possible process 
flowchart for fabrication of this structure, including mask steps. 

n p 

p 

Fig. P1.4 

1.5 Draw a set of contact and metal masks for the bipolar transistor of Fig. 1. 7. Use square contact 
windows with one contact to the emitter and two contacts to the base and collector regions. 
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2 I Lithography 

In order to produce an integrated circuit, thin films of various materials are used as 
barriers to the diffusion or implantation of impurity atoms, or as insulators between 
conductive materials and the silicon substrate. Holes or windows are cut through this 
barrier material wherever impurity penetration or contact is desired. 

· Masks contain the patterns of windows which are transferred to the surface of the 
silicon wafer using a process called photolithography. Photolithography makes use of a 
highly refined version of the photoengraving process. The patterns are first transferred 
from the mask to a light-sensitive material called photoresist. Chemical or plasma 
etching is then used to transfer the pattern from the photoresist to the barrier material on 
the surface of the wafer. Each mask step requires successful completion of numerous 
processing steps, and the complexity of an integrated-circuit process is often measured 
by the number of photographic masks used during fabrication. This chapter will explore 
the lithographic process, including mask fabrication, photoresist processes, and etching. 

2.1 THE PHOTOLITHOGRAPHIC PROCESS 

Photolithography encompasses all the steps involved in transferring a pattern from a 
mask to the surface of the silicon wafer. The various steps of the basic photolithographic 
process given in Figs. 2.1 and 2.2 will each be discussed in detail below. 

Ultraclean conditions must be maintained d(!ring the lithography process. Any dust 
particles on the original substrate or that fall on the substrate during processing can result 
in defects in the final resist coating. Even if defects occur in only 10% of the chip sites 
at each mask step, less than 50% of the chips will be functional after a seven-mask 
process is completed. Verti~allaminar-flow hoods in clean rooms are used to prevent 
particulate contamination throughout the fabrication process. Clean rooms use filtration 
to remove particles from the air and are rated by the maximum number of particles per 
cubic foot or cubic meter of air, as shown in Table 2.1. Clean rooms have evolved from 
the Class 10,000·to the Class 10 and even Class 1 facilities now being used for VLSI 
processing. For comparison, each cubic foot of ordinary room air has several million dust 
particles exceeding a size of 0.5 J-tm. 

13 
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14 LITHOGRAPHY 

Deposit barrier layer 
Si02, Si3N4, metal 

Soft bake 

~ 

Hard bake 

Etch windows in 
barrier layer 

Remove photoresist 

Fig. 2.1 Steps of the photolithographic process. 

2.1.1 , Wafer Cleaning 
,, 

Prior to use, wafers are chemically cleaned to remove particulate matter on the surface 
as well as any traces of organic, ionic, and metallic impurities. A cleaning step in a 
solution of hydrofluoric acid is used to remove any oxide which may have formed on the 
wafer surface. A typical cleaning process is presented in Table 2.2. 

One very important chemical used in wafer cleaning and throughout microelectronic 
fabrication processes is deionized (DI) water. DI water is highly purified and filtered to 

Micron Ex. 1025, p. 29 
Micron v. YMTC 
IPR2024-00909



2.1 

Substrate 

(a) 

~Positive photoresist~ 

Si02 

Substrate 

(b) 
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Fig. 2.2 Drawings of wafer through the various steps of the photolithographic process. (a) 
Substrate covered with silicon dioxide barrier layer; (b) positive photoresist applied to the surface 
of the wafer; (c) mask in close proximity to the surface of the resist-covered wafer; (d) substrate 
following resist exposure and development; (e) substrate following etching of the silicon dioxide 
layer; (f) oxide barrier on wafer surface after resist removal; (g) view of substrate with silicon 
dioxide pattern on the surface. 
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Table 2.1 Ratings by Class of Effectiveness of Filtration in Clean Rooms. 

Number of 0.5-pm particles Number of 5-p,m particles 
Class per fe (m3

) per fe (m3
) 

10,000 10,000 (350,000) 65 (23,000) 
1,000 1,000 (35,000) 6.5 (2,300)* 

100 100 (3,500) 0.65 (230)* 
10 10 (350) 0.065 (23)* 

1 1 (35)* 0.0065 (2.3)* 

*It is very difficult to measure particulate counts below 10 per fe. 

Table 2.2 Silicon Wafer Cleaning Procedure. £4·51 

A. Solvent Removal 
1. Immerse in boiling trichloroethylene (TCE) for 3 min. 
2. Immerse in boiling acetone for 3 min. 
3. Immerse in boiling methyl alcohol for 3 min. 
4. Wash in DI water for 3 min. 

B. Removal of Residual Organic/Ionic Contamination 
1. Immerse in a (5: 1: 1) solution of H20-NH40H-H202; heat 

solution to 75-80 °C and hold for 10 min. 
2. Quench the solution under running DI water for 1 min. 
3. Wash in DI water for 5 min. 

C. Hydrous Oxide Removal 
1. Immerse in a (1: 50) solution of HF-H20 for 15 sec. 
2. Wash in running DI water with agitation for 30 sec. 

D. Heavy Metal Clean 
1. Immerse in a (6: 1: 1) solution of H20-HCl-H202 for 

10 min at a temperature of 75-80 °C. 
2. Quench the solution under running DI water for 1 min. 
3. Wash in running DI water for 20 min. 

remove all traces of ionic, particulate, and bacterial contamination. The theoretical 
resistivity of pure water at 25 oc is 18.3 Mohm-cm. Typical DI water systems achieve 
resistivities of 18 Mohm-cm with fewer than 1.2 colonies of bacteria per milliliter and 
with no particles larger than 0.25 J.Lm. 

2.1.2 Barrier Layer Formation 

After cleaning, the silicon wafer is covered with the material which will serve as a barrier 
layer. The most common material is silicon dioxide (Si02), so we will use it as an 
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2.1 THE PHOTOLITHOGRAPHIC PROCESS 17 

example here. Silicon nitride (Si3N4), polysilicon, photoresist, and metals are also 
routinely used as barrier materials at different points in a given process flow. Later 
chapters will discuss thermal oxidation, chemical vapor deposition, sputtering, and 
vacuum evaporation processes, all of which are used to produce thin layers of these 
materials. 

The original silicon wafer has a metallic gray appearance. Once a silicon dioxide 
layer is formed on the silicon wafer, the surface will have a color which depends on the 
Si02 thickness. The finished wafer will have regions with many different thicknesses. 
Each region will produce a different color, resulting in beautiful, multicolored IC im­
ages, photographs of which appear in many books and magazines. 

2.1.3 Photore~ist Application 

After formation of t4e Si02 layer, the surface of the wafer is coated with a light-sensitive 
material called photoresist. The surface must be clean and dry to ensure good photoresist 
adhesion. Freshly ·oxidized wafers may be directly coated, but if the wafers have been 
stored, they should be carefully cleaned and dried prior to application of the resist. A 
liquid adpesion promoter is often applied just prior to resist application. 

Photoresist is typically applied in liquid fg:tnliY'The wafer is held on a vacuum chuck 
and then spun at high speed for 30 to 60 sec to produce a thin uniform layer. Speeds of 
1000 to 5000 rpm result in layers ranging from 2.5 to 0.5 J.tm, respectively. The actual 
thickness .of the resist depends on its viscosity and is inversely proportional to the square 
root of ~he spinning speed. 

2.1.4 Soft Baking 

A drying step called soft baking or prebaking is used to improve adhesion and remove 
solvent from· the photoresist. Times range from 10 to 30 min in an oven at 80 to 90 °C 
in an air or nitrogen atmosphere. The soft-baking process is specified on the resist 
~anufacturer's data sheet and should be followed closely. After soft baking, the photo­
resist is ready for mask alignment and exposure. 

2.1.5 Mask Alignment 

A photomask, a square glass plate with a patterned emulsion or metal film on one side, 
is placed over the wafer. Each mask following the first must be carefully aligned to the 
previous pattern on the wafer. Much of the alignment has traditionally involved manual 
operation of alignment equipment VLSI designs with minimum-size geometrical fea­
tures measuring 1. 25 jLm (minimum line width or space) require an alignment tolerance 
of better than ±0 .25 J.tm. Computer-controlled alignment equipment has been developed 
to achieve this level of alignment precision. 

With manual alignment equipment, the wafer is held on a vacuum chuck and care­
fully moved into position below the mask using an adjustable x-y stage. The mask is 
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18 LITHOGRAPHY 

spaced 25 to 125 J-tm above the surface of the wafer during alignment. If contact printing 
is being used, the mask is brought into contact with the waf~r after alignment. 

Alignment marks are introduced on each m~sk and transferred to the wafer as part 
of the integrated-circuit pattern. The marks are used to align each new mask level to one 
of the previous levels. A sample set of alignment marks is shown in Fig. 2. 3. For certain 
mask levels, the cross on the mask is placed in a box on the wafer. For other mask levels, 
the box on the mask is placed over a cross on the wafer. The choice· dep~nds on the type 
o.f resist used during a given photolithographic step; Split-field optics are used to simul­
taneously align two well-separated areas of the wafer. 

2.1.6 Photoresist Exposure and Development 

Following alignment, the photoresist is exposed through the mask with high-intensity 
ultraviolet 'light. Resist is exposed wherever silicon dioxide is to be removed. The 
photoresist is developed with a process very similar to that used for developing ordinary 
photographic film, using a developer supplied by the photoresist manufacturer. Any 
resist which has been exposed to ultraviolet light is washed away, leaving bare silicon 
dioxide in the exposed areas of Fig. 2.2d. A photoresist acting in the manner just 
described is called a positive resist, and the mask contains a copy of the pattern which 
will remain on the surface of the wafer. Windows are opened wherever the exposing light 
passes through the mask. 

Negative photoresists can also be used. A negative resist remains on the surface 
wherever it is exposed. Figure 2.4 shows simple examples of the patterns transferred to 
a silicon dioxide barrier layer using positive and negative photoresists with the same 
mask. Negative resists were widely used in early integrated-circuit processing. However, 
positive resist yields better process control in small-geometry structures and is now the 
main type of resist used in VLSI processes. 

D 0 Box or cross 
on wafer 

0 D Box or cross 
on mask 

IAl fOl Composi~e pattern M M after ahgnment 

Fig. 2.3 A simple set of alignment marks. At some steps a cross may be aligned within a box.· 
At others, a box may be placed around the cross. The choice depends on the type of resist being 
used at a given mask step. 
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Fig. 2.4 Resist and silicon dioxide patterns following photolithography with positive and nega­
tive resists. 
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20 LITHOGRAPHY 

2.1.7 Hard Baking 

Following exposure and development, a baking step is used to harden the photoresist and 
improve adhesion to the substrate. A typical process involves baking in an oven for 20 
to 30 min at 120 to 180 °C. Details of this step are again specified on the manufacturer's 
photoresist data sheets. 

2.2 ETCHING TECHNIQUES . 

Chemical etching in liquid or gaseous form is used to remove any barrier material not 
protected by hardened photoresist. The choice of chemicals depends on the material to 
be etched. A high degree of selectivity is required so that the etchant will remove the 
unprotected barrier layer much more rapidly than it attacks the photoresist layer. 

2.2.1 Wet Chemical Etching 

A buffered oxide etch (BOE or BHF) is commonly used to etch windows in silicon 
dioxide layers. BOE is a solution containing hydrofluoric acid (HF), and etching is 
performed by immersing the wafers in the solution. At room temperature, HF etches 
silicon dioxide much more rapidly than it etches photoresist or silicon. The etch rate in 
BOE ranges from 10 to 100 nm/min at 25 °C, depending on the density of the silicon 
dioxide film. Etch rate is temperature-dependent, and temperature is carefully monitored 
during the etch process. In addition, etch rates depend on the type of oxide present. 
Oxides grown in dry oxygen etch more slowly than those grown in the presence of water 
vapor. A high concentration of phosphorus in the oxide enhances the etch rate, whereas 
a reduced etch rate occurs when a high concentration of boron is present. High concen­
trations of these elements convert the Si02 layer to a phosphosilicate or borosilicate 
glass. 

HF and water both wet silicon dioxide but do not wet silicon. The length of the etch 
process may be controlled by visually monitoring test wafers which are etched along with 
the actual integrated-circuit wafers. Occurrence of a hydrophobic condition on the 
control wafer signals completion of the etch step. 

Wet chemical etching ~ends to be an isotropic process, etching equally in all direc­
tions. Figure 2.5a shows the result of isotropic etching of a narrow line in silicon 

b%Resistl 
sio2%;:: 

Si 

(a) 

biResis~ sJ?2 

Si 

(b) 

Fig. 2.5 Etching profiles obtained with (a) isotropic wet chemical etching and (b) dry anisotropic 
etching in a plasma or reactive-ion etching system. · 
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2.3 PHOTOMASK FABRICATION 21 

dioxide. The etching process has etche<;l und~r _the, r~sist by a distance equal to the 
thickness of the film. This "etch bias" becomes a serious problem in processes requiring 
linewidths with dimensions similar to the thickness of the film. 

2.2.2 Dry Etching 

Dry etching processes are widely used in VLSI fabrication. Highly anisotropic etching 
profiles can be obtained as shown in Fig. 2.5b; avoiding the undercutting problem of 
Fig. 2.5a characteristic of wet processes. Dry processes require only small amounts 
of reactant gases, whereas wet etch,ing requires disposal of relatively large amounts of 
liquid chemical wastes. 

Plasma etching immerses the wafers in a gaseous plasma created by RF excitation in 
a vacuum system. The plasma contains fluorine or chlorine ions which etch .silicon 
dioxide. The RF power source typically operates at a frequency of 13.56 MHz, which 
is set aside by the Federal Communications Commission for industrial and scientific 
purposes. 

Sputter etching uses energetic noble gas ions such as Ar+ to bombard the wafer 
surface. Etching occurs by physically knocking atoms off the surface of the wafer. 
Highly anisotropic etching can be obtained, but selectivity is often poor.· Metals can be 
used as barrier materials to protect the wafer from etching. 

Reactive:..iori, etching combines the plasma and sputter etching processes. Plasma 
systems are used to ionize reactive gases, and the ions are accelerated to bombard the 
surface. Etching occurs through a combination of the chemical reaction and momentum 
transfer from the etching species. 

2.2.3 Photoresist Removal 

After windows are etched through the Si02 layer, the photoresist is stripped from the 
surface, leaving a window in the silicon dioxide. Photoresist removal typically uses 
proprietary-liquid resist strippers, which cause the resist to swell and lose adhesion to the 
substrate. Dry processing may also be used to remove resist by oxidizing (burning) it in 
an oxygen plasma system, a process often called resist ashing. 

2.3 PHOTOMASK FABRICATION 

Photomask fabrication involves a series of photographic processes outlined in Fig. 2.6. 
An integrated-circuit mask begins with a large-scale drawing of each mask. Early 
photomasks were cut by hand in a material called ruby lith, a sandwich of a clear backing 
layer and a thin red layer of Mylar. The red layer was cut with a stylus and peeled off, 
leaving the desired pattern in red. The original rubylith copy of the mask was 100 to 
1000 times larger than the final integrated circuit and was photographically reduced to 
form a reticle for use in a step-and-repeat camera, as described later 

Today, computer graphics systems and optical pattern generators have largely sup­
planted the use of rubylith. An image of the desired mask is created on a computer 
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Direct step-on-wafer 
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Draw IC masks 
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reduction system 

Final-size master mask 

Working masks 

Contact printing 

8 
Proximity or 

projection printing 

Fig. 2.6 Outline of steps in the mask fabrication process. 

graphics system. Once the image is complete, files containing the commands needed to 
drive a pattern generator are created on magnetic tape or disks. The pattern generator uses 
a flash lamp to expose the series of rectangles composing the.mask image directly onto 
a photographic plate called the reticle. 

/ 
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2.3 PHOTOMASK FABRICATION 23 

Reticle images range from one to ten time_s final size. A step-and-repeat camera is 
used to reduce the reticle image to its final size and to expose a two-dimensional array 
of images on a master copy of the final mask. On a 125-mm wafer, it is possible to get 
approximately 1900 copies of a 2.5 mm x 2.5 mm integrated-circuit chip! Figure 2.7 
shows examples of a computer graphics plot, a reticle, and a final mask for a simple 
integrated circuit. 

A final master copy of the mask is usually made in a thin film of metal, such as 
chrome, on a glass plate. The mask image is transferred to photoresist, which is used as 
an etch mask for the chrome. Working emulsion masks are then produced from the 
chrome master. 

Each time a mask is brought into contact with the surface of the silicon wafer, the 
pattern can be damaged. Therefore, emulsion masks are used for only a few exposures 
before they are thrown away. Contact printing has been largely replaced by proximity and 
projection printing systems, illustrated in Fig. 2.8. In proximity printing, the mask is 
brought in very close proximity to the wafer but does not come in c::ontact with the wafer 
during exposure, thus preventing damage to the mask. Projection printing uses a dual­
lens system to project a portion of the mask image onto the wafer surface. The wafer and 
masks may be scanned or the system may operate in a step-and-repeat mode. The actual 
mask and lenses are mounted many centimeters from the wafer surface. 

30 em 

(a) 

Fig. 2. 7 Mask fabrication. (a) Composite computer graphics plot of all masks for a simple 
integrated circuit; (b) lOX reticle of metal-level mask; (c) final-size emulsion mask with 
400 copies of the metal level of the integrated circuit in (a). (Figure continued on p. 24.) 
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Fig. 2.7 (continued) 
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Fig. 2.8 Artist's conception of various printing techniques. (a) Contact printing, in which wafer 
is in intimate contact with mask; (b) proximity printing, in which wafer and mask are in close 
proximity; (c) projection printing, in which light source is scanned across the mask and focused 
on the wafer. Copyright, 1983, Bell Telephone Laboratories, Incorporated. Reprinted by permis­
sion from ref. [2]. 

In large-diameter wafers, it is difficult to maintain alignment between mask levels 
across the complete wafer, particularly with features whose size approaches 1 p,m. 
High-resolution systems now use direct step-on-wafer techniques. A projection system 
is used with a 1 X or lOX reticle to expose the integrated-circuit die pattern directly on 
the wafer. No step-and-repeat masks of the circuit are produced. The pattern is aligned 
and exposed separately at each die site. · 

Masks requiring geometrical features smaller than 1.25 p,m can be produced by 
writing the pattern on the wafer ·in a special electron-sensitive resist using electron 
beams. Electron-beam systems are also commonly used to niake 1 X reticles for direct. 
step-on-wafer systems. 

2.4 SUMMARY 

Photolithography is used to transfer patterns from masks to photoresist on the surface of 
silicon wafers. The resist protects porJ:ions of the surface while windows are etched in 
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26 LITHOGRAPHY 

barrier layers such as silicon dioxide, silicon nitride, or metal. The windows may be 
etched using either wet or dry processing techniques. Wet chemical etching tends to etch 
under the edge of the mask, causing a loss of linewidth control at small dimensions. Dry 
etching can yield highly anisotropic etching profiles and is required in most VLSI 
processing. 

After etching, impurities can be introduced into the wafer through the windows using 
ion implantation and/or high-temperature diffusion, or metal can be deposited on the 
surface making contact with the silicon through the etched windows. Masking operations 
are performed over and over during integrated-circuit proc~ssing, and the number of 
mask steps required is used as a basic measure of process complexity. 

Mask fabrication uses computer graphics systems to draw the chip image at 100 to 
2000 times final size. Reticles one to ten times final size are made from this computer 
image, using optical pattern generators or electron-beam systems. Step-and-repeat cam­
eras are used to fabricate final masks from the reticles, or direct step-on-wafer systems 
may be used to transfer the patterns directly to the wafer. 

Today we are reaching the limits of optical lithography. Present equipment can define 
windows which are approximately 1.25 t-tm wide. (Just a few year ago, experts thought 
that 2 J.Lm would be the limit! Today it appears that it may be possible to extend optical 
lithography to submicron dimensions.) The wavelength of light is too long to produce 
much smaller geometrical features because of fringing and interference effects. Electron­
beam and X-ray lithography are now being used to fabricate devices with geometrical 
features smaller than 0.25 J-tm, and lithography test structures have reproduced shapes 
with minimum featur~ sizes of 0.1 t-tm. · 
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PROBLEMS 

2.1 A complex CMOS fabrication process requires 15 masks. What fraction of the dice must be 
good (i.e., what yield must be obtained) during each mask step if we require 30% of the final dice 
to be good? 

2.2 The mask set for a simple rectangular pn junction diode is shown in Fig. P2.2. The diode is 
formed in a p-type substrate. Draw a picture of the horizontal layout for the diode which results 
when a worst-case misalignment of 3 J.Lm occurs in both the x andy directions on each mask level. 
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(a) Assume that both the contact and metal levels are aligned to the diffusion level. 

(b) Assume that the contact level is aligned to the diffusion lt?vel and the metal level is aligned 
to the contact level. 

2.3 Figure P2.3 shows a resist pattern on top of a silicon dioxide film 1 fLm thick. Draw the 
silicon-silicon dioxide structure after etching and removal of the photoresist for: 

(a) Isotropic wet chemical etching 

(b) Anisotropic dry etching with no undercutting. 

I" ~I 

I Resist I + I Resist I 
) Si02 

) LJ.Im 
I Si 
) 
l 

Fig. P2.3 

2.4 (a) What type of photoresist must be used with each of the three mask levels (n-diffusion 
window, contact windows, and metal etch) used to fabricate the diode of Problem 2.2? 

(b) Draw a set of alignment marks suitable for use with the alignment sequence of Problem 2.2b. 
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3 I Thermal Oxidation of Silicon 

Upon exposure to oxygen, the surface of a silicon wafer oxidizes to form silicon dioxide. 
This native silicon dioxide film is a high-quality electrical insulator and can be used as 
a barrier material during impurity diffusion. These two properties of silicon dioxide were 
the primary process factors leading to silicon becoming the dominant material in use 
today for the fabrication of integrated circuits. This chapte.r discusses the theory of oxide 
growth, oxide growth processes, factors affecting oxide growth rate, impurity redis­
tribution during oxidation, and techniques for selective oxidation of silicon. Methods for 
determining the thickness of the oxide film are also presented. 

3.1 THE OXIDATION PROCESS 

Thermal oxidation of silicon is easily achieved by heating the wafer to a high tem­
perature, typically 900 to 1200 °C, in an atmosphere containing either pure oxygen ·or 
water vapor. Both water vapor and oxygen move (diffuse) easily through silicon dioxide 
at these high temperatures (see Fig. 3 .1). Oxygen arriving at the silicon surface can then 
combine with silicon to form silicon dioxide. The chemical reaction occurring at the 
silicon surface is 

(3.1) 

for dry oxygen and 

(3.2) 

for water vapor. Silicon is consumed as the oxide grows, and the resulting oxide expands 
during growth, as shown in Fig. 3.2. The final oxide layer is approximately 54% above 
the original ·surface of the silicon and 46% below the original surface. 

29 
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Fig. 3.1 Diffusivities of hydrogen, oxygen, sodium, and water vapor in silicon glass. Copyright 
John Wiley & Sons, Inc. Reprinted with permission from ref. [2]. 

3.2 MODELING OXIDATION 

In order for oxidation to occur, oxygen must reach the silicon interface. As the oxide 
grows, oxygen must pass through more and more oxide, and the growth rate decreases 
as time goes on. A simple model for oxidation can be developed by assuming that oxygen 
diffuses through the existing oxide layer. Fick' s first law of diffusion states that the 
particle flow per unit area, J (called particle flux), is directly proportional to the 
concentration gradient of the particle: 

1 = -DaN(x, t)jax (3.3) 
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3.2 

Silicon 
wafer 

·MODELING OXIDATION 31 

Fig. 3.2 Formation of a silicon dioxide layer on the surface of a silicon wafer consumes silicon 
during growth of the layer. The oxide expands to fill a region approximately 54% above and 46% 
below the original surface of the wafer. The exact percentages depend on the density of the oxide. 

where D is the diffusion coefficient and N is the particle concentration. The negative sign 
indicates that particles move from a region of high concentration to a region of 
low concentration. 

For our case of silicon oxidation, we will make the approximation that the oxygen 
flux passing through the oxide in Fig. 3.3 is constant everywhere in the oxide (oxygen 
does not accumulate in the oxide). The oxygen flux J is then given by 

<: 
d 
.2 
~ .... 
E 
<!) 
() 
c 
0 
u 

(number of particles/ em 2 -sec) 

Silicon 
dioxide 

Silicon 

Ni 

Xo 

Si02 Si 

Xo 

Distance from surface, x 

(3.4) 

Fig. 3.3 Model for thermal oxidation of silicon. Xo is the thickness of the silicon dioxide layer 
at any timet. J is the constant flux of oxygen diffusing through the layer, and N0 and N; represent 
the oxygen concentration at the oxide surface and silicon dioxide-silicon interface, 
respectively .. 
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32 THERMAL OXIDATION OF SILICON 

where X0 is the thickness of the oxide at a given time, and N0 and Ni are the concentrations 
of the oxidizing species in the oxide at the oxide surface and silicon dioxide-silicon 
interface, respectively. At the silicon dioxide-silicon interface, we assume that the 
oxidation rate is proportional to the concentration of the oxidizing species so that the flux 
at the interface is 

(3.5) 

where ks is called the rate constant for the reaction at the Si-Si02 interface. Eliminating 
Ni using eqs. (3 .4) and (3. 5), the flux J becomes 

J = DNoi(Xo + Dlks) (3.6) 

The rate of change of thickness of the oxide layer with time is then given by the oxidizing 
flux divided by the number of molecules M of the oxidizing species that are incorporated 
into a unit volume of the resulting oxide: 

dXoldt =JIM = (DNoiM)I(Xo + Dlks) (3.7) 

This differential equation is easily. solved using the boundary condition X0(t = 0) = Xi> 
which yields 

Xr + AXi = BT 

or 

t = X61B + X0I(BIA) - T (3.8) 

where A = 2Diks, B = 2DNoiM, and T = Xf/B + Xj(BIA). xi is the initialthickness 
of oxide on the wafer. A thin native oxide layer (10 to 20 A) is always present on silicon 
due to atmospheric oxidation, or Xi may represent a thicker oxide grown during previous 
oxidation steps. Solving eq. (3.8) for X0(t) yields 

[{ 
4B }

112 

X0(t) = 0.5A 1 + A2 (t + T) (3.9) 

For short times with (t + T) ~ A 2 I 4B, 

X0(t) = (BIA)(t + T) (3.10) 

Oxide growth is proportional to time, and the ratio B I A is called the linear (growth) rate 
constant. In this region, growth rate is limited by the reaction at the silicon interface. 
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3.3 FACTORS INFLUENCING OXIDATION RATE 

For long times with (t + r) }> A 2/4B, t }> T, 

Xo = \liit 

33 

(3.11) 

Oxide growth is proportional to the square root of time, and B is called the parabolic rate 
constant. The oxidation rate is diffusion-limited in this region. 

3.3 FACTORS INFLUENCING OXIDATION RATE 

There is good experimental agreement with this simple theory. Figures 3.4 and 3.5 show 
experimental data for the parabolic and linear rate constants. The rate-constant data 
follow straight lines when plotted on a semilogarithmic scale versus reciprocal tern-· 
perature. This type of behavior occurs in many natural systems and is referred to as an 
Arrhenius relationship. A mathematical model for this behavior is as follows: 

-;::;-
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D = D0 exp(-EA/kT) (3.12) 

Temperature ( oq 
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Fig. 3.4 Dependence of the parabolic rate constant B on temperature for the thermal oxidation 
of silicon in pyrogenic H20 (640 torr) or dry Oz. Reprinted by permission of the publisher, The 
Electrochemical Society, Inc., from ref. [7]. 
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Fig. 3.5 Dependence of the linear rate constant B /A ori temperature for the thermal oxidation 
of silicon in pyrogenic H20 (640 torr) or dry 02. Reprinted by permission of the publisher, The 
Electrochemical Society, Inc., from ref. [7]. 

Values for the coefficient D 0 and activation energy EA for wet a~d dry oxygen are given 
in Table 3 .1. For wet oxidation, a plot of the experimental data of oxide thickness versus 
oxidation time is consistent with an initial oxide thickness of approximately zero at 
t = 0. However, a similar plot for dry oxidation yields an initial oxide thickness of 
250 A for temperatures ranging from 800 to 1200 °C. Thus, a nonzero value forT must 
be used in eq. (3.8) for dry oxidation calculations. This large value of Xi indicates that 
our simple oxidation theory is not quite correct, and the reason for this value of Xi is not 
well understood. Graphs of oxide growth versus time, calculated using the values from 
Table 3.1, are given in Figs. 3.6 and 3. 7. 

Eq. (3.12) indicates the strong dependence of oxide growth on temperature. A 
number of other factors affect the oxidation rate, including wet and dry oxidation, 
pressure, crystal orientation, and impurity doping. Water vapor has a much higher 
solubility than oxygen in silicon dioxide, which accounts for the much higher oxide 
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3.3 FACTORS INFLUENCING OXIDATION RATE 35 

Table 3.1 Values for Coefficient Do and Activation Energy EA for Wet and Dry Oxygen.* 

Wet Oz (Xi = 0 nm) Dry Oz (Xi = 25 nm) 

Do EA Do EA 

(100) Silicon 

Linear (B /A) . . . . 9. 70 X 107 JLm/hr 2.05 eV 3.71 X 106 JLID/hr 2.00 eV 
Parabolic (B) . . . . 386 JLm2 /hr 0.78 eV 772 JLm2/hr 1.23 eV 

(111) Silicon 

Linear (B/A) .... 1.63 x 108 JLm/hr 2.05 eV 6.23 x 106 JLin/hr 2.00 eV 
Parabolic (B) . . . . 386 JLm2 /hr 0.78 eV 772 JLm2/hr 1.23 eV 

*Data from ref. [7]. 
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Fig. 3.6 Wet and dry silicon dioxide growth for (100) silicon calculated using the data from 
Table 3.1. 
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Fig. 3.7 Wet and dry silicon dioxide growth for (111) silicon calculated using the data from 
Table 3.1. 

growth rate in a wet atmosphere. Slower growth results in a denser, higher-quality oxide 
and is usually used for MOS gate oxides. -More-rapid. growth in wet oxygen is used for 
thicker masking layers. 

Eq. (3.8) shows that both the linear and parabolic rate constants are proportional to 
N0 • N0 is proportional to the partial pressure of the oxidizing species, so pressure can be 
used to control oxide growth rate. There is great interest in developing low-temperature 
processes for VLSI fabrication. High pressure is being used to increase oxidation rates 
at low temperatures (see Fig. 3.8). In addition, very thin oxides (50 to 200 A) are 
required for VLSI, and low-pressure oxidation is being investigated as a means of 
achieving controlled growth of thin oxides. 

Figures 3 .4 through 3. 7 also show the dependence of oxidation rate on substrate 
crystal orientation for the (111) and (100) materials most commonly used in bipolar and 
MOS processes, respectively. The crystal orientation changes the number of silicon 
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Fig. 3.8 Wet oxide growth at increased pressures. Reprinted with permission of Solid State 
Technology, published by Technical Publishing, a company of Dun and Bradstreet, from ref. [10]. 

bonds available at the silicon surface, which influences the oxide growth rate and quality 
of the silicon-silicon dioxide interface. 

Example 3.1: Using Fig. 3.6, a 1-hr oxidation of (100) silicon at 1000 °C in dry oxygen 
will produce a silicon dioxide·film approximately 580 A (0.058 11-m) thick. The same 
oxidation in wet oxygen will yield a film 3900 A (0.39 11-m) thick. 

Example 3.2: A (100) wafer has a 2000-A oxide on its surface. (a) How long did it take 
to grow this oxide at 1100 oc in dry' oxygen? (b) The wafer is put back in the furnace in wet 
oxygen at 1000 °C. How long will it take to grow an additional 3000 A of oxide? Solve this 
problem graphically using Fig. 3.6 and 3.7 as appropriate. (c) Repeat part (b) using the 
oxidation theory presented in eqs. (3.3) through (3.12).' 

Solution: (a) Using Fig. 3.6, it would take 2. 75 hr to grow a 0.2-11-m oxide in dry oxygen 
at 1100 °C. 
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(b) We can solve part (b) graphically using Fig. 3.6. The total oxide at the end of the 
ox!dation would be 0.5 J.Lm. If there were no oxide on the surface, it would take 1.5 hr to 
grow 0.5 J.Lm. However, there is already a 0.2-J.Lm oxide on the surface, and the furnace 
"thinks" that the wafer has already been in the furnace for 0.4 hr. The time required to grow 
the additional 0.3 J.Lm of oxide is the difference in these two times: f:lt = 
(1.5 - 0.4) hr = 1.1 hr. 

(c) From Table 3.1, B = 3.86 x 102 exp(-0.78/kT) J.Lm2 /hr and (B/A) = 
0.97 x 108 exp( -2.05/kT) J.Lm/hr. Using T = J273 K, B = 0.314 J.Lill 2 /hr and 
(B/A) = 0.738 J.Lm/hr. Using these values and an initial oxide thickness of 0.2 !J-ill yielos. 
a value of 0.398 hr for the effective initial oxidation time r. Using r and a final oxide 
thickness of 0.5 J.Lm yields an oxidation time of 1.08 hr. Note that both the values oft and 
r are close to those found in part (b). Of course, our results depend on our ability to 
interpolate logarithmic scales! 

Heavy doping of silicon also changes its oxidation characteristics. Phosphorus dop­
. ing increases the linear rate constant without altering the parabolic rate constant. Boron 

--~ 

doping, on the other hand, increases the parabolic rate constant but has little effect.on 
the linear rate constant. These effects are related to impurity redistribution during ox-
idation, which is discussed in the next section. " 

3.4 DOPANT REDISTRIBUTION DURING OXIDATION 

During oxidation, the impurity concentration changes in the silicon near the 
silicon-silicondioxide interface.,Bo_ron~and galliumtend to be depleted from the surface, 
whereas phosphorus, arsenic; and antimony•pile up at the surface. 

Impurity depletion and pileup depend on· both the diffusion- coefficient· and the 
segregation coefficient of the impurity in the oxide. The segregation co_~fficient nt' is 
equal to the ratio of the equilibrium concentration of the impurity in silicon to that of the 
impurity in the oxide. Various possibilities are depicted in Fig. 3.9. The value of m for 
boron is temperature-dependent and is less than 0.3 at normal diffusion temperatures. 
Boron also diffuses slowly through Si02 • Thus, boron is depleted from the silicon surface 
and remains in the oxide (Fig. 3. 9a) .\ Th~ presence of hydrogen during oxide growth br 
impurity diffusion greatly enhances the diffusion of boron through oxide, resulting in 
enhanced depletion of boron at the silicon surface (Fig. 3.9b). 

The value of m is approximately ten for phosphorus, antimony, and arsenic. These 
elements are rejected by the oxide, and they diffuse slowly in the oxide, resulting in 
pileup at the silicon surface (Fig. 3.9c). 

Gallium has a segregation coefficient of 20. However, it diffuses very rapidly 
- through silicon dioxide. This combination causes depletion of gallium at the surface, as 

shown in Fig. 3.9d. 
The effects of boron depletion and phosphorus pileup are particularly important in 

both bipolar and MOS processing. Process design must take both problems into account, 
and it may be necessary to add or change processing steps to overcome the effects of 
these phenomena. 
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Fig. 3.9 The effects of oxidation on impurity profiles. (a) Slow diffusion in oxide (boron); (b) 
fast diffusion in oxide (boron with hydrogen ambient); (c) slow diffusion in oxide (phosphorus); 
(d) fast diffusion in oxide (gallium). Copyright John Wiley & Sons, Inc. Reprinted with permis­
sion from ref. [3]. 

3.5 MASKING PROPERTIES OF SILICON DIOXIDE 

One of the most important properties of silicon.dioxide is its ability to mask impurities 
during hrgh-temperature diffusion. The diffusivities of antimony, arsenic, boron, and 
phosphorus in silicon dioxide are all orders of magnitude smaller than their correspond­
ing values in silicon. Thus Si02 films can be used effectively to. mask these elerr1ents. 
Relatively deep diffusion can take place in unprotected regions of silicon, whereas no 
significant impurity penetration will occur in regions covered by silicon dioxide. 

t_igure 3.10 gives the Si02 thickness required to mask boron and phosphorus dif­
fusions as a function of diffusion time and temperature. Note that silicon dioxide 1s four 
to five times more effective in masking boron than in masking phosphorus. Arsenic and 
antimony diffuse more slowly than phosphorus, so an oxide thick enough to mask 
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Fig. 3.10 Thickness of silicon dioxide needed to mask boron and phosphorus diffusions as a 
function of diffusion time and temperature. 

phosphorus is also sufficient to mask arsenic and antimony. Masking oxide thicknesses 
of 0.5 to 1.0 p,m are typical in integrated-circuit processes. The masking oxide would 
be considered to have failed if the impurity level under the mask were to reach a 
~ignificant fraction (10%) of the background concentration i.n the silicon. 

The graph for boron is valid for an environment which contains no hydrogen! As 
mentioned earlier, the presence of hydrogen greatly enhances the boron diffusivity. Wet 
oxidation releases hydrogen, and care must be taken to avoid boron diffusion in the 
presence of water vapor. 

As mentioned in Section 3.4, gallium diffuses rapidly through Si02, as does alumi­
num, and silicon dioxide cannot be used as a mask for these elements. However, silicon 
nitride can be used effectively as a mask for these impurities. 

3.6 TECHNOLOGY OF OXIDATION 

Thermal oxidation of silicon is typically carried out in a high-temperature furnace tube. 
The tubes may be made of quartz, polycrystalline silicon, or silicon carbide and are 
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3.7 OXIDE QUALITY 41 

Fig. 3.11 A typical furnace used for oxidation and diffusion. This furnace contains six tubes, 
each with three-zone temperature control. Gases are supplied under automatic control from the rear 
of each tube. 

specially fabricated to prevent sodium contamination during. oxidation. The wafers are 
placed upright on edge in a quartz boat and pushed slowly into the furnace. The furnace 
is maintained at a temperature between 800 and 1200 °C. Three-zone resistance-heated 
furnaces maintain the temperature within a fraction of a degree over a distance of 0.5 m 
in the center zone. A photograph. of a typical six-tube furnace used for oxidation and 
diffusion appears in Fig. 3.11. 

The furnace is continually purged with an inert gas such as nitrogen prior to oxida­
tion. Oxidation begins by introducing the oxidizing species into the furnace in gaseous 
form. Extremely high-purity oxygen is available and is used for dry oxidation. Water 
vapor may be introduced by passing oxygen through a bubbler containing deionized 
water heated to 95 °C. The oxygen serves as a transport gas to carry the water vapor into 
the furnace. High-purity water vapor can also be obtained by burning hydrogen 
and oxygen in the furnace tube. Steam is not often used because it tends to pit the 
silicon surface. 

3.7 OXIDE QUALITY 

Wet oxidation is used to grow relatively thick oxides used for masking. An oxidation 
growth cycle usually consists of a sequence of dry/wet/dry oxidations. Most of the oxide 
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is grown during the wet oxidation phase since the growth rate is rriuch ·higher in the 
presence of water. Dry oxidation results in a higher-density oxide than that achieved with 
wet oxidation. Higher density in tum results in a higher breakdown voltage (5 to 
10 MV /em). In order to maintain good process control, the thin gate oxides ( < 1000 A) 
of MOS devices are usually formed using dry oxidation. 

MOS devices are usually fabricated on wafers having a (100) surface orientation. The 
(100) orientation results in the smallest number of unsatisfied silicon bonds at the Si-Si02 

interface, and the choice of the (100) orientation yields the lowest number of interface 
traps.* 

Sodium ions are highly mobile in Si02 films (see Fig. 3.1), and contamination of 
MOS gate oxides was a difficult problem to overcome in the early days of the integrated­
circuit industry.* Bipolar devices are much more tolerant of oxide contamination 
than MOS devices, and this was a primary factor in the early dominance of bipolar 
integrated circuits. 

Sodium-ion contamination results in mobile positive charge in the oxide. In addition, 
a substantial level of positive fixed oxide exists at the Si-Si02 interface.* These charge 
centers attract electrons to the surface of MOS transistors, resulting iii a negative shift 
in the threshold voltage of the MOS devices. NMOS devices become depletion-mode 
devices. PMOS devices remain enhancement-mode devices but have more negative 
threshold voltages. The first successful MOS processes were therefore PMOS processes. 
As the industry was able to improve overall oxide quality, NMOS processes became 
dominant because of the mobility advantage of electrons over holes. 

It was discovered that the effects of sodium contamination can be greatly reduced by 
adding chlorine during oxidation. Chlorine is incorporated into the oxide and immo­
bilizes the sodium ions. A small amount (6% or less) of anhydrous HCl can be added to 
the oxidizing gas. Gaseous chlorine, oxygen, or nitrogen can also be bubbled through 
trichloroethylene (C2HC13). It should also be noted that the presence of chlorine during 
dry oxidation results in an increase in both the linear and parabolic rate constants. 

3.8 SELECTIVE OXIDATION 

The oxidation processes described above generally form an oxide film over the complete 
surface of the silicon wafer. The ability to selectively oxidize the silicon surface has 
become very important in high-density bipolar and MOS processes. Selective oxidation 
processes result in improved device packing density and more planar final structures. 

Oxygen and water vapor do not diffuse well through silicon nitride. Figure 3.12 
shows an MOS process using selective oxidation in which silicon nitride is used as an 
oxidation mask. A thin layer ( 10 to 20 nm) of silicon dioxide is first grown on the wafer 
to protect the silicon surface. Next, a layer of silicon nitride is deposited over the surface 
and patterned using photolithography. The wafer then goes through a thermal oxidation 

*See Volume IV in the Modular Series on Solid State Devices, Field Effect Devices, Section 4.2, for an 
excellent discussion of oxide quality. 
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Fig. 3.12 Cross section depicting process sequence for (a) semirecessed and (b) fully recessed 
oxidations of silicon. 

step. Oxide grows wherever the wafer is not protected by silicon nitride. This process 
results in the so-called semirecessed oxide structure. 

Some oxide growth occurs under the edges of the nitride and causes the nitride to 
bend up at the edges of the masked area. The penetration of the oxide underneath the 
nitride results in a "bird's beak" structure. Formation of the bird's beak in Fig. 3.12leads 
to loss _of geometry control in VLSI structures, so minimization of the bird's beak 
pheno_menon is an important goal in VLSI process design. 

A fully recessed oxide can be formed by etching the silicon prior to oxidation. 
This process can yield a very planar surface after the removal of the nitride mask. 
Suqsequent processing reduces the advantage of this process over the semirecessed 
version, and most processes today use some form of semirecessed oxidation. 

3.9 OXIDE THICKNESS CHA~ACTERIZATION 

One of the simplest methods for determining the thickness of an oxide is to compare the 
color of the wafer with the reference color chart in Table 3.2. When a wafer is illu­
rpinated with white light perpendicular to the surface, the light penetrates the oxide film 
and is refl~cted by the underlying silicon wafer. Constructive interference causes en­
hancement of a certain wavelength in the reflected light, and the color of the wafer 
corresponds to the enhanced wavelength. Constructive interference occurs when the 
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44 THERMAL OXIDATION OF SILICON 

Table 3.2 Color Chart for Thermally Grown Si02 Films Observed Perpendicul~rly Under 
Daylight Fluorescent Lighting. Copyright 1964 by International Business Machines 
Corporation; reprinted with permission from ref. [9]. 

Film Film 
Thickness Thickness 

(J.Lm) Color and Comments (J.Lm) Color and Comments 

0.05 Tan 0.54 · Yellow green 

0.07 Brown 0.56 Green yellow 

0.10 Dark violet to red violet 0.57 Yellow to "yellowish" (not 

0.12 Royal blue 
yellow but is in the position 
where yellow is to be 

0.15 Light blue to metallic blue expected; at times 

0.17 Metallic to very light appears to be light creamy 

yellow green gray or metallic) 

0.20 Light gold or yellow; 0.58 Light orange or yellow to 

slightly metallic pink borderline 

0.22 Gold with slight yellow 0.60 Carnation pirik 
( 

orange 0.63 Violet red 

0.25 Orange to melon 0.68 "Bluish" (not blue but 

0.27 Red violet 
borderline betwet>n violet 
and blue green; appears 

0.30 Blue to violet blue more like a mixture 

0.31 Blue between violet red and blue 

0.32 Blue to blue green 
green and looks grayish) 

0.72 Blue green to green (quite 
0.34 Light green broad) 
0.35 Green to yellow green 0.77 "Yellowish" 
0.36 Yellow green 0.80 Orange (rather broad for 
0.37 Green yellow orange) 

0.39 Yellow 0.82 Salmon 

0.41 Light orange 0.85 Dull, light red violet 

0.42 Carnation pink 0.86 Violet 

0.44 Violet red 0.87 Blue violet 

0.46 Red violet 0.89 Blue 

0.47 Violet 0.92 Blue green 

0.48 Blue violet 0.95 Dull yellow green 

0.49 Blue 0.97 Yellow to "yellowish" 

0.50 Blue green 0.99 Orange 

0.52 Green (broad) 1.00 Carnation pink 
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Table 3.2 (continued) 

Film Film 
Thickness Thickness 

(J.tm) Color and Comments (J.tm) Color and Comments 

1.02 Violet red 1.24 Carnation pink to salmon 

1.05 Red violet 1.25 Orange 

1.06 Violet 1.28 "Yellowish" 

1.07 Blue violet 1.32 Sky blue to green blue 

1.10 Green 1.40 Orange 

1.11 Yellow green 1.45 Violet 

1.12 Green 1.46 Blue violet 

1.18 Violet 1.50 Blue 

1.19 Red violet 1.54 Dull yellow green 

1.21 Violet red 

path length in the oxide (2X0) is equal to an even multiple of one wavelength of light in 
the oxide. 

2X0 = kA./n (3.13) 

where the number k is any integer greater than zero, and n is the refractive index of the 
oxide (n = 1.46 for SiD~). 

As an example, a wafer with a 5000-A silicon dioxide layer will appear blue green. 
Color-chart comparisons are quite subjective, and the colors vary periodically with 
thickness. In addition, care must be exercised to determine the color from a position 
perpendicular to the wafer. The color chart (Table 3.2) is only valid for vertical illu­
mination with fluorescent light. 

Accurate thickness measurement can be achieved with an instrument called an ellip­
someter, and this instrument is often used to make an accurate reference color chart. 
Polarized monochromatic light is used to illuminate the wafer at an angle to the surface. 
Light is reflected from both the oxide and silicon surfaces. The differences in polarization 
are measured, and the oxide thickness can then be calculated. 115

1 

A mechanical surface profiler can also be used to measure film thickness. The oxide 
is partially etched from the surface of a test wafer to expose a step between the wafer and 
oxide surfaces. A stylus ,is 'mechanically scanned over the surface of the wafer, and 
thickness variations are recorded on a strip-chart recorder. Films ranging from less than 
0.01 /.Lrp to more than 5 1-Lm can be measured with this instrument. 

Accurate film thickness measurements can also be achieved using light-interference 
effects in microscopy, and automated interference-based equipment is commercially 
available for thin-film characterization. 
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3.10 SUMMARY 

Silicon dioxide provides a high-quality insulating barrier on the surface of the silicon 
wafer. In addition, this layer can serve as a barrier layer during subsequent impurity­
diffusion process steps. These two factors have allowed silicon to become the dominant 
semiconductor material in use today. 

A native oxide layer several tens of angstroms thick forms on the surface of silicon 
immediately upon exposure to oxygen even at room tempeni:ture. The thickness of this 
oxide layer may be readily measured from the accumulation-region capacitance of a 
MOS test capacitor. Thicker layers of silicon dioxide are conveniently grown in high­
temperature oxidation furnaces using both wet and dry oxygen. Oxidation occurs much 
more rapidly in wet oxygen than in dry oxygen. However, the dry-oxygen _environment 
produces a higher-quality oxide and is usually used for the growth of MOS gate oxides. 
Oxide cleanness is extremely important for MOS processes, and great care is exercised 
to prevent sodium contamination of the oxide. The addition of chlorine during oxidation 
improves oxide quality. Finally, oxidation alters the impurity distribution at the surface 
of the silicon wafer. Boron tends to be depleted from the silicon surface, whereas 
phosphorus tends to pile up at the silicon surface. 

Oxidation thickness can be accurately measured using ellipsometers, interference 
microscopes, and mechanical surface pro filers or can be estimated from the apparent 
color of the oxide under vertical illumination with white light. 
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PROBLEMS 

3.1_How long does it take to grow 100 nm of oxide in wet oxygen at 1000 °C (assume (100) 
silicon)? In dry oxygen? Which process would be preferred? 

3.2 A 1.2-p,m silicon dioxide film is grown on a (100) silicon wafer in wet oxygen at 1100 °C. 
How long does it take to grow the first 0.4 p,m? The second 0.4 p,m? The final 0.4 p,m? 

3.3 Derive eq. (3.8) by solving differential eq. (3.7). 

3.4 How much oxide is needed to mask a 4-hr boron diffusion at 1150 °C? A 1-hr phosphorus 
diffusion at 1050 °C? 

3.5 A square window is etched through 200 nm of oxide prior to a second oxidation as in 
Example 3.2. The second oxidation grows 300 nm of oxide in the thick oxide region. Make a scale 
drawing of the cross section of the wafer after the second oxidation. What are the colors of the 
various regions under vertical illumination by white light? 

3.6 Write a computer program to calculate the linear and parabolic rate constants for wet and dry 
oxidation for temperatures of 950, 1000, 1050, 1100, 1150, and 1200 °C. Assume (100) silicon. 

3.7 A (100) silicon wafer has 400 nm of oxide on its surface. How long will it take to grow an 
additional! p,m of oxide in wet oxygen at 1100 °C? Compare graphical and mathematical results. 
What is the color of the final oxide under vertical illumination by white light? 

3.8 Yellow light has a wavelength of approximately 0.57 p,m. Calculate the thicknesses of silicon 
dioxide which will appear yellow under vertical illumination by white light. Consider oxide 
thicknesses less than 1.5 p,m. <;ompaie with the color chart (Table 3.2). 

3.9 Write a computer program to calculate the time required to grow a given thickness of oxide 
based on the theory of Section 3.2. The user should be able to specify desired oxide thickness, wet 
or dry oxidation conditions, temperature, and orientation of the silicon wafer. 
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4 I Diffusion . . 

High-temperature diffusion has historically been one of the most important processing 
steps used in the fabrication of monolithic integrated circl.iits. Diffusion has; been the 
primary method of introducing impurities such as boron, pHosphorus, and antimony into 
silicon to control the majority-carrier type and resistivity of layers formed in the wafer. 
In this chapter, we explore the theoretical and practical aspects of the diffusion process, 
the characterization of diffused layer sheet resistance, and the determination of junction 
depth. Physical diffusion systems and solid, liquid, and gaseous impurity sources are all 
discussed. 

4.1 THE DIFFUSION PROCESS 

The diffusion process begins with the deposition of a high concentration of the desired 
impurity on the silicon surface through windows etched in the protective barrier layer. -
At high temperatures (900 to 1200 °C), the impurity atoms move from the surface into 
the silicon crystal via the substitutional 'or interstitial diffusion mechanisms illustrated · 
in Fig. 4.1. 

In the case of substitutional diffusion, the impurity atom hops from one crystal lattice 
site to another. The impurity atom thereby "substitutes" for a silicon atom in the lattice. 

I • 

Vacancies must be present in the silicon lattice in order for the substitutional process to 
occur. Statistically, a certain number of vacancies will always exist in the lattice. At high 
temperatures, vacancies may also be created by displacing silicon atoms from their 
normal ·lattice positions into the vacant interstitial space between latticy sites. The 
substitutional diffusion process in which silicon atoms are displaced into interstitial sites 
is called interstitialcy diffusion. 

Considerable space exists. between atoms in the silicon lattice, and certain impurity 
atoms diffuse through the crystal by jumping from one interstitial site to another. Since 
this mechanism does not require the presence of vacancies' interstitial diffusion proce~ds 
much more rapidly than substitutional diffusion. The rapid diffusion rate makes inter­
stitial diffusion difficult to control. 

49 
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Fig. 4.1 Atomic diffusion in a two-dimensional lattice. (a) Substitutional diffusion, m which the 
impurity moves among vacancies in the lattice; (b) interstitialcy mechanism, in which the impurity 
atom replaces a silicon atom in the lattice, and the silicon atom is displaced to an interstitial site; 
(c) interstitial diffusion, in which impurity atoms do J!Ot replace atoms in the crystal lattice: 

Impurity atoms need to occupy substitutional sites in the lattice in order to provic!_e 
electrons or holes for conduction, as described in Volume I of this series.[IJ Substitutionai 
diffusion proceeds at a relatively low rate because the supply of vacancies is limited, but 
this slow diffusion rate is actually an advantage because it permits good control of the 
diffusion process. 

\. 
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4.2 MATHEMATICAL MODEL FOR DIFFUSION 51 

4.2 MATHEMATICAL MODEL FOR DIFFUSION 

The basic one-dimensional diffusion process follows Fick' s first law of diffusion, 
presented in Chapter 3: 

J. = -DaNjax (4.1) 

where J is the particle flux of the donor-or acceptor impurity spectes, N is the concen­
tration of the impurity, and D is the diffusipn coefficient. 

Fick' s second law of diffusion may be derived using the continuity equation for the 
particle flux: 

aNjat = -aJ jax (4.2) 

Eq. (4.2) states that the rate of increase of concentration with time is equal to the negative 
of the divergence of the particle flux. For the one-dimensional case, the divergence 
is equal to the gradient; Combining eqs. (4.1) and (4.2) yields Pick's second law 
of diffusion: 

(4.3) 

in which the diffusion coefficient D has been assumed to be independent of position. 
This assumption is violated at high impurity concentrations (see S~ction 4.8). 

The partial differential equation in eq. (4.3)_ can be solved by variable separation or 
Laplace transform techniques. Two specific types of boundary conditions are ~mportant 
in modeling impurity diffusion in silicon. The first is the constant-source diffusion, in 
which the surface concentration is held constant throughout the diffusion. The second is 
called ~ liniited-source diffusion, in which a fixed quantity of the impurity species is 
deposited in a thin layer on the surface of the silicon. 

4.2.1 Constan~-Source Diffusion 

During a constant-source diffusion, the impurity concentration is held constant at the 
surface of the wafer. Under this boundary condition, the solution to eq. (4.3) is given by 

N(x, t) = N0 erfc(x/2Viii) (4.4) 

for a semi-infinite· wafer i~ which N0 is the impurity concentration at the wafer surfa~e 
(x = 0). Such a diffusion is called a complementary error function (erfc) diffusion, 
shown graphically in Fig. -4.2. As time progresses, the diffusion front proceeds further 
and further into the wafer with the surface concentratipn remaining constant. The total 
number of impurity atoms per unit area in the silicon is called the dose, Q, with units 
of atoms/cm2

• Q increases with time, and an ext~mal impurity source must supply a 
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Fig. 4.2 A constant-source diffusion results in a complementary error function impurity distribu­
tion. The surface concentration No remains constant and the diffusion moves deeper into the silicon 
wafer as the Dt product increases. Dt can change as a result of increasing diffusion time, increasing 
diffusion temperature, or a combination of both. 

contil1.ual flow of impurity atoms to the surface of the wafer. The dose is found by 
integrating the diffused impurity concentration throughout the silicon wafer. 

Q = r,N(x,t)dx = 2N0YDt{;r 
0 

(4.5) 

4.2.2 Limited-Sour~e Diffusion 

A limited-source diffusion is modeled mathematically using· an impulse function at the 
silicon surface as the initial boundary condition. The magnitude of the impulse is equal 
to the dose Q. For this boundary condition in a semi-infinite wafer, the solution to 
eq. (4.3) is given by the Gaussian distribution, 

N(x, t) = (Qjv:;Dt) exp -(x/2VDt)2 (4.6) 

which is displayed graphically in Fig. 4.3. The dose remains constant throughout the 
limited-source diffusion process. As the diffusion front moves into the wafer, the sur­
face concentration must decrease so that the area under the curve can remain constant 
with time. 

On a nor:rllalized logarithmic plot, the shapes of the Gaussian and complementary 
error function curves appear similar, as illustrated in Fig. 4.4. The erfc curve, however, 
falls offmore rapidly than the Gaussian curve. ..., 
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Fig. 4.3 A Gaussian distribution results from a limited-source diffusion. As the Dt product 
increases,· the diffusion front moves more deeply into the wafer and the surface concentration 
decreases. The area under each of the three curves is the same. 

4.2.3 Two-Step Diffusion 

A short constant-source diffusion is often followed by a limited-source diffusion, re­
sulting in a "two-step" diffusion process. The constant-source diffusion step is used to 
establish a known dose in a shallow layer on the surface of the silicon and is called the 
predeposition step. The fixed dose approximates an impulse and serves as the impurity 
source for the second diffusion step. 

The second diffusion is called the drive-in step and is used to move the diffusion front 
to the desired depth. If the.Dt product for the drive-in step is much greater than the Dt 
product for the predeposition step, the resulting impurity profile is closely approximated 
by a Gaussian distribution, eq. (4.6). If the Dt product for the drive-in step is much less 
than the Dt product for the predeposition step, the resulting impurity profile is closely 
approximated by a complementary error function distribution, eq. (4.4). An integral 
equation solution to the diffusion equation also exists for diffusion conditions which do 
not satisfy either inequality. (See ref. [25].) 

4.3 THE DIFFUSION COEFFICIENT 

Figure 4.5 shows the temperature dependence of the diffusion coefficient D for substitu­
tional and interstitial diffusers in silicon. The large difference between these coefficients 
is readily apparent. In order to achieve reaspnable diffusion times with substitutional 
diffusers, temperatures in the range ..9f 900 to 1200 °C are typically used. Interstitial 

(. 
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Fig. 4.4 A graph comparing the Gaussian and complementary error function (erfc) profiles. We 
will use this curve to evaluate the erfc and its inverse. 

diffusers are difficult to control because of their large diffusion coefficients (see 
Problem 4.13). 

Diffusion coefficients depend exponentially on temperature and follow the Arrhenius 
behavior discussed in Chapter 3: 

D '= D0 exp( -EA/kT) (4.7) 
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Fig. 4.5 Diffusion constants in silicon for (a) substitutional diffusers (above) and (b) interstitial 
diffusers (ne~t page). Copyright John Wiley & Sons, Inc; reprinted with permission from ref. [25]. 

Values for D0 and EA can be,detennined from Fig. 4.5. Typical values for a number of 
impurities are given in Table 4.1. 

Wide variability exists in diffusion coefficient data reported in the literature. We will 
use eq. (4.7) and Table 4.1 in the examples and problems throughout the rest of this 
book. In general, calculations based on eq. (4.7) and Table 4.1 can be used as guides. 
Most processes are then experimentally calibrated under the specific diffusion conditions 
in each laboratory. 
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Fig. 4.5 (continued) 

Table 4.1 Typical Diffusion Coefficient Values for a Number of Impurities. 

Element Do(cm2/sec) EA(eV) 

B 10.5 3.69 
AI 8.00 3.47 
Ga 3.60 3.51 
In 16.5 3.90 
p 10.5 3.69 
As 0.32 3.56 
Sb 5.60 3.95 
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4.5 SOLID-SOLYBILITY LIMITS 

Example 4.1: Calculate the diffusion coefficient for boron at 1100 °C. 

Solution: From.Table 4), Do·= 10.5 cm2/sec and EA = 3.69 eV. T = 1373 K. D = 
10.5 exp -(3.69/(8.614 X 10-5

) (1373) = 2.96 X 10--!3 cm2/sec. 

4.4 SUCCESSIVE DIFFUSIONS , 

57 

We are ultimately interested in the final impurity distribution after all processing is 
complete. A wafer typically goes through many time-temperature cycles during prede­
position, drive-in, oxide growth, CVD, etc. For example, the base diffusion in a bipolar 
transistor will be followed by several high-temperature oxidations as well as the emitter 
predeposition and drive-in cycles. These steps take place at different temperatures for 
different lengths of time. The effect of these steps is determined by calculating the total 
Dt product, (Dt )tot• for the diffusion. (Dt )tot is equal to the sum of the Dt products for 
all high-temperature cycles affecting the diffusion: 

(4.8) 

Qi and ti are the diffusion coefficient and time associated with the ith processing step. 
(Dt)tot is then used in eq. (4.4) or (4.6) to determine the final impurity distribution. 

4.5 SOLID-SOLUBILITY LIMITS 

At a given temperature, there is an upper limit to the amount of an impurity which can 
be absorbed by silicon. This quantity is called the solid-solubility limit for the impurity 
a!ld is indicated by the solid lines in Fig. 4.6 for boron, phosphorus, antimony, and 
arsenic at normal diffusion temperatures. As can be seen in Fig. 4.6, surface concen­
trations achieved through solid-solubility-limited diffusions will be quite high. For 
example, the solid-solubility limit of boron is approximately 3.3 x 1020/cm3 at 1100 °C, 
and 1.2 x 1021 /cm3 for phosphorus at the same temperature. FJigh concentrations are 
desired for the ~mitter and subcollector diffusions in bipolar transistors and the source .. 
and drain diffusions in MOSFETs. However, solid-solubility-limited concentrations are 
too heavy for the base regions of bipolar transistors and for many resistors. The two-step 
diffusion process described in Section 4.2.3 was developed to overcome this problem. 

At high concentrations, only a fraction of the impurities actually contribute holes or 
electrons for conduction. The dotted lines in Fig. 4.6 show the "electrically active" 
portion of the impurity concentration. These curves will be referred to again in 
Section 4.7.2. 

) 
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Fig. 4.6 The solid-solubility and electrically active impurity-concentration limits in silicon for 
antimony, arsenic, boron, and phosphorus. Reprinted with permission from ref. [26]. This paper 
was originally presented at the 1977 Spring Meeting of The Electrochemical Society, Inc., held 
in Philadelphia, Pennsylvania. · 

4.6 JUNCTION FORMATION AND CHARACTERIZATION 

4.6.1 Vertical Diffusion and Junction Formation 

The goal of most diffusions is to form pn junctions by converting p-type material to 
n-type material or vice versa. In Fig. 4.7, for example, the wafer is uniformly doped 
n-type material with a concentration indicated by N8 , and the diffusing impurity is boron. 
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Fig. 4. 7. Formation of a pn junction by diffusion. (a) An example of a p-type Gaussian diffusion 
into a uniformly doped n-type wafer; (b) net impurity concentration in the wafer. The metallurgical 
junction occurs at the point x = Xj, where the net concentration is zero. The material is converted 
top-type to the left of Xj and remains !1;-type to the right of Xj. 

The point at which the diffused impurity profile intersects the background concentration 
is the .metallurgical junction .depth, xi. 'The net impurity concentration at xi is zero. 
Setting N(x) equal tO the background concentration N8 at x = xi yields 

(4.9a) 
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and 

(4.9b) 

for the Gaussian and complementary error function distributions, respectively. In 
Fig. 4.7, the boron concentrationN exceeds NB to the left of the junction, and this region 
is p-type. To the right of xj, N is less than NB, and this region remains n-type. 

We can use our scientific calculators to evaluate eq. (4.9a), and we will Ie"arn to 
~valuate the complementary error function expression using Fig. 4.4. In order to calcu­
late the junction depth, we must know the background concentration NB of the original 
wafer. _Figure 4. 8 gives the resistivity of n- and p-type silicon as a function of doping 
concentration. The background concentration can be determined using this figure 
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Fig. 4.8 Room-temperature resistivity in n- and p-type silicon as a function of impurity concen­
tration. (Note that these curves are valid for either donor or acceptor impurities but not for 
compensated material containing both types of impurities.) Copyright 1987 Addison-Wesley 
Publishing Company. Reprinted with permission from ref. [3]. · 
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4.6 JUNCTION-F-ORMATION AND CHARACTERIZATION 61 

.:when uniform concentrations of either donor or acceptor impurities are present in the 
silicon wafer. 

Example 4.2: lAboron diffusion is used to form the base region of an npn transistor 'in 
a 0.18-ohm:-cm n~typ_e silicon wafer. A solid-solubility-limited boron predeposition ·is per­
formed at 900 oc for 15 niin followed by a 5-hr drive-in at flOO"C. Find the surface 
concentration and junction depth (a) following the predeposition step and (b) following the 
drive-in step. 

Solution: The predeposition step is a solid-solubility-limited constant-source diffusion. 
Using Fig. 4.6, the boron surface concentration is approximately 1.1 x 1020 /cm3. The 
temperature of 900 °C equals 1173 K, which yields a diffusion coefficient 
D1 = 1.45 x 10- 15 cm2/sec, and t1 = 900 sec. The constant-source diffusion results in an 
erfc profile, and the impurity profile following predeposition is given by 

N(x) = 1.1 x 1020 erfc(x/2~) boron atoms/cm3 

To find the junction depth xi, we must find the point at which th.e c_Qncentration N(x) is equal 
to the background concentration Ns. Using Fig. 4.8, we find th<:tt ~ 0.18-ohm-_cm n-type 
~afer corresponds to a doping concentration of 3 x 1016/cm3. Thus, 

1.1 x 1020 erfc(x)2~) = 3 x 1016 

Solving for Xj yields 

xi = 2~ erfc-1(0.000273) = 2(Y1.31 X 10 12) (2.57) em = 0.0587 fLID 
\ 

The dose in silicon is.needed for the drive-in step and is equal to 

Q = 2N0YD1t1/7T = 2(1.1 X 1020)Y(1.45 X 10 15) (900)/7T boron atoms/cm2 

Q = 1.42 x 1014 boron atoms/ cm2 

At the drive-in temperature of 1100 °C (1373 K), D 2 = 2.96 X 10- 13 cm2 /sec, and the 
drive-in time of 5 hr = 18,000 sec. Assuming that a Gaussian profile results from the 
drive-in step, the finalprofile is given by 

N(x) = 1.1 x 1018 exp -(x/2VJS;_t;y boron atoms/cm3 (4.2.1) 

S_ett!!lg eq. (4.2.1) equalto the background concentration yields the finaljul!ction depth of 
2.77 pm. Figure 4.9 shows the concentrations at various points in the diffusion process . 

. We must check our assumption that the drive-in step results in a Gaussian profile. The 
Dt product for the predeposition step is 1.31 X 10- 12 cm2, and the Dt product for the 
drive-in step is 5.33 x 10-9 cm2. Thus D2t2 ;p D1 t~> and our assumption is justified. 
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Fig. 4.9 Calculated boron impurity profiles fdr Example 4.2. (a) Following the predeposition 
step at 900 oc for 15 min; (b) following a subsequent 5-hr drive-in step at 1100 °C. The final 
junction depth is 2.77 f.Lm with a surface concentration of 1.1 x 1018lcm3

• The initial profile 
approximates an impulse. 

4.6.2 Lateral Diffusion 

During diffusion, impurities not only diffuse vertically but also move laterally under the 
edge of any diffusion barrier. Figure 4.10 presents the results of computer simulation of 
the two-dimensional diffusion process. The normalized impurity concentrations can be 
used to find the ratio of lateral to vertical diffusion. Lateral diffusion is an important 
effect-coupling device and process design and was an important factor driving the 
development of self-aligned polysilicon-gate MOS processes. The interaction of lateral 
diffusion and device layout will be discussed in greater detail in Chapters 9 and 10. 

Example 4.3: An erfc diffusion results in a junction depth of 2 f.Lm and a surface concen­
tration of 1 x 1020 I cm3

• The background concentration of the wafer is 1 x 1016 I cm3
• 

What is the lateral diffusion underneath the edge of the mask? 
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Fig. 4.10 Normalized two-dimensional Gaussian and complementary error function diffusions 
near the edge of a window in the barrier layer. Copyright 1965 by International Business Machines 
Corporation; reprinted with permission from ref. [4]. 
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Solution: The junction occurs at N = NB, and N0 /NB = 104
• 

Using Fig. 4.10a, the ratio of lateral diffusion to vertical diffusion is 2.4/2. 75, or 0.87. The 
lateral junction depth is therefore 1.74 p,m. 

4.6.3 Junction-Depth Measurement 

Test wafers are normally processed in parallel with the actual integrated-circuit wafers. 
No masking is done on the test wafer so that diffusion may take place across its full 
surface. The test wafer provides a large area for experimental characterization of junc­
tion depth. 

Two methods are commonly used to measure the junction depth of diffused layers. 
In the first, known as the groove-and-stain method, a cylindrical groove is mechanically 
ground into the surface of the wafer, as in Fig. 4.11. If the radius R of the grinding tool 
is known, the junction depth x is easily found to be 

(4.10) 

R X 

(x + x} - x = y R2 - b2 

"= R ~(1 
. aL b2 (a+b) (a-b) 

X· = -- = ..:.._____:_..:..____.:... 
J 2R 2R 

Fig. 4.11 Junction-depth measurement by the groove-and-stain technique. The distances a and 
b are measured through a microscope, and the junction depth is calculated using eq. (4.11). 
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4.6 JUNCTION FORMATION AND CHARACTERIZATION 65 

If the radius R is much larger thari both distances a and b, then the junction depth is given 
approximately by 

xi = (a 2 
- b 2)/2R = (a + b )(a - b )/2R (4.11) 

After the grooving openi.tion, the junction is delineated using a chemical etchant 
which stains the pn junction. Concentrated hydrofluoric acid with 0.1 to 0.5% nitric acid 
can be used as a stain which is enhanced through exposure to high-intensity light.r121 The 
distances a and b are measured through a microscope, and the junction depth is calcu­
lated using eq. (4.11). 

The second technique is the angle-lap method. A piece of the wafer is mounted on 
a special fixture which permits the edge of the wafer to be lapped at an angle between 
1 and 5°, as depicted in Fig. 4.12. The junction depth is magnified so that the distance 
on the lapped surface is given by 

xi = d tan () = NA./2 (4.12) 

where () is the angle of the fixture. An optically flat piece of glass is placed over the 
lapped region, and the test structure is illuminated with a collimated monochromatic 

Light from sodium vapor lamp 

l l l l 
d 

Xj = d tan 8 

Fringe lines 

1111111111111111111 

Fig. 4.12 Junction depth measurement by the angle-lap and stain method. Interference fringe 
lines are used to measure the distanced, which is related to the junction depth using eq. (4.12). 
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beam of light with wavelength A, typically from a sodium vapor lamp. The resulting 
interference pattern has fringe lines which are approximately 0.29 11-m apart. The number 
of fringes is counted through a microscope, and the junction depth inay be found using 
eq. (4.12). 

4.7 SHEET RESISTANCE 

In diffused layers, resistivity is a strong function of d~pth. For circuit and device design, 
it is convenient to work with a new parameter, R5 , called sheet resistance, which 
eliminates the need to know the details of the diffused-layer profile. 

4.7.1 Sheet-Resistance Definition 

Let us first consider the resistance R of the rectangular block of uniformly doped material 
in Fig. 4.13. R is given by 

R = pL/A (4.13) 

where p is the material's resistivity, and L and A represent the length and cross-sectional 
area of the block, respectively. Resistance is proportional to the material resistivity. If 
the length of the block is made longer, the resistance increases, and the resistance is 
inversely proportional to cross-sectional area. 

Using W as the width of the sample and t as the thickness of the sample. the 
resistance may be rewritten as 

R = (p/t)(L/W) = Rs(L/W) (4.14) 

where Rs = (p / t) is called the sheet resistance of the layer of material. Given the sheet 
resistance R5, a circuit designer need specify only the length and width of the resistor to 

L I 
R = P A P = ~ (J = q (/An ll + lApP) 

Fig. 4.13 Resistance of a block of material having uniform resistivity. A uniform current 
distribution is entering the material perpendicular to the end of the blbck. The ratio of resistivity 
to thickness is called the sheet resistance of the material. 
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4.7 SHEET RESISTANCE 67 

define its value. Strictly speaking, the unit for sheet resistance is the ohm, since the ratio 
L/W is unitless. To avoid confusion between R and R5 , sheet resistance is given 
the special descriptive unit of ohms per square. The ratio L/W can be interpreted as the 
number of unit squares of material in the resistor. 

Figure 4.14 shows top and side views of two typical dumbbell-shaped resistors with 
top contacts at the ends. The body of each resistor is seven "squares" long. If the sheet 
resistance of the diffusion were 50 ohms per square, each resistor would have a re­
sistance of 350 ohms. Each end of the resistor adds approximately 0.65 squares to the 
resistor, and the total resistance would be approximately 415 ohms. Figure 4.15 gives the 
nuniber of squares contributed by various end and comer configurations. 

4.7.2 Irvin's Curves 

From Section 4.2 we know that the impurity concentration resulting from a diffusion 
varies rapidly between the surface and the junction. Thus p is a function of depth for 
diffused resistors. For diffused layers, we define the sheet resistance Rs by 

I 
~ I 

I 

I 
I 

R, ~ P/x; ~ [f>·(x)dx r 
II 

121 ~~ [2 [3[4 isi"i+t8l 
L 
-,--- = 7 w 

L 

I I : : : 5 : : 7 w ~ I 2 I 3 I 4 I 6 I I 
I 

L 

L p L L 
R=p-=(-)(-)=R (-) 

A I W ' W 

II 

L 
- = 7 w 

Fig. 4.14 Top and side views of two diffused resistors of different physical size having equal 
values of resistance. Each resistor has a ratio L/W equal to 7 squares. Each end of the resistor 
contributes approximately 0.65 additional squares. 
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Fig. 4.15 Effective square contributions of various resistor end and corner configurations. 

In extrinsic material, this expression can be approximated by 

R, = [['qpN(x)dx r (4.15) 

in which xi is the junction depth, p., is the majority-carrier mobility, and N(x) is the net 
impurity concentration. We neglect the depletion of charge carriers near the junction xi. 

For a given diffusion profile, sheet resistance is uniquely related to the surface 
concentration of the diffused layer and the background concentration of the wafer. 
Eq. (4.15) was evaluated numerically by Irvin,l51 and a number of Irvin's re~mits have 
been combined into Figs. 4.16a-d.l2l These figures plot surface concentration versus the 

·•. 
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Fig. 4.16 Surface impurity concentration versus the sheet resistance-junction depth product for 
different silicon background concentrations at 300 K. (a) n-type erfc distribution; (b) n-type 
Gaussian distribution; (c) p-type erfc distribution; (d) p'-type Gaussian distribution. After ref. [2]. 
Reprinted from ref. [5] with permission from the AT&T Technical Journal. Copyright 1962 
AT&T. (This figure continues on pages 70, 71, and 72.) 

Rsxj product and are used to find the sheet resistance and surface concentration of 
diffused layers. 

Example 4.4: Find the sheet resistance of the base diffusion from Example 4.2. 
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Fig. 4.16 (continued) 

Solution: From Example 4. 2, the background concentration of the wafer is 
3 x l0 16/cm3

, the surface concentration is 1.1 x l0 18/cm3
, and the junction depth is 

2. 77 f.J.m. The diffusion resulted in a p-type Gaussian layer. Using Fig. 4.16d, the R,xi 
product is found to be approximately 800 ohm-JLm. Dividing by a junction depth ,of 
2. 77 JLm yields a sheet resistance of 289 ohms/ square. 

Sheet resistance is an electrical quantity which depends on the maJonty-carrier 
concentration. As shown in Fig. 4.6, the electrically active impurity concentration for 
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104 

71 

phosphorus and arsenic is considerably less than the total impurity concentration at high 
doping levels~ In order to use Irvin's curves at high doping levels, the vertical axis, which 
is labeled "s-urface dopant density," should be interpreted to be the electrically active 
dopant concentration at the surface. 

4.7.3 The Four-Point 'Probe 

A special instrument called a four-point probe may be used to measure the bulk re­
sistivity of starting wafers and the sheet resistance of shallow diffused layers. As shown 
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Fig. 4.16 (continued) 

schematically in Fig. 4.17, a fixed current is injected into the wafer through the two outer 
probes, and the resulting voltage is measured between the two inner probes. If probes 
with a uniform spacing s are placed on an infinite slab of material, then the resistivity 
is given by 

p = 27TsV /I ohm-rrieters for t iP s (4.16) 

and 

p = ( 7Tt/ln 2)V /I ohm-meters for s iP t (4.17) 
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Fig. 4.17 Four-point probe with probe spacing s used for direct measurement of bulk wafer 
resistivity and the sheet resistance of thin diffused layers. A known current is forced through the 
outer probes, and the voltage developed is measured across the inner probes. (See eqs. (4.16) 
through (4.18).) 

Fol\ shanow layers, eq. (4.17) gives the sheet resistance as 

Rs = p /t = ( 1T /ln 2)V/I = 4.53 V /I ohm-meters for s ~ t (4.18) 

The approximation used in eqs. (4.17) and (4.18) is easily met for shallow diffused layers 
in silicon. Unfortunately, silicon wafers are often thinner than the probe spacing s, and 
the approximation in eq. (4.16) is not valid. Correction factors are given in Fig. 4.18 for 
thin wafers and for small-diameter wafers. !121 

4; 7.4 Van der Pauw's Method 

The sheet resistance of an arbitrarily shaped sample of material may be measured by 
placing four contacts on the periphery of the sampli:~ A current is injected through 
one pair of the contacts, and the voltage is measured- across another pair of contacts. 
Van der Pauw!13

, 
141 demonstrated that two of these measurements can be related by 

eq. (4.19) below. 

(4.19) 

' 

where RAB,co = Vco!hB and RBc,oA = VoA!IBc· For a symmetrical structure like a 
square or a circle, 

RAB,CD = RBC,DA 

arid 

Rs = p /t = ( 1T /lri 2)Vco/hB (4.20) 
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Fig. 4.18 Four-point-probe correction factors, F, used to correct for (a) wafers which are 
relatively thick compared to the probe spacing s and (b) wafers of finite diameter. In each case, 
P = FPmeasured· (a) Copyright 1975 by McGraw-Hill Book Company. Reprinted with permission 
from ref. [12]. (b) Reprinted from ref. [27] with permission from the AT&T Technical Journal. 
Copyright 1958 AT&T. 

Specially designed sheet-resistance test structures are often included on wafers so that the 
sheet resistances of n-type and p-type diffusions can be measured after final processing 
of the wafer. A sample structure is shown in Fig. 4.19. 

4.8 CONCENTRATION-DEPENDENT DIFFUSION 

Diffusion follows the theory of Section 4.3 as long as the impurity concentration remains 
below the value of the intrinsic-carrie(concentration ni at the diffusion temperature. 
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Fig. 4.19 A simple van der Pauwtest structure used to measure the sheet resistance of a diffused 
layer. Sheet resistance is calculated using eq. (4.20). 

Above this concentration, the diffusion coefficient becomes concentration,..dependent. 
Each of the common impurities exhibits a different behavior. 

The diffusion equation can be solved analytically for linear, parabolic, and cubic 
dependencies of the diffusion coefficient on concentration. The results are presented in 
Fig. 4.20, in which Dsur represents the diffusion coefficient at the· surface. In general, 
concentration-depende~t diffusion results in a much more abrupt profile than for the case 
of a constant-diffusion coefficient. 

Boron and arsenic can be modeled by the first -order dependence in Fig. 4. 20, 
resulting in the analytical relations between junction depth, sheet resistance, total dose, 
and surface concentration given in Table 4.2_!7-~l 

High-concentration phosphorus diffusion results in a more complicated profile than 
that of boron or arsenic. Fig\}re 4.21 depicts typical shallow phosphorus diffusion pro­
files. As phosphorus diffuses into the wafer, the diffusion coefficient becomes enhanced 
at concentrations below approxiril.ately 1019 /cm3

, resulting in a distinct "kink" in the 
profile. The kink effect represents a practical limitation to the use of phosphorus for the 

Table 4.2 Properties of High-Concentration Arsenic and Boron Diffusions. 

Element 

Arsenic 

Boron 

x/cm) 

2.29VN0 Dt/n; 
* 

2.45VN0Dt/n; 
* 

D(cm2 /sec) 

22.9 exp( -4.1/kT) 

3.17 exp( -3.59/kT) 

*The value of n; must be calculated at the diffusion temperature. 

No(cm- 3
) 

1.56 X l0 17(Rsx)- 1 

2.78 X l0 17(Rsx)- 1 

Q(cm-2
) 

0.55NoXj 

0.67NoXj 
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Fig. 4.20 Diffusion profiles for concentration-dependent diffusion. Copyright 1963 by the 
American Physical Society. Reprinted with permission from ref. [6]. 

source/drain diffusions and emitter diffusions of shallow MOS and bipolar devices. Most 
MOS and bipolar VLSI processes now use arsenic to avoid this problem. Complex 
mathematical models describing the diffusion of phosphorus may be found in refs .. [10] 
and [11]. 

4.9 PROCESS SIMULATION 

As the scale of integrated circuits is reduced, accurate know ledge of one-, two-, and even 
three-dimensional impurity profiles is becoming more and more important. At the same 
time, experiment~l determination of profiles is becoming a very difficult and time­
consuming task in VLSI fabrication processes. 

Sophisticated computer programs which can predict the results of fabrication steps 
have become availableY5

-
19l These programs not only numerically solve the generalized 

nonlinear diffusion equation in silicon, but also include the ability to simulate oxide 
growth with its attendant moving Si-Si02 boundary, impurity segregation during oxide 
growth, dopant evaporation from the surface, and ion implantation. 
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Fig. 4.21 Shallow phosphorus diffusion profiles for constant-source diffusions at 1000 °C. 
Copyright 1969 IEEE. Reprinted with permission from ref. [10]. 

One of the most widely used of these programs is SUPREM, the Stanford University 
Process Engineering Modeling program. [15

•
16

•
191 The use of SUPREM requires specifica­

tion of the process steps, including times, temperatures, and other·ambient conditions for 
oxidation, diffusion, ion implantation, film deposition, and etching. The program calcu­
lates the impurity profile in the silicon substrate as well as in oxide and polysilicon layers. 
·(See Problem 4.15.) 

Simulation is growing in importance throughout the VLSI fabrication process. The 
detailed structures of recessed oxidation ar~ being simulated, as are the photoresist and 
etching profiles resulting from processing at submicron dimensions. Ref. [20] contains 
a recent overview of process simulation. 

4.10 DIFFUSION SYSTEMS 

The open-furnace-tube system using solid, liquid, or gaseous sources, as depicted in 
Fig. 4.22, yields good reproducibility and is the most common diffusion technology used 
in integrated-circuit production today. The furnace tubes are the same as those used in 
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Fig. 4.22 Open-furnace-tube diffusion systems. (a) Solid source in a platinum source boat in the 
rear of diffusion tube; (b) liquid-source system with carrier gas passing through a bubbler; (c) dif­
fusion system using gaseous impurity sources. 
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the three-zone systems described in Chapter J. For diffusion, wafers are placed in a 
quartz boat and positioned in the center zone of the furnace, where the wafers are heated 
to a high temperature. Impurities are transported to the silicon surface, where they diffuse 
into the wafer. 

Most common silicon dopants can be applied using liquid spin-on sources. These 
spin-on dopants are versatile, safe, and easy to apply, but the uniformity is often poorer 
than with other impurity sources. To achieve good quality control, most production 
systems use other solid, liquid, or gaseous impurity sources. 

In one type of solid-source system, carrier gases (usually N2 or 0 2) flow at a 
controlled rate over a source boat placed in the furnace tube. The carrier gas picks up the 
vapor from the source and transports it down the tube, where the dopant species is 
deposited on the surface of the wafer. The temperature of the source is controlled to 
maintain the desired vapor pressure. The source can be placed in a low-temperature 
section of the furnace or may be external to the furnace. Solid boron and phosphorus 
impurity sources are also available in wafer form and are pla<1ed in the boat between 
adjacent pairs of silicon wafers. 

In liquid-source systems, a carrier gas passes through a bubbler where it picks up the 
. vapor of the liquid source. The gas carries the vapor into the furnace tube where it reacts 
with the surface of the silicon wafer. 

Gas..:source systems supply the dopant species directly to the furnace tube in the 
gaseous state. The common gas sources are extremely toxic, and additional input purging 
and trapping systems are required to ensure that all the source gas is removed from the 
system before wafer entry or removal. In addition, most diffusion processes either do not 
use all of the source gas or produce undesirable reaction by-products. Therefore, the 
output of diffusion systems should be processed by burning or by chemical and/or water 

, scrubbing before being exhausted into the atmosphere. 
Boron is the only commonly used p-type dopant. The diffusion coefficients of 

aluminum and gallium are quite high in silicon dioxide, and these elements cannot be 
masked effectively by Si02 • Indium is not used because it is a relatively deep-level 
acceptor (EA - Ev = 0.14 eV). 

In contrast, antimony, phosphorus, and arsenic can all be masked by silicon dioxide 
and are all routinely used as n-type dopants in silicon processing. 

4.10.1 Boron Diffusion 

Boron has a high solubility in silicon and can achieve active surface concentrations as 
high as 4 X 1020/cm3 (Fig. 4.6). Elemental boron is inert up to temperatures. exceeding 
the melting point of silicon. A surface reaction with boron trioxide (B20 3) is used to 
introduce boron to the silicon surface: 

(4.21) 
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An excess amount of boron trioxide can cause formation of a brown boron skin which 
is very difficult to remove with most acids. Boron skin formation can be minimized by 
performing the diffusions in an oxidizing atmosphere containing 3 to 10% oxygen. In a · 
two-step diffusion, the boron predeposition step is commonly followed by a short 
wet-oxidation step to assist in removal of the boron skin prior to drive-in. 

Common solid sources of boron include trimethylborate (TMB) and boron nitride 
wafers. TMB is a solid with high vapor pressure at room temperature. The TMB source 
is normally placed outside the diffusion furnace and cooled below room temperature 
during use. TMB vapor reacts in the furnace tube with oxygen to form boron trioxide, 
water, and carbon dioxide: 

(4.22) 

Any unreacted TMB should be scrubbed from the exhaust stream. 
Boron nitride is a solid source available in wafer form. Activated wafers are placed 

in every third slot in the same quartz boat used to hold the silicon wafers. A silicon 
wafer faces each side of the oxidized boron nitride wafer, and boron trioxide is trans­
ferred directly to the surface of the silicon wafer during high-temperature diffusion. A 
small flow of inert gas such as nitrogen is used to keep contaminants out of the tube 
during diffusion. 

The most common liquid source for boron is boron tribromide (BBr3). The reac­
tion is 

(4.23) 

Free bromine combines easily with metallic impurities and is useful in removing (get­
tering) metallic impurities during diffusion. Bromine, as well as unused boron tri­
bromide, is in the exhaust stream, so the outlet gases should be carefully cleaned. 

The primary gaseous source of boron is diborane (B2H6). Diborane is a highly 
poisonous and explosive gas. Table 4.3 summarizes the ACGIH recommendations for 
the maximum permissible exposure to the common gases used as diffusion sources. 
Extreme care must be taken in using these gases. In order to reduce the risk of handling, 
diborane is usually diluted with 99.9% argon or nitrogen by volume. 

Diborane oxidizes in either oxygen or carbon dioxide to form boron trioxide: 

(4.24) 

and 

(4.25) 

Both systems must provide a means for purging diborane from the input to the 
diffusion tube, and the output must be scrubbed to eliminate residual diborane and 
carbon monoxide. 
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Table 4.3 Threshold Limit Recommendations for Common Gaseous Sources. *1211 

8-h 
exposure 

Source level (ppm) 

Diborane (B2H6) 0.10 

Phosphine (PH3) 0.'30 

Arsine (AsH3) 0.05 

0.50 

Dichlorosilane (SiH2Cb) 5.00 

Life-
threatening 
exposure 

160 ppm 
for 15 .min 

400 ppm 
for 30 min 

6-15 ppm 
for 30 min 

Unknown 

Comments 

Colorless, sickly sweet, 
extremely toxic, flammable. 

Colorless, decaying fish odor, 
extremely toxic, flammable. 
A few minutes' exposure to 
2000 ppm can be lethal. 

Colorless, garlic odor, 
extremely toxic. 
A few minutes' exposure to 
500 ppm can be lethal. 

Repulsive odor, bums in air, 
explosive, poorly understood. 

Colorless, flammable, toxic. 
Irritating odor provides 

81 

adequate warning for voluntary with­
drawal from contaminated areas. 

*Data from the 1979 American Conference of Governmental Hygienists (ACGIH). 

4.1 0.2 Phosphorus Diffusion 

Phosphorus has a higher solubility in silicon than does boron, and surface concentrations 
in the low 1021

/ qn3 range can be achieved during high-temperature diffusion. Phos­
phorus is introduced into siltcon through the reaction of phosphorus pentoxide at the 
wafer surface: 

2P20 5 + 5Si ~ 4P + 5Si02 (4.26) 

Solid P20 5 wafers can b~ us~d as a solid source for phosphorus, as can ammonium 
monophosphate (NH4H2P04) and ammonium diphosphate [(NH4) 2H2P04] in wafer form. 
However, the most popular diffusion systems use either liquid or gaseous sources. 
Phosphorus oxychloride (POC13) is a liquid at room temperature. A carrier gas is passed 
through a bu~bler an~ brings the vapor into the diffusion furnace. The gas stream also 
contains oxygen, and P20 5. is deposited on the surface of the wafers: 

(4.27) 

Liberated chlorin~ gas serves as a gettering agent, and Clz and POC13 must be removed 
·from the exhaust stream. 
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Phosphine, PH3 , is a highly toxic and explosive gas used as the gaseous source for 
phosphorus. It is also supplied in dilute form with 99.9% argon or nitrogen. Phosphine 
is oxidized with oxygen in the furnace: 

(4.28) 

Unreacted phosphine must be cleaned from the exhaust gases, and the gas delivery 
system must be able to purge phosphine from the input to the tube. 

4.10.3 Arsenic Diffusion 

Arsenic has the highest sqlubility of any of the common dopants in silicon, with surface 
concentrations reaching 2 x 1021 I cm3

• The surface reaction involves arsenic trioxide: 

(4.29) 

Oxide vapors can be carried into the furnace tube from a solid diffusion source by a 
nitrogen carrier gas. However, evaporation of ars~nic from the surface limits surface 
concentrations to belpw 3 X 1019 I cm3

• The exhaust must be carefully cleaned because 
of the presence of arsenic. 

Arsine gas may be usecl as a source, but it is extremely toxic and also produces 
relatively low surface concentrations. The problems with arsenic deposition and safety 
delayed its widespread use in silicon processing until iqn implantation was developed in 
the early 1970s. lon implantation is now the preferred technique for introducing arse~ic 
into silicon. (Chapter 5 is devoted to the subject of ion implantation.) 

4.10.4 Antimony Diffusion 

Antimony, like arsenic, has a low diffusion coefficient and has been used for a long time 
for buried layers in bipolar processes. Antimony trioxide is a solid source which is placed 
in a two-zone furnace in which the source is maintained at a temperature of 600 to 
650 °C. Antimony is introduced at the silicon surface as in the other cases: 

(4.30) 

A liquid source, antimony pentachloride (Sb3Cl5), has been successfully used with 
oxygen as a carrier gas passing through a bubbler. The gas stabine (SbH3) is unstable and 
cannot be used for antimony diffusion. 

4.11 SUMMARY 

In Chapter 4 we have discussed the formation of pn junctions using high-temperature 
diffusion. Mathematical models for diffusion have been presented, and the behavior of 
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common n- and p-type dopants in silicon has been discussed. A key parameter governing 
the diffusion process is the diffusion coefficient, which is highly temperature-dependent, 
following an Arrhenius relationship. Boron, phosphorus, antimony, and arsenic all have 
reasonable diffusion coefficients in silicon at temperatures between 900 and 1200 °C, 
and they can be conveniently masked by a barrier layer of silicon dioxide. Gallium and 
aluminum are not easily masked by Si02 and are seldom used, and indium is not used 
because of its large activation energy. At high concentrations, diffusion coefficients 
become concentration-dependent, causing diffused profiles to differ substantially from 
predictions of simple theories. 

Two types of diffusions are most often used. If the surface concentration is main­
tained constant throughout the diffusion process, then a complementary error function 
(erfc) distribution is obtained. In the erfc case, the surface concentration is usually set 
by the solid-solubility limit of the impurity in silicon. If a fixed dose of impurity is 
diffused into silicon, a Gaussian diffusion profile is achieved. These two cases are often 
combined in a two-step process to obtain lower surface concentrations than those achiev­
able with a solid-solubility-limited diffusion. As the complexity of fabrication processes 
grows, simulation with process modeling programs such as SUPREM is becoming ever 
more important. 

The concept of sheet resistance has been introduced, and Irvin's curves have been 
used to relate the sheet resistance, junction depth, and surface concentration of diffused 
layers. Techniques for calculating and measuring junction depth have also been 
presented. Resistor fabrication has been discussed, including end and comer effects, as 
well as the effects of lateral diffusion under the edges of diffusion barriers. 

High-temperature open-furnace diffusion systems are routinely used for diffusion 
with solid,. liquid, and gaseous impurity sources. Boron, phosphorus, and antimony are 
all easily introduced into silicon using high-temperature diffusion. However, arsenic 
deposition by diffusion is much more difficult, and today it is usually accomplished using 
ion implantation (see Chapter 5). As with many chemicals used in integrated-circuit 
fabrication, some of the sources used for diffusion are extremely toxic and must be 
handled with great care. 
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PROBLEMS 

4.1 A phosphorus diffusion has a surface concentration of 5 x 1018
/ cm3

, and the background 
concentration of the p-type wafer is 1 X 1015 /cm3

• The Dt product for the diffusion is 10-8 cm2
• 

(a) Find the junction depth for a Gaussian distribution. 

(b) Find the junction depth for an erfc profile. 

(c) What is the sheet resistance of the two diffusions? 

(d) Draw a graph of the two profiles. 

4.2 A 5-hr boron diffusion is to be performed at 1100 °C. 

(a) What thickness of silicon dioxide is required to mask this diffusion? 

(b) Repeat part (a) for phosphorus. 

4.3 A boron diffusion into a 1-ohm-cm n-type wafer results in a Gaussian profile with a surface 
concentration of 5 x 1018 /cm3 and a junction depth of 4 f.Lm. 

(a) How long did the diffusion take if the diffusion temperature was 1100 °C? 

(b) What was the sheet resistance of the layer? 

(c) What is the dose in the layer? -

(d) The boron dose was deposited by a solid-solubility-limited diffusion. Design a diffusion 
~chedule (temperature_and time) for this predeposition step. 

4.4 The boron diffusion in Problem 4.3 is followed by a solid-solubility-limited phosphorus 
diffusion for 30 min at 1000 °C. Assume that the boron profile does not change during the 
phosphorus diffusion. 

(a) Find the junction depth of the new phosphorus layer. Assume an erfc profile. 

(b) Find the junction depth based on the concentration-dependent diffusion data presented in 
Fig. 4.21. 

4.5 The p-well in a CMOS process' is to be formed by a two-step boron diffusion into a 5-ohm-cm 
n-type substrate. The sheet resistance of the well is 1000 ohms per square and the junction depth 
is 7.5 f.Lm. 

" (a) Design a reasonable diffusion schedule for the drive-in step which produces the p-well. 

(b) What is the final surface concentration in the P:-well? 

(c) What is the dose required to form the well? 
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(d) Can this dose be achieved using a solid-solubility-limited diffusion with diffusion. temperatures 
of 900 °C or above? .Discuss.· 

4.6 The channel length of a metal-gate NMOS transistor is the spacing between the source and 
drain diffusions as shown in Fig. P4.6a. The spacing between the source and drain diff~sion 
openings is 6 p.m on the masking oxide used to make the transistor. The source/drain junctions are 
diffused to a depth of 1.5 J.Lm using a constant-source diffusion. The surface concentration is 
1 x l020/cm3 and the wafer has a concentration of 1 X l0 16/cm3

• What is the channel length in 
the. actual device after the diffusion is completed? 

AI 

p-substrate L 

(a) 

~ Si02 ?021 
I• .. , 

Lox 

(b) 

Fig. P4.6 

4.7 (a) What is the total number of squares in the resistor shown in Fig. P4.7 assuming that its 
geometry is specified precisely by the mask dimensions? 

(b) The resistor is actually formed from ap-type base diffusion with a 6-J.Lmjunction depth. What 
is the actual number of squares in this resistor, assuming that the lateral diffusion under the edge 
of the mask is 5 J.Lm. _, 

(c) What would be the resistance of the resistors in parts (a) and (b) if the surface concentration 
of the base diffusion was 5 x 10 18 boron atoms/ cm3

, the bulk concentration 1015
/ cm3

, and the 
junction depth ~ J.Lm. 

20 /-{ffi 100 /-{ffi 20 /-{ffi 

Fig. P4.7 

4.8 In practice, wafers are slowly pushed into and pulled out of the furnace, or the furnace 
temperature may be changed with time. Ass~me that the furnace temperature is being ramped down 
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with time: T = To - Rt, where To is the initial temperature and R is the temperature change per 
second. Show that the effective Dt product defined by 

[to 
(Dt )eff = Jo D(t) dt 

where t0 is the ramp-down time is given by (letting to~ oo) 

(Dt )err = D(To) (kT~IREA) 

where 

D(To) =Do exp( -EAikTo) 

4.9 Determine the sensitivity of junction depth to changes in furnace temperature by calculating 
(dxjlxj)l(dT IT) for a Gaussian diffusion profile. Wh~:~-t fractional change in junction depth will· 
occur at 1100 °C if the furnace temperature is in error by 10 °C? 

4.10 Rework Example 4.2 using the concentration-dependent boron diffusion expressions for the 
predeposition calculations. Find the new surface concentration and junction depth following the 
drive-in step and compare the results with those presented in the example. At 900 °C, 
n; = 4 x 1018 lcm3

• 

4.11 Derive the expressions for the Gaussian and complementary-error-function solutions to the 
diffusion equation. 

4.12 What is the minimum sheet resistance to be expected from shallow arsenic- and boron-doped 
regions if the regions are 1 p.m deep? 0.25 p.m deep? Make use of Fig. 4.6 and your knowledge 
of the dependence of mobility on doping (Volume I). Assume that the region is uniformly doped. 
Comp~e your results to the equations presented in Section ~.8. 

4.13 Gold is diffused into a silicon wafer using a constant-source diffusion with a surface 
concentration of 1018 I cm3

• How long does it take the gold to diffuse completely through a silicon 
wafer 400 p.m thick with a background concentration of 1016 I cm3 at a temperature of 1000 °C? 

4.14 A gas cylinder contains 100 fe of a mixture of diborane and argon. The diborane represents 
0.1% by volume. An accident occurs and the complete cylinder is released into a room measuring 
10 X 12 X 8ft. 

(a) What will be the equilibrium concentration of diborane in the room in ppm? 

(b) Compare this level with the toxic level based on Table 4.3. 

(c) Would your answer to part (b) change if the gas cylinder contained arsine? 

4.15 (a) Use SUPREM to simulate the diffusion profile of Example 4.2. Compare the simulation 
results with those given in the example. 

(b) Follow the boron diffusion by the growth of a 500-nm layer of oxide in wet oxygen at 1100 °C. 
Discuss what has happened to the boron concentration at the Si-Si02 interface. 

(c) Add a 30-min solid-solubility-limited phosphorus diffusion at 1000 °C. 

(d) The phosphorus diffusion created a new pn junction. Update the hand calculations for the 
boron impurity profile of Example 4.2 and estimate the location of both pn junctions with the aid 
of Fig. 4.21. C9mpare your results to those of SUPREM in part (c). 
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5 I lon Implantation 

Ion implantation offers many advantages over diffusion for the introduction of impurity 
atoms into the silicon wafer and has become a workhorse technology in modern 
integrated-circuit fabrication. In this chapter we will first discuss ion implantation tech­
nology and mathematical modeling of the impurity distributions obtained with ion im­
plantation. We will subsequently explore deviations from the model caused by nonideal 
behavior and will discuss annealing techniques used to remove crystal damage caused by 
the implantation process. 

5.1 IMPLANTATION TECHNOLOGY 

An 'ion implanter is a high-voltage particle accelerator producing a high-velocity beam 
of impurity ions which can penetrate the surface of silicon target wafers. The basic parts 
of the system, shown schematically in Fig. 5.1, are described in detail below, beginning 
with the impurity-source end of the system. 

1. Ion Source. The ion source operates at a high voltage (25 kV) and produces a plasma 
·containing the desired impurity as well as other undesired species. Arsine, phosphine, 
and diborane, as well as other gases, can be used in the source. Solids can be sputtered 
in special ion sources, and this technique offers a wide degree of flexibility in the 
choice of impurity. 

2. Mass Spectrometer. An analyzer magnet bends the ion beam through a right angle 
to select the desired impurity ion. The selected ion passes through an aperture slit into 
the main accelerator column. 

3. High-Voltage Accelerator. The accelerator column adds energy to the beam (up to 
175 keV) and accelerates the ions to their final velocity. Both the accelerator column 
and the ion source are operated at a high voltage relative to the target. For protection 
from high voltage and possible X-ray emission, the ion source and accelerator are 
mounted within a protective shield. 

89 
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Fig. 5.1 Schematic drawing of a typical ion implanter showing (1) ion source, (2) mass spec­
trometer, (3) high-voltage accelerator column, (4) x- andy-axis deflection system, and (5) target 
chamber. 

4. Scanning System. X- andy-axis deflection plates are used to scan the beam across 
tb.e· wafer to give a uniform implantation and to build up the desired dose. The beam 
is bent slightly to prevent neutral particles from hitting the target. 

5. Target Chamber. Silicon wafers serve as targets for the ion beam. For safety, the 
target area is maintained near ground potential. The complete implanter system is 
operated under vacuum conditions. 

The analyzer magnet is used to select the desired impurity ions from the output of the 
source. A charged particle moving with velocity v through a magnetic field B will 
experience a force F, given by 

F = q(v x B) (5.1) 

The force will tend to move the particle in a circle, and the centrifugal force will balance 
F. For the case where B is perpendicular to v, qlviiB I = m iv 12 I r where m iv 12/2 = qV 
and V is the accelerator voltage. Thus the magnitude of the magnetic field B may be 
adjusted to select an ion species with a given mass: 

(5.2) 

The ion source in Fig. 5.1 operates at a constant potential (25 keY) so that the voltage 
V is known, and an ion species is sel~cted by changing the de current supplying the 
analyzer magnet. The selected impurity is then accelerated to its final velocity in the 
high-voltage column. · 
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5.2 MATHEMATICAL MODEL FOR ION IMPLANTATION 91 

The silicon wafer is maintained in good electrical contact with the target holder, so 
electrons can readily flow to or from the wafer to neutralize the implanted ions; This 
electron current is integrated over time to measure the total dose Q from the implanter 
given by 

(5.3) 

where I is the beam current in amperes, A is the wafer area, n 1 for singly ionized 
ions and 2 for doubly ionized species, and Tis the implantation time. The use of a doubly 
ionized species increases the energy capability of the machine by a .factor of 2 since 
E = nqV. . . 

The target wafers can be maintained· at relatively low temperatures during the im­
plantation. Low-temperature processing prevents undesired spreading of impurities by 
diffusion, which is very important in VLSI fabrication. Another advantage of ion 
implantation is the ability to use a much wider range of impurity species than possible 
with diffusion. In principle, any element that can be ionized can be introduced into the 
wafer using implantation. 

A production-level ion implanter may cost from $1 to $2 million, and cost is its 
greatest disadvantage. However, the advantages of flexibility and process control have 
far outweighed the disadvantage of cost, and ion implantation is now used routinely 
throughout bipolar and MOS integrated-circuit fabrication. 

5.2 MATHEMATICAL MODEL FOR ION IMPLANTATION 

As an ion enters the surface of the wafer, it collides with atoms in the lattice and interacts 
with electrons in the crystal. Each nuclear or electronic interaction reduces the energy of 
the ion until it finally comes to rest within the target. Interaction with the crystal is a 
statistical process, and the implanted impurity profile can be approximated by the 
Gaussian distribution function illustrated in Fig. 5.2. The distribution is described 
mathematically by 

(5.4) 

RP is called the projected range and is equal to the)rverage distance an ion travels before 
it stops. fl.¥he peak concentration NP occurs at x = Rp. Because of the statistical nature 
of the process, some ions will be "lucky" and will penetrate beyond the projected range 
RP, and some will be "unlucky" and will not make it as far as RP. The spread of the 
distribution is characterized by the standard deviation, !:1RP, called the straggle. 

The area under the impurity distribution curve is the implanted dose Q, defined by 

Q = J'"N(x)dx 
0 

(5.5) 
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Distance into material, x 

Fig. 5.2 Gaussian distribution resulting from ion implantation. The impurity is shown implanted 
completely below the wafer surface (x = 0). 

For an implant completely contained within the silicon, the dose is equal to 

(5.6) 

Implanted doses can range from 1010 I cm2 to 1018 I cm2
, and ion implantation is often 

used to replace the predeposition step in a two-step diffusion process. Doses in the range 
of 1010 to 1013 I cm2 are required for threshold adju'stment in MOS technologies and are 
almost impossible to achieve using diffusion. CMOS well formation is another example 
where the dose control of the ion implanter is a distinct advantage. Doses exceeding 
1015 I cm2 are quite large and can be quite time-consuming to produce using ion im­
plantation. As a reference for comparison, the silicon lattice atomic sheet density is 
approximately 7 x 1014 silicon atomslcm2 on the (100) surface. 

'The implanted· dose can ·be controlled within a few percent, and this tight control 
represents anothh· advantage of ioti impl~u:ltation. For example, resistors .can be fabri­
cated witliabsolute tolerances of a few percent in carefully controlled processes using ion 
implantation, whereas the same resistors would have an absolute tolerance exceeding 

. 20% if they were formed using only diffusion. 
The projected range of a given ion is a function of the energy of the .ion, and of the 

mass and atomic number of both the ion and the target material. A theory for range and 
straggle was developed by Lindhard, Scharff, and Schiott and is called the LSS theory. 111 
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5.2 MATHEMATICAL MODEL FOR ION IMPLANTATION 93 

This theory assumes that the implantation goes into an amorphous material in which the 
atoms of the target material are randomly positioned. Figure 5.3 displays the results of 

· LSS calculations for the projected range and straggle for antimony, boron, phosphorus, 
and arsenic in amorphous silicon and silicon dioxide. For the moment we will assume 
that these results are also valid for crystalline silicon. Deviations from the LSS theory 
will be discussed in Section 5. 5. 

Range and straggle are roughly proportional to ion energy over a wide range, 
although some nonlinear behavior is clearly evident in Fig. 5.3. For a given energy, the 
lighter elements strike the silicon wafer with a higher velocity and penetrate more deeply 
into the wafer. The results indicate that the projected ranges in Si and Si02 are essentially 
the same,~'tand we will assume that the stopping power of silicon dioxide is equal to that 
of silicon. Figure 5.3 also gives values for the transverse straggle !1R1., which will be 
discussed in the next section. 

l.O 

100 
Acceleration energy (ke V) 

(a) 

1000 

Fig. 5.3 Projected range and straggle calculations based on LSS theory. (a) Projected range Rp 
' for boron, phosphorus, arsenic, and antimony in amorphous silicon. Results for Si02 and for 

silicon are virtually identical. (b) (On page 94) Vertical ARp and transverse AR.1. straggle for boron, 
phosphorus, arsenic, and antimony. Reprinted with permission from ref. [2]. 
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Fig. 5.3 (continued) 

1000 

Example 5.1: Phosphorus with an energy of 100 keY is implanted into a silicon wafer. 
(a) What are the range and straggle associated with this implantation? (b) What should the 
implanted dose be if a peak concentration of 1 X 1017

/ cm3 is desired? 

Solution: Using Fig. 5.3, the range and straggle are 0.12 JLm and 0.045 JLm, re­
spectively. The dose and peak concentration are related by eq. (5.6). Note that this is an 
approximation, since the pea¥ is only a little over 2/::,.RP below the silicon surface. 

5.3 SELECTIVE IMPLANTATION 

In most cases we desire to implant impurities only in selected areas of the wafer 
Windows are opened in a barrier material wherever impurity penetration is desired. Ir 
the center of the window the impurity distribution is described by eq. (5.4), but near th€ 
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5.3 SELECTIVE IMPLANTATION 95 

edges the distribution decreases and actually extends under the edge of the window, as 
shown in Fig. 5.4. The overall distribution can be modeled byl41 

N(x,y) = N(x)F(y) 

F(y) = 0.5[erfc{(y - a)j\12L1Rj_}- erfc{(y + a)j\12L1RJ] (5.7) 

where N(x) is given by eq. (5.4). The parameter LlRj_ is called the transverse straggle 
and characterizes the behavior of the distribution near the edge of the window. Figure 5. 4 

' shows normalized impurity distributions near the barrier edge calculated with eq. ( 5. 4). 
Figure 5.3b gives values of both normal straggle LlRP and transverse straggle LlRJ_. 

·.In order to mask the ion implantation, it is necessary to prevent the implanted ... 
impurity from changing the doping level in the silicon beneath the barrier layer. 
Figure 5.5 shows a silicon wafer with a layer of silicon dioxide on the surface. An 

t t t t t t t t + + + Implanted species 
a 
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Fig. 5.4 Contours of equal ion concentration for an implantation into silicon through a 1-pm 
window. The profiles are symmetrical about the x-axis and were calculated using eq. (5.4), which 
istaken fro~ 'ref. [4J 
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Fig. 5.5 Implanted impurity profile with implant peak in the oxide. The barrier material must be 
thick enough to ensure that the concentration in the tail of the distribution is much less than Na. 

impurity has been implanted into the wafer with the peak of the distribution in the silicon 
dioxide. To prevent significantly altering the doping in the silicon, we require that the 
implanted concentration be less than 1/10 the background concentration at the interface 
between the silicon and silicon dioxide: 

N(X0) < N8 /10 

or 

(5.8) 

Solving eq. (5.8) for X0 yields a minimum oxide thickness of 

(5.9) 

The oxide thickness must be at least equal to the projected range plus some multiple m 
times the straggle. Table 5.1 gives values of m for various ratios of peak concentration 
to background concentration. An oxide thickness equal to the projected range plus six 
times the straggle should mask most ion implantations. 
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5.3 SELECTIVE IMPLANTATION 97 

Table 5.1 Values of m for Various Values of Np/NB. 

Np/NB m 

101 3.0 
102 3.7 
103 4.3 
104 4.8 
105 5.3 
106 5.7 

Silicon dioxide and silicon nitride are routinely used as barrier materials during 
implantation. Since implantation is a low-temperature process, additional materials such 
as photoresist and aluminum, which cannot withstand high-temperature diffusion, may 
be used as barrier materials during the implantation. 

Silicon nitride is more effective than silicon dioxide in stopping ions, and a silicon 
nitride barrier layer need only be 85% of the thickness of an Si02 barrier layer. On 
the other hand, photoresist is less effective in stopping ions, and a photoresist barrier 
layer should be 1. 8 times the thickness of an Si02 layer under the same implan­
tation conditions. Metals are of such a high density that even a very thin layer will mask 
most implantations. 

Example 5.2: A boron implantation is to be performed through a 50-nm gate oxide so ... 
that the peak of the distribution is at the Si-SiOz interface. The dose of the implant in silicon 
is to be 1 X 1013 /cm2

• 1(a) What are the energy of the implant and the peak concentration 
at the interface? (b) How thick should the SiOz layer be in areas which are not to be 
implanted, if the background concentration is 1 X 1016/cm3? (c) Suppose the oxide is 
50 nm thick everywhere. How much photoresist is required on top of the oxide to com­
pletely mask the ion implantation? 

' Solution: The projected range needs to be 0.05 p.m in order to place the peak of the 
distribution at the Si-SiOz interface. Using Fig. 5-3a, the Rp of 0.05 p.m requires an energy 
of 15 ke V. Since the peak of the implant is at the interface, the total dose will be twice the 
dose needed in silicon. The peak concentration is 

> 

where the straggle was found using Fig. 5-3 b. In order fu completely mask the implantation, 
the tail of the distribution must be less than the background concentration at the interface. 
The minimum oxide thickness is found using eq. (5.9): 

· Xo = 0.05 + 0.023Y2 ln(lO X 3.5 X 1018 /1016) p.m = 0.14 p.m 

Since the oxide is 0.05 p.m thick, the photoresist must provide a thickness equivalent to. 
· 0.09 p.m. The resist thickness must be 1.8 times the needed thickness of Si02 to provide 
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an equivalent barrier layer, so the photoresist should be at least 0.16 J.Lm. thick. This 
thickness requirement is easily met with most photoresist layers. 

5.4 JUNCTION DEPTH AND SHEET RESISTANCE 

Ion implantation is often used to form shallow pn junctions for various device applica­
tions. The implanted profile approximates a Gaussian distribution, and the junction depth 
may be found by equating the implanted distribution to the background concentration, 
as in Chapter 4. 

N~ exp[ -:-(xi - Rp)2 /2 ~R;] = Ns 

Xj = RP ± ~RP v'2 ln(Np/Ns) (5.10) 

Both roots may be meaningful, as indicated in Fig. 5.6, in which a deep subsurface 
implant has junctions occurring at two different depths, xi 1 and xi2 • 

Example 5.3: ~oron is implanted into ann-type silicon wafer to a depth of 0.3 J.Lm. Find 
the location of the junction if the peak concentration is 1 x 1018 /cm3 and the doping ef the 
wafer is 3 X 1016/cm3

• 

Solution: From Fig. 5.3a, the implant energy is 100 keY. From Fig. 5.3b, the straggle 
is 0.07 J.Lm. Equating the Gaussian distribution to the background concentration yields 

or 

This yields junction depths of 0.12 J.Lm and 0.49 J.Lm. 

The peak of an implantation is often positioned at the silicon surface. For this special 
case, we may use Irvin's curves for Gaussian distributions to find the sheet resistance of 
the implanted layer, as discussed in Chapter 4. These curves may also be used to find 
the sheet resistance of a layer which is completely below the surface (see Problem 5.4). 
Note that an implanted Gaussian impurity distribution will remain Gaussian through any 
subsequent high-temperature processing steps. 

Diffused profiles generally have the maximum impurity concentration at the silicon 
surface. Ion-implantation techniques can be used to produce profiles with subsurface 
peaks or "retrograde" profiles which decrease toward the wafer surface. Multiple implant 
steps at different energies can also be used to build up more complicated impurity 
profiles. 
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99 

Fig. 5.6 Junction formation by impurity implantation in silicon. Two pn junctions are formed 
at Xji and Xjz· 

5.5 CHANNELING, LATTICE DAMAGE, AND ANNEALING 

5.5.1 Channeling 

The LSS results of Section 5.2 are based on the assumption that the target material is 
amorph<)US, having a completely random order. This assumption is true of thermal Si02, 

deposited Si3N4 and Si02, and many thin metal films, but it is not valid for a crystalline 
substrate. The regular arrangement of atoms in the crystal lattice leaves a large amount 
of open space in the crystal. Figure 5. 7 shows a view through the silicon lattice in the 
(110) direction. If the incoming ion flux is)mproperly oriented with respect to the crystal 
planes, the ions will tend to miss the silicon atoms in the lattice and will "channel" much 
more deeply into the material than the LSS theory predicts. However, electronic inter­
actions. will eventually stop the ions. 

The effects of channeling are demonstrated in Fig. 5.~. Phosphorus has been im­
planted at an ~nergy of 40 ke V into a silicon target with several orientations of the ion 
beam relative to the (100) silicon surface. The appearance of a random target can be 
achieved ·by tilting (100) silicon approximately 7° relative to the incoming beam. The 
results are represented by the x's in Fig. 5.8. The range for this case compares well with 
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100 ION IMPLANTATION 

Fig. 5.7 The silicon lattice viewed along the (110) axis. From THE ARCHITECTURE OF 
MOLECULES by Linus Pauling and Roger Hayward. Copyright © 1964 W. H. Freeman and 
Company. Reprinted with permission from refs. [3a] and [3b]. 
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Q = 1.2 x 1012fcm2 

}Q = 5 X 10'2fcm2 
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Room 
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0.6 0.8 1.0 
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Fig. 5.8 Phosphorus impurity profiles for 40-keV implantations at various angles from the (110) 
axis. Copyright 1968 by National Research Council of Canada. Reprinted with permission from 
ref. [5]. 
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the LSS calculations presented in Fig. 5.3. The open circles represent the boron profile 
implanted perpendicular to the (100) surface. Note that the range for the "channeled" case 
is almost twice that predicted by the LSS theory. Results for two other angles of incidence 
are given in Fig. 5.8, showing progressively less channeling as the angle is increased. 

5.5.2 Lattice Damage and Annealing 

During the implantation process, ion impact can knock atoms out of the silicon lattice, 
damaging the implanted region of the crystal. If the dose is high enough, the implanted 
layer will become amorphous. Figure 5.9 gives the dose required to produce an amor­
phous silicon layer for various impurities as a function of substrate temperature. The 
heavier the impurity, the lower the dose required to create an amorphous layer. At 
sufficiently high temperatures, an amorphous layer can no longer be formed. 

Implantation damage can be. removed by an "annealing" step. Following im­
plantation, the wafer is heated to a temperature between 800 and 1000 °C for approxi­
mately 30 min. At this temperature, silicon atoms can move back into lattice sites, and 
impurity atoms can enter substitutional sites in the lattice. After the annealing cycle, 
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Fig. 5.9 A plot of the dose required to form an amorphous layer on silicon versus reciprocal 
target temperature. Arsenic falls between phosphorus and antimony. Copyright 1970 by Plenum 
Publishing Corporation. Reprinted with permission from ref. [6]. 
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nearly all. of the implanted dose becomes electrically active, except for impurity concen­
trations exceeding 1019

/ cm3
• 

Annealing cycles for 30 min at temperatures approaching 1000 oc can cause consid- · 
erable spreading of the implant by diffusion. It has been found that truly amorphous 
layers can actually be annealed at lower temperatures through the process of solid-phase 
epitaxy. The crystalline substrate seeds recrystallization of the amorphous layer, and 
epitaxial growth can proceed as rapidly as 500 A/min at 600 °C. During solid-phase 
epitaxy, impurity atoms are incorporated into substitutional sites, and full activation is 
achieved at low temperatures. . 

Low-energy arsenic implantations produce shallow amorphous layers that can be 
annealed using solid-phase epitaxy to yield shallow, abrupt junctions that are ideal for 
VLSI structures. Boron, however, is so light that it does not produce an amorphous layer 
even at relatively high doses,.unless the substrate is deliberately cooled (see Fig. 5.9). 
Today, boron is often implanted using ions of the heavier BF2 molecule. The lower­
velocity implant results in shallow layers that can be annealed under solid-phase-epitaxy 
conditions. 

5.5.3 Deviations from the Gaussian Theory 

If we take a detailed look at the shape of the implanted impurity distribution, we find 
deviations from the ideal Gaussian profile. When light ions, such as boron, impact atoms 
of the silicon target, they experience a relatively large amount of backward scattering and 
fill in the distribution on the surface side of the peak, as in Fig. 5.10. Heavy atoms, such 
as arsenic, experience a larger amount of forward scattering and tend to fill in the profile 
on the substrate side of the peak. A number of methods have been proposed for mathe­
matical modeling of this behavior, such as the use of Pearson Type-IV distributions. lSJ 

However, for common implant energies below 200 ke V, the Gaussian theory prmdQ.es a 
useful model of the impurity distribution. This is particularly true since the forward and 
backward scattering tend to alter the tails of the distribution where the concentration is 
well below the peak value. 

5.6 SUMMARY 

Ion implantation uses a high-voltage accelerator to introduce impurity atoms into the 
surface of the silicon wafer, and it offers many advantages over deposition by high­
temperature diffusion. Ion implantation is a low-temperature process minimizing im­
purity movement by diffusion, which has become very important to VLSI fabrication. 
Low-temperature processing also permits the use of a wide variety of materials as barrier 
layers to mask the implantation. Photoresist, oxide, nitride, aluminum, and other metal 
films can all be used, adding important increased flexibility to process design. 

Ion implantation also permits the use of a much wider range of impurity species than 
diffusion. In principle, any element that can be ionized can be introduced into the wafer 
using implantation. Implantation offers much tighter control of the dose introduced into 
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Fig. 5.10 Measured boron impurity distributions compared with four-moment (Pearson IV) 
distribution functions. The boron was implanted into amorphous silicon without annealing. Re­
printed with permission from Philips Journal of Research. rsJ 

. the wafer, and a much wider range of doses can be reproducibly achieved than possible 
with diffusion. 

Diffused profiles ·almost always have the maximum impurity concentration at the 
surface. Ion-implantation techniques can be used to produce new profiles with subsurface 
peaks or retrograde profiles which decrease toward the wafer surface. Implantation can 
introduce impurities into very shallow layers near the surface, again a significant advan­
tage for VLSI structures. 

The main disadvantage of ion implantation is the cost of the equipment, which may 
exceed $2 million for a productioq machine. Also, the ion implanter has trouble achiev­
ing high doses (>1016/cm3

) in a time reasonable for high-volume production. New 
high-current machines are being developed to overcome this latter problem. Overall, the 
flexibility and process control achievable with ion implantation have far outweighed the 
disadvantage of cost, and ion implantation is used routinely for state-of-the-art bipolar 
and MOS integrated-circuit fabrication. , 

Ion implantation results in profiles which can be modeled by a Gaussian distribution. 
The depth and width of the distribution depend on both the ion species and the energy 
of the implantation. In order to prevent channeling, implantation is normally performed 
at an angle of approximately 7° off the normal to the surface. 

The implantation process damages the surface, and an annealing step is required to 
remove the effects of the damage. Low doses may result in the need for annealing at 800 
to 1000 °C for 30 min. However, if the surface layer has become amorphous, annealing 
can be. achieved through solid-phase epitaxy at temperatures of only 600 °C. 
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PROBLEMS 

5.1 Boron is implanted with an energy of 60 keY through a 0.25-pm layer of silicon dioxide. 
The implanted dose is 1 x 1014lcm2. 

~Find the boron concentration at the silicon-silicon dioxide interface. 

(b) ,Find the dose in silicon.· 

(c) Determine the junction depth if the background concentration is 3 x 1015 lcm3
• 

5.2 An arsenic dose of 1 x 1012 I cm2 is implanted through a 50-nm layer of silicon dioxide with 
the peak of the distribution at the Si-Si02 interface~ A silicon nitride film on top of the silicon 
dioxide is to be used as a barrier material in the regions where arsenic is not desired. How thick 
should the nitride layer be if the background concentration is 1 x 1015 1cm3? 

5.3 An implantation will be used for the predepositioo step for a boron base diffusion. The final 
layer is to be 5 J.Lm deep with a sheet resistance of 125 ohms per square (NB = 1016lcm3

). 

(a) What is the dose required from the ion implanter if the boron will be implanted through a thin 
silicon dioxide layer so that the peak of the implanted distribution is at the silicon-silicon dioxide 
interface? 

(b) What drive-in time is required to produce the final base layer at a temperature of 1100 oc? 

5.4 (a) Use Irvin's curves to find the sheet resistance of a boron layer implanted completely below 
the surface inn-type silicqn (NB = 1015 1cm3

). Assume the layer has a peak concentration of 
.1 x 1019 I cm3

, and the range and straggle are 1. 0 pm and 0.11 J.Lm, respectively. (Hint: 
Think about conductors in parallel.) 

(b) What is the dose of this implantation? 

(c) What was the energy used for this ion implantation? 

(d) At what depths are pn junctions located? 

5.5 The source and drain regions of a self-aligned n-channel polysilicon-gate MOS transistor are 
to be formed using arsenic implantation. The dimensions of a cross section of the device are given 
in Fig. P5 .5. Calculate the channel shrinkage caused by lateral straggle if the peak concentration 
of the implantation is 1020lcm3 and the substrate doping is 1016lcm3

• Assume that the channel 
region is in the silicon immediately below the oxide. Use Rp = 0.1 J.Lm, !::.Rp = 0.04 J.Lm, and 
!::.R1. = 0.022 J.Lm. 

21-1m 11-1m 

---ts;o, I I A' I I I Poly,Hkon I l I A' ~~ t----s;o, 

t 

Fig. P5.5 

Micron Ex. 1025, p. 120 
Micron v. YMTC 
IPR2024-00909



106 ION IMPLANTATION 

5.6 An implanted profile is formed by two boron implantations. The first uses- an energy of 
100 ke V and the second an energy of 200 ke V. The peak concentration of each distribution is 
5 X 1018/cm3

• Draw a graph of the composite profile and find the junction depth(s) if t~e 
phosphorus background concentration is 1016/cm3

• What are the doses of the two implant steps . 

. /5~~ A high energy (5 MeV) is used to implant oxygen deep below the silicon surface in order 
~:J6"form a buried Si02 layer. Assume that the desired Si02 layer is to be 0.2 ,_,.,m wide. 

(a) What is the oxygen dose required to be implanted in silicon? 

(b) What beam current is required if a 125-mm-diameter wafer is to be implanted in 15 min? 

(c) How much power is being supplied to the ion beam? Discuss what effects this implantation may 
have on the wafer. 

5.8 The threshold voltage of a NMOS transistor may be increased by ion implantation of boron 
into the channel region. For shallow implantations, the voltage shift is given approximately by 
AVT = qQ/Cox where Q is the boron dose and Cox= eo/Xo. Xo is the oxide thickness and eo is 
the pei:mittivity.of silicon dioxide: 3.9 X (8.854 X 10- 14 F/cm). What boron dose is required to 
shift the threshold by 0.75 V if the oxide thickness is 40 nm? 

5.9 I An ion implanter has a beam current of 10 ,.,.,A. How long does..it take to implant a boron 
. dose of 1015 /cm2 into a wafer with a diameter of 125 mm? . 

5.10 Write a computer program to calculate the sheet resistance of an arbitrary Gaussian layer in 
silicon. 
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6 I Film Deposition 

Fabrication processes involve many steps in which thin films of various materials are 
deposited on the surface of the wafer. This chapter presents a survey of deposition 
processes, including evaporation; chemical vapor deposition, and sputtering, which are 
used to deposit metals, silicon and polysilicon, and dielectrics such as silicon dioxide and 
silicon nitride. Evaporation and sputtering require· vacuum systems operating at low 
pressure, whereas chemical vapor deposition and epitaxy can be performed at either 
reduced or atmospheric pressure. An overview of vacuum systems and some results from 
the theory of ideal gases are also presented in this chapter. 

6.1 EVAPORATION 

Physical evaporation is one of the oldest methods of depositing metal films. Aluminum 
and gold are heated to the point of vaporization, and then evaporate to form a thin film 
covering the surface of the silicon wafer. In order to control the composition of the 
deposited material, evaporation is performed under vacuum conditions. 

Figure 6.1 shows a basic vacuum deposition system consisting of a vacuum chamber, 
a mechanical roughing pump, a diffusion pump or turbomolecular pump, valves, vacuum 
gauges, and other instrumentation. In operation, the roughing valve Is operied first, and 
the mechanical pump lowers the vacuum chamber pressure to an intermediate vacuum 
level of approximately 1 Pascal (Pat). If a higher vacuum level is needed, the roughing 
valve is closed, and the foreline and high-vacuum valves are opened. The roughing pump 
now maintains a vacuum on the output o[the diffusion pump. A liquid-nitrogen (77 K) 
cold trap is used with the diffusion pump to reduce the pressure in the vacuum chamber 
to approximately 10-4 Pa. Ion and thermocouple gauges are used to monitor the pressure 
at a number of points in the vacuum system, and several other valves are used as vents 
to return the system to atmospheric pressure. 

t1 atm ·= 760 mm Hg = 760 torr = 1.013 x 105 Pa. 1 Pa = 1 N/m2 = 0.0075 torr. 

107 
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0-ring seal 
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Fig. 6.1 Typical vacuum system used for evaporation including vacuum chamber, roughing 
pump, high-vacuum pump, and various valves and vacuum gauges. Copyright, 1987, McGraw­
Hill Book Company; reprinted with permission from ref. [5]. 

6.1.1 Kinetic Gas Theory 

Gases behave in an almost · ideal manner at low pressure and are well described by 
the ideal gas law. Pressure P, volume V, and temperature T of one mole of a gas are 
related by 

PV = NavkT (6.1) 

in which kt is Boltzmann's constant and Nav is Avogadro's number (6.02 X 1023 

t k (Boltzmann's constant) = 1.38 X 10-23 J/K = 1.37 X 10-22 atm-cm3 /K. 
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6.1 EVAPORATION 109 

molecules/mole). The concentration of gas molecules is given by 

n = Nav/V = kT/P (6.2) 

In some systems, the surface of the substrate must be kept extremely clean prior to 
deposition. The presence of even a small amount of oxygen or other elements will result 
in formation of a contamination layer on the surface of the substrate. The rate of 
formation of this layer is determined from the impingement rate of gas molecules hitting 
the substrate surface and is related to the pressure by 

<I> = P/V21TmkT (molecules/cm2-sec) (6.3) 

where m is the mass of the molecule. This can be reduced to 

<I> = 2.63 x '1020 P j\[jjj (molecules/cm2-sec) (6.4) 

where P is the pressure in Pa and M is the molecular weight (e.g., M = 32 for oxygen 
molecules). If we assume that each molecule sticks as it contacts the surface, then the 
time required to form a monolayer on the surface is given by 

(6.5) 

where Ns is the number of molecules/ cm2 in the layer. 

Example: Suppose the residual pressure of oxygen in the vacuum system is 1 Pa. How 
long does it take to deposit one atomic layer of oxygen on the surface of the wafer at 300 K? . 

Solution: The radius of an oxygen molecule is approximately 3.6 A. If we assume close 
packing of the molecules on the surface, there will be approximately 
2.2 x 10 14 rriolecules/cm2

• At 300 K and 1 Pa, the impingement rate for oxygen is 
2.7 x 1018 molecules/cm2-sec. One monolayer is deposited in 82 J.LSec. 

Pressure and temperature also determine another important film-deposition parameter 
called the mean free path, A. The mean free path of a gas molecule is the average 
distance the molecule travels before it collides with another molecule. A is given by 

(6.6) 

in which d is the diameter of the gas molecule and is in the range of 2 to 5 A. Evaporation 
is usually done at.a background pressure near w-4 Pa. At this pressure, .a 4-A molecule 
has a mean free path of approximately 60 m. Thus, during aluminum evaporation, for 
example, aluminum molecules do not interact with the background gases and tend to 
travel in a straight line from the evaporation source to the deposition target. 

Micron Ex. 1025, p. 124 
Micron v. YMTC 
IPR2024-00909



110 FILM DEPOSITION 

On the other hand, sputtering, which will be discussed in Section 6.4, uses argon gas 
at a pressure of approximately 100 Pa. Using the same radius results in a mean free path 
of only 60 p.,m. Thus the material being deposited tends to scatter often with the argon 
atoms and arrives at the target from random directions. 

6.1.2 Filament Evaporation 

The simplest evaporator consists of a vacuum system containing a filament which can be 
heated to high temperature. In Fig. 6.2a, small loops of a metal such as aluminum are 
hung from a filament formed of a refractory (high-temperature) metal such as tungsten. 
Evaporation is accomplished by gradually increasing the temperature of the filament until 
the aluminum melts and wets the filament. Filament temperature is then raised to 
evaporate the aluminum from the filament. The wafers are mounted near the filament and 
are covered by a thin film of the evaporating material. 

Although filament evaporation systems are easy to set up, contamination levels can 
be high, particularly from the filament material. In addition, evaporation of composite 
materials cannot be easily controlled using a filament evaporator. The material with the 
lowest melting point tends to evaporate first, and the deposited film will not have the 

t 
Loops 

of 
metal 

(a) 

Electron beam 

J ---...... ....... ..,.--- ....... , '/ ,, ,, \\ 

(b) 

I I 
IJ ,, 

~
I jt 

•"' I 

Filament 

Fig. 6.2 Two forms of evaporation sources. (a) Filament evaporation, in which loops of wire 
hang from a heated filament; (b) electron-beam source in which a beam of electrons is focused on 
a metal charge. The beam is bent in a magnetic field. 
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6.1 EVAPORATION 111 

same composition as the source material. Thick films are difficult to achieve since a 
limited supply of material is contained in the metal loops. 

6.1.3 Electron-Beam Evaporation 

in electron-beam (E-bearn) evaporation systems (see Fig. 6.2b), the high-temperature 
filament is replaced with an electron beam. A high-intensity beam of electrons, with an 
energy up to 15 ke V, is focused on a source target containing the material to be evapo­
rated. The energy from the electron beam melts a region of the target. Material evapo­
rates from the source and covers the silicon wafers with a thin layer. 

The growth rate using a small planar source is given by 

m 
G = --2 cos cf> cos (} (ern/ sec) 

7rpr 
(6.7) 

for the geometrical setup in Fig. 6.3. cf> is the angle measured from the normal to the 
plane of the source, and 8 is the angle of the substrate relative to the vapor stream. p and 
m are the density (g/crn3

) and mass evaporation rat~ (g/sec), respectively, of the material 
being deposited. 

For batch deposition, a planetary substrate holder (Fig. 6.4) consisting of rotating 
sections of a sphere is used. Each substrate is positioned tangential to the surface of the 
sphere with radius r 0 , as in Fig. 6.3. Application of some geometry yields 

cos (} = cos cf> = r/2r0 (6.8) 

For the planetary substrate holder, G becomes independent of substrate position: 

G = m/47rpr~ (6.9) 

The wafers are mounted above the source and are typically rotated around the source 
during deposition to ensure uniform coverage. The wafers are also often radiantly heated 
to improve adhesion and uniformity of the evaporated material. The source material sits 
in a water-cooled crucible~ and its surface only comes in contact with the electron beam 
during the evaporation process. Purity is controlled by the purity of the original source 
material. The relatively large size of th~ source provides a virtually unlimited supply of 
material for evaporation, and the deposition rate is easily controlled by changing the 
current and energy of the electron beam. 

One method of monitoring the deposition rate uses a quartz crystal which is covered 
by the evaporating material during deposition. The resonant frequency of the crystal 
shifts in proportion to the thickness of the deposited film. By monitoring the resonant 
frequency of the crystal, the deposition rate may be measured with an accuracy of better 
than 1 A/sec. Dual electron beams with dual targets may be used to coevaporate com­
posite materials in E-bearn evaporation systems. 
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112 FILM DEPOSITION 

Fig. 6.3 Geometry for evaporation in a system using a planetary substrate holder. 

X-ray radiation can be generated in an electron-beam system for acceleration voltages 
exceeding 5 to 1b ke V. Substrates may suffer some radiation damage from both energetic 
electrons and X-rays. The damage can usually be annealed out during subsequent process 
steps. However, the radiation effects are of great concern to MOS process designers, and 
so sputtering has replaced electron-beam evaporation in many steps in manufacturing 
processes. 

6.1.4 Flash Evaporation 

Flash evaporation uses a fine wire as the source material, and a high-temperature ceramic 
bar is used to evaporate the wire. The wire is fed continuously and evaporates on contact 
with the ceramic bar. Flash evaporation can produce relatively thick films, as in an 
E-beam system, without problems associated with radiation damage. 
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6.2 SPUTIERING 113 

Fig. 6.4 Photograph of an E-beam evaporation system with a planetary substrate holder which 
rotates simultaneously around two axes. 

6.1.5 Shadowing and Step Coverage 

Because of the large mean free paths of gas molecules at low pressure, evaporation 
techniques tend to be directional in nature, and shadowing oL patterns and poor step 
coverage can occur during deposition. Figure 6.5 illustrates the shadowing phenomenon 
which can occur with closely spaced features on the surface of an integrated circuit. In 
the fully shadowed region, there will be little deposition. In the partially ·shadowed 
region, there will be variation in film thickness. To minimize these effects, the planetary 
substrate holder of the electron-beam system continuously rotates the wafers during the 
film deposition. 

6.2 SPUTTERING 

Sputtering is achieved by bombarding a target with energetic ions, typically Ar+. Atoms 
at the surface of the target are knocked loose and transported to the substrate, where 
deposition occurs. Electrically conductive materials such as Al, W, and Ti can use a de 
power source, in which the target acts as the cathode in a diode system. Sputtering of 
dielectrics such as silicon dioxide or aluminum oxide requires an RF power source to 
supply energy to the argon atoms. A diagram of a sputtering system is shown in Fig. 6.6. 

Micron Ex. 1025, p. 128 
Micron v. YMTC 
IPR2024-00909



114 FILM DEPOSITION 

Source 
I / 

I / 
I / 

I / 
I // 

I / 
I / 

I / 
I / 

I / 
I / 

I// 
I/ 

1/ 
;/ 

/ 

\ 
Partially Totally 

shadowed shadowed 
region region 

Fig. 6.5 An example of the shadowing problem that can occur in low-pressure vacuum deposi­
tion in which the molecular mean free path is large. 
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Fig. 6.6 A de sputtering system in which the target material acts as the cathode of a diode and 
the wafers are mounted on the system anode. 

In sputter deposition, there is a threshold energy which must be exceeded before 
sputtering occurs. The sputtering yield (Fig. 6.7) is the ratio of the number of atoms 
liberated from the target by each incident _atom, and it increases rapidly with energy of 
the incident atoms. Systems are usually operated with an energy large enough to ensure 
a sputtering yield of at least unity. 
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Fig. 6. 7 Sputtering yield versus ion energy for a de sputtering system using argon. 

Sputtering can be used to deposit a broad range of materials. In addition, alloys may 
be deposited in which the film has the same composition as the target. An example is the 
Al-Cu-Si alloy commonly used for metallization in integrated circuits. (We will discuss 
this alloy in Chapter 7.) As one might expect, sputtering results in the incorporation of 
some argon into the film, and heating of the substrate up to 350 oc can occur during the 
deposition process. Sputtering can also give excellent coverage of the sharp topologies 
often encountered in integrated circuits. 

Sputter etching (a reversal of the sputter deposition process) can be used to clean the 
substrate prior to film deposition, and the sputter etching process is often used to clean 
contact windows prior to metal deposition. Etching removes any residual oxide from the 
window and improves the contact between the metal and the underlying material. 

6.3 CHEMICAL VAPOR DEPOSITION 

Chemical vapor ·deposition (CVD) forms thin films on the surface of a substrate by 
thermal decomposition and/or reaction of gaseous compounds. The desired material is 
deposited directly from the gas phase onto the surface of the substrate. Polysilicon, 
silicon dioxide, and silicon nitride are routinely deposited using CVD techniques. In 
addition, refractory metals such as tungsten (W) can also be deposited using CVD. 

Chemical vapor deposition can be performed at pressures for which the meah free 
path for gas molecules is quite small, and the use of relatively high temperatures can 
result in excellent conformal step coverage over a broad range of topological profiles. 
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6.3.1 CVD Reactors 

Several different types of CVD reactor systems are shown in Fig. 6.8. In Fig. 6.8a, a 
continuous atmospheric-pressure reactor is shown. This type of reactor is often used for· 
deposition of the silicon dioxide passivation layer as one of the last steps in integrated­
circuit processing. The reactant gases flow through the center section of the reaCtor and 
are contained by nitrogen curtains at the ends. The substrates can be fed continuously 
through the system, and large-diameter wafers are easily handled. However, high gas­
flow rates are required by the atmospheric..:pr~ssure reactor. 

The hot-wall, low-pressure system of Fig. 6.8b is commonly used to deposit poly­
silicon, silicon dioxide, and silicon nitride, and is referred to as an LPCVD (low-pressure 
CVD) system. The reactant gases are introduced into one end of a three-zone furnace 
tube and are pumped out the other end. Temperatures range from 300 to 1150 °C, and 
the pressure is typically 30 to 250 Pa. Excellent uniformity can be obtained with LPCVD 
systems, and several hundred wafers may be processed in a single run. Hot-wall systems 
have the disadvantage that the deposited fiim simultaneously coats the inside of the 'tube. 

· The tube must be periodically cleaned or replaced to minimize problems with particulate 
matter. In spite of this problem, hot-wall LPCVD systems are in widespread use through­
out the semiconductor industry. 

CVD reactions can also. take place in a plasma reactor, as shown in Fig. 6.8c. 
Formation of the plasma permits the reaction to take place at low temperatures, which 

-,__.- . 

is a primary advantage of plasma-enhanced CVD (PECVD) processes. In the parallel-
plate system, the wafers lie on a grounded aluminum plate which serves as the bottom 
electrode for establishing the plasma. The wafers can be heated up to 400 oc using 
high-:intensity lamps or resistance heaters. The top electrode is a second aluminum plate 
placed in close proximity to the wafer surface. Gases are introduced along the outside 
of the system, flow radially across the wafers, and are pumped through an exhaust in the 
center. An RF signal is applied to the top plate to establish the plasma. The capacity of 
this type of system is limited, and wafers must be loaded manually. A major problem in 
VLSI fabrication is particulate matter that may fall from the upper plate onto the wafers. 

The furnace-plasma system in Fig. 6.8d can handle a large number of wafers at one 
time. A special electrode assembly holds the wafers parallel to the gas flow. The plasma 
is established between alternating groups of electrodes supporting the wafers. 

6.3.2 Polysilicon Deposition 

Silicon is deposited in an LPCVD system using thermal decomposition of silane: 

SiH4 
600 oc Si + 2H2 (6.10) 

Low-pressure systems (25 to 150 Pa) use either 100% silane or 20 to 30% silane diluted 
with nitrogen. A temperature between 600 and 650 oc results in deposition ofpolysilicon 
material at a rate of 100 to 200 A/min. A less commonly used deposition occurs between 
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Fig. 6.8 Four types of chemical vapor deposition (CVD) systems. (a) Atmospheric-pressure 
reactor; (b) hot-wall LPCVD system using a three-zone furnace tube; (c) parallel-plate plasma­
enhanced CVD system; (d) PECVD system using a three-zone furnace tube. Copyright, 1983, Bell 
Telephone Laboratories, Inc. Reprinted by permission from ref. [2]. 
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118 FILM DEPOSITION. 

850 and 1050 °C in a hydrogen atmosphere. The higher temperature overcomes a reduc­
tion in deposition rate caused by the hydrogen carrier gas. 

Polysilicon can be doped by diffusion or ion implantation or during deposition (in 
situ) by the addition of dopant gases such as phosphine, arsine, or diborane. The addition 
of diborane greatly increases the deposition rate, whereas the addition of phosphine . . 
or arsine substantially reduces the deposition rate. 

Polysilicon is often deposited as undoped material and is then doped by diffusion. 
High-temperature diffusion occurs much more rapidly in polysilicon than· in ·single­
crystal silicon, and the polysilicon film is typically saturated with the dopant to achieve 
as low a resistivity as possible for interconnection purposes. Resistivities ·of 0. 01 to 
0.001 ohm-em can be achieved in diffusion-doped polysilicon. Ion implantation typi­
cally yields a lower active-impurity density in the polysilicon film, and ion-implanted 
polysilicon exhibits a resistivity about ten times higher than that achieved by high-· 
temperature diffusion. 

6.3.3 Silicon Dioxide Deposition 

Silicon dioxide films can be deposited using a variety of reactions and temperature 
ranges, and the films can be doped or undoped. Phosphorus-doped oxide can be used as 
a passivation layer over a completed integrated circuit or as the insulating medium in 
multilevel metal processes (which will be discussed in the next chapter). Silicon dioxide 
containing 6 to 8% phosphorus by weight will soften and flow at temperatures between 
1000 and 1100 °C. This "P-glass reflow" process is often used to improve step coverage 
and provide a smoother topography for later process steps. Si02 with lower concen­
trations of phosphorus will not reflow properly, and higher concentrations can corrode 
aluminum if moisture is present. Oxide doped with 5 to 15% by weight of various dopants 
can also be used as a diffusion source. 

Deposition of silicon dioxide over aluminum must occur at a temperature below the 
silicon-aluminum eutectic point of 577 °C (see Chapter 7). A reaction between silane 
and oxygen is commonly used between 300 and 500 °C: 

(6.11) 

The oxide may be doped with phosphorus using phosphine: 

(6.12) 

Oxide passivation layers can be deposited at atmospheric pressure using the continuous 
reactor of Fig. 6.8a, or they can be deposited at reduced pressure in an LPCVD system, 
as in Fig. 6.8b. 

Deposition of Si02 films prior to metallization can be performed at higher tem­
peratures, which gives a wider choice of reactions and results in better uniformity and 
step coverage. For example, a dichlorosilane reaction with nitrous oxide in an LPCVD 
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system at approximately 900 oc, 

(6.13) 

is used to deposit insulating layers of Si02 on wafer surfaces. 
Decomposition of the vapor produced from a liquid source, tetraethylorthosilicate 

(TEOS), can also be used in an LPCVD system between 650 and 750 °C. 

(6.14) 

Deposition based on the decomposition of TEOS provides excellent uniformity and step 
coverage. Oxide doping may be accomplished in the LPCVD systems by adding phos­
phine, arsine, or diborane. 

A comparison of some of the properties of various CVD oxides is given in Table 6.1. 

6.3.4 Silicon Nitride Deposition 

As discussed in Chapter 3, silicon nitride is used as an oxidation mask in recessed oxide 
processes. Silicon nitride is also used as a final passivation layer because it provides an 
excellent barrier to both moisture and sodium contamination. Composite films of oxide 
and nitride are being investigated for use as very thin gate insulators in scaled VLSI 
devices, and they are also used as the gate dielectric in electrically programmable 
memory devices. 

Both silane and dichlorosilane will react with ammonia to produce silicon nitride. 
The silane reaction occurs between 700 and 900 oc at atmospheric pressure: 

(6.15) 

Dichlorosilane is used in an LPCVD system between 700 and 800 °C: 

(6.16) 

Table 6.1 Properties of Various Deposited Oxides. (After ref. [2].) 

Deposition Conformal Dielectric Etch Rate 
Temperature Step Strength (A/min) 

Source (OC) Composition Coverage (MY /em) [100: 1 H20:HF] 

Silane 450 Si02(H) No 8 60 

Dichlorosilane 900 SiOiCl) Yes 10 30 

TEOS 700. Si02 Yes 10 30 

Plasma 200 Si0t.9(H) No 5 400 
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Thermal growth of silicon nitride is also possible but not very practical. Silicon nitride 
will form when silicon is exposed to ammonia at temperatures between 1000 and 
1100 °C, but the growth rate is very low. 

Plasma systems may also be used for the deposition of silicon nitride. Silane will 
react with a nitrogen discharge to form plasma nitride (SiN): 

(6.17) 

Silane will also react with ammonia in an argon plasma: 

(6.18) 

LPCVD films are hydrogen-rich, containing up to 8% hydrogen. Plasma deposition 
does not produce stoichiometric silicon nitride films. Instead, the films contain as much 
as 20 to 25% hydrogen. LPCVD films have high internal tensile stresses, and films 
thicker than 2000 A may crack because of this stress. On the other hand, plasma­
deposited films have much lower tensile stresses. 

The resistivity (10 16 ohm-em) and dielectric strength (10 MV /em) of the LPCVD 
nitride film are better than those of most plasma films. Resistivity of plasma nitride can 
range from 106 to 1015 ohm-em, depending on the amount of nitrogen in the filin, while 
the dielectric strength ranges between 1 and 5 MV /em. 

6.3.5 CVD Metal Deposition 

Many metals can be deposited by CVD processes. Molybdenum (Mo), tantalum (Ta), 
titanium (Ti), and tungsten (W) are all of interest in today's processes because of their 
low resistivity and their ability to form silicides with silicon (see Chapter 7). Aluminum 
can be deposited from a metallorganic compound such as tri-isobutyl aluminum, but this 
technique has not been commonly used because many other excellent methods of alumi­
num deposition are available. 

Tungsten can be deposited by thermal, plasma, or optically assisted decomposition 
ofWF6: 

(6.19) 

or through reduction with hydrogen: 

(6.20) 

Mo, Ta, and Ti can be deposited in an LPCVD system through reaction with 
hydrogen. The reaction is the same for all three metals: 

2MC15 + 5H2 ~ 2M + 10HC1 (6.21) 

where M stands for any one of the three metals mentioned above. 
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6.4 EPITAXY 

Chemical vapor deposition processes can be used to deposit silicon onto the surface of 
a silicon wafer. Under appropriate conditions, the silicon wafer acts as a seed crystal, and 
a single-crystal silicon layer i~ grown on the surface of the wafer. The growth of a 
crystalline silicon layer from the vapor phase is called vapor-phase epitaxy (VPE), and 
it is the most common form of epitaxy used in silicon processing. In addition, liquid­
phase epitaxy (LPE) and molecular-beam epitaxy (MBE) are being used widely in GaAs 
technology. 

Epitaxial growth was first used in integrated-circuit processing to grow single-crystal 
n-type layers on p-type substrates for use in standard buried-collector bipolar processing. 
More recently, it has been introduced into CMOS VLSI processes where lightly doped 
layers are grown on heavily doped substrates of the same type (n on n + or p on p +)to 
help suppress a circuit-failure mode called latchup. 

6.4.1 Vapor-Phase Epitaxy 

Silicon epitaxial layers are commonly grown with silicon deposited from the gas phase. 
A basic model for the process is given in Fig. 6.9. At the silicon surface, the flux ls of 
gas molecules is determined by 

(6.22) 

in which ks is the surface-reaction rate constant and Ns is the surface concentration of the 
molecule involved in the reaction. In the steady state, this flux must equal the fluxJ8 of 
molecules diffusing in from the gas stream. The flux 18 may be approximated by 

(6.23) 

Gas 

Ng---------------

Fig. 6.9 Schematic model for the epitaxial growth process. 
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in which D g is an effective diffusion constant for the gas molecule and 8 is the distance 
over which the diffusion is taking place. The ratio D g/ 8 is called the vapor-phase 
mass-transfer coefficient, hg. Equating ls and lg yields the flux impinging on the surface 
of the wafer. The growth rate is equal to the flux divided by the number N of molecules 
incorporated per unit volume of film. 

v = 
N 

If ks ~ hg, then growth is said to be mass-transfer-limited, and 

N v = h _g 
gN 

If hg ~ k5 , then growth is said to be surface-reaction-limited, and 

N 
v = k _g SN 

(6.24) 

(6.25) 

(6:26) 

Figure 6.10 shows epitaxial growth rate as a function of temperature. Chemical reactions 
at the surface tend to follow an Arrhenius relationship characterized by an activation 

Temperature ( oq 
1300 1200 1100 1000 900 800 700 600 

1.0 ....---.----.,....---,,-------.--,---,------.------, 
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~ 0.05 
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0 
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0.01 

0.7 0.8 0.9 

v SiH4CJ2 

t;. SiHCI3 

1.0 

Temperature, 1000/T (K-1) 

1.1 

Fig. 6.10 Temperature dependence of the silicon epitaxial growth process for four different 
sources. The growth rate is surface-reaction-limited in region A and is mass-transfer-limited in 
region B. Reprinted with permission from ~hilips Journal of Research from ref. [3]. 
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energy EA, whereas the mass-transfer process tends to be independent of temperature. 
These two regions show up clearly in this figure. At low temperatures, the growth rate 
follows an Arrhenius relationship with an activation energy of approximately 1. 5 e V. At 
higher temperatures, the growth rate becomes independent of temperature. In order to 
have good growth-rate control and to minimize sensitivity to variations in tempera­
ture, epitaxial growth conditions are usually chosen to yield a mass-transfer-limited 
growth rate. 

Three C()mmori types of VPE reactors, the horizontal, vertical, and barrel systems, 
are shown iii Fig. 6 .11. The susceptor that supports the wafers is made of graphite and 
is heated by RF induction in the horizontal and vertical reators and by radiant heating in 
the barrel reactor. 

Silicon tetrachloride (SiC14), silane (SiH4), dichlorosilane (SiH2Cl2), and trichloro­
silane (SiHCb) have all been used for silicon VPE. Silicon tetrachloride has been widely 
used in industrial processing: 

SiC14(gas) + 2Higas) ~ Si(solid) + 4HCl(gas) (6.27) 

This reaction takes place at approximately 1200 °C and is reversible. If the carrier gas 
coming into the reactor contains hydrochloric acid, etching of the surface of the silicon 
wafer can occur. This in situ etching process can be used to clean the wafer prior to the 
start of epitaxial deposition. 

• ••••••••••• nnnnp L .. C~'~::rT~;:.~:" II .~ .... .e:: .. 
Nz Hz HCI Dopant + Hz Susceptor 

Wafers 

SiCI4 +Hz 

-Gas flow 

• RF heating 

o Radiant heating 

(b) 

Exhaust system 
scrubber 

(a) 

Wafers 

(c) 

To exhaust 
system 

Fig. 6.11 (a) Horizontal, (b) pancake, and (c) barrel susceptors commonly used for vapor-phase 
epitaxy. Copyright, 1985, John Wiley & Sons, Inc., with permission from ref. [1]. 

Micron Ex. 1025, p. 138 
Micron v. YMTC 
IPR2024-00909



124 FILM DEPOSITION 

A second reaction competes with the epitaxial deposition process: 

SiCligas) + Si(solid) ~ 2SiCligas) (6.28) 

This second reaction also etches the silicon from the wafer surface. If the concentration 
of SiC14 is too high, etching of the wafer surface wil~ take place rather than epitaxial 
deposition. Figure 6.12 shows the effect of SiC14 concentration on the grpwth of epitaxial 
silicon. The growth rate initially increases with increasing SiC14 concentration, peaks, . . . 

then decreases. Eventually, growth stops and the etching process becomes dominant. If 
the growth rate is too high, a polysilicon layer is deposited rather than a layer of 
single-crystal silicon. 

Epitaxial growth can also be achieved by the pyrolytic decomposition of silane: 

SiH4 
650 oc Si + 2H2 (6.29) 

The reaction is not reversible and takes place at low temperatures. In addition, it avoids 
the formation of HCl gas as a reaction by-product.. HqY,ever, careful control of the 
reactor is needed to prevent formation of polysilicon rather than single-crystal silicon 
layers. The presence of any oxidizing species in the reactor can also lead to .con­
tamin~tion of the epitaxial layer by silica dust. 

'2 
'6 

5 

4 

8 3 
~ 

H2 flow rate at 1270 °C: I liter/min 

~ 2 f--f.LL--<.LL..~.:.L.U..<..U;.<-<.L...o'-<.U:..u..L~"-' 
..c: 

~ I Typical industrial 
1;b ..----- growth condition 

_§ 
li: 

-I 

Mole fraction, SiCI4 in H2 

Fig. 6.12 Silicon epitaxial growth rate as a function of SiC14 concentration. Polysilicon deposi­
tion occurs for growth rates exceeding 2 ,um/rnin. Etching of the surface will occur for mole 
fraction concentrations exceeding 28%. Copyright, 1985, John Wiley & Sons, Inc., with permis­
sion from ref. [ 1]. 
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6.4.2 Doping of Epitaxial Layers 

Epitaxial layers may be doped during the growth process by adding impurities to the gas 
used for deposition. Arsine, diborane, and phosphine are the most convenient sources of 
the common impurities. The resistivity of the epitaxial layer is controlled by varying the 
partial pressure of the dopant species in the gas supplied to the reactor. The addition of 
arsine or phosphine tends to slow down the rate of epitaxial growth, while the addition 
of diborane tends to enhance the epitaxial growth rate. 

Lightly doped epitaxial layers are often grown on more heavily doped substrates, and 
"autodoping" of the epitaxial layer can occur during growth. Impurities can evaporate 
from the wafer or may be liberated by chlorine etching of the surface during deposition. 
The impurities are incorporated into the gas stream, resulting in doping of the growing 
layer. As the epitaxial layer grows, less dopant is released from the wafer into the gas 
stream, and the impurity profile eventually reaches a constant level determined by the 
doping in the gas stream. 

During deposition, the substrate also acts as a source of impurities which diffuse into 
the epitaxial layer. This "out-diffusion" will be discussed more fully in the next section. 
Both autodoping and out-diffusion cause the transition from the doping level of the 
substrate to that of the .epitaxial layer to be less abrupt than desired. The effects of 
autodoping and out-diffusion are illustrated in Fig. 6.13. 

6.4.3 Buried Layers 

Out-diffusion is a common problem that occurs with the buried layer in bipolar transis­
tors. In order to reduce the resistance in series with the collector of the bipolar transistor, 
heavily doped n-type regions are diffused into the substrate prior to the growth of an 
n-type epitaxial layer. During epitaxy, impurities diffuse upward from the heavily doped 
buried-layer regions. 

Diffusion of impurities from the substrate during epitaxial growth is modeled by the 
diffusion equation with a moving boundary, !41 as in Fig. 6.14: 

(6.30) 

in which Vx is the rate of growth of the epitaxial layer. 
Two specific solutions of eq. (6.30) are applicable to epitaxial layer growth. The first 

case is the growth of an undoped epitaxial layer on a uniformly doped substrate. The 
boundary conditions are N(x, 0) = Ns = N(oo, t), and the flux lx ·= (h + Vx)N(O, t) 
where h is the mass-transfer coefficient which characterizes the escape rate of dopant 
atoms from the silicon into the gas. Normally, h ~ Vx. A change of variables from x to 
x' = x - vxt simplifies eq. (6.30) and gives an approximate solution for N(x, t): 

Ns [ X Xepi ] N1(x,t) =- 1 + erfc .. ~ 
2 2 v Dst 

(6.31) 
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Ns Epitaxial layer 

Ns = 6 x IQ19fcm3(Sb) 
NE = 1 X IQ16fcm3(P) 
Ds = 8 x 10·14 cm2fsec 

1019 
DE = 9 x I0-13 cm2fsec 
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Fig. 6.13 Redistribution of impurity atoms due to gas-phase autodoping and impurity out­
diffusion during epitaxial layer growth. Out-diffusion is calculated using eq. (6.33) for epitaxial 
growth of a phosphorus-doped layer at 1150 oc over an antimony-doped buried layer with a surface 
concentration of 6 x 1019/cm3

• The three curves are for growth rates of 0.01, 0.05, and 
0.09 JLm/min. For clarity, the effects of autodoping are shown on only one curve. 

Eq. (6.31) assumes that the epitaxial layer growth rate greatly exceeds the rate of 
movement of the diffusion front. Eq. · ( 6. 31) is the exact solution for diffusion from one 
semi-infinite layer into a second semi-infinite layer. 

The second case is the growth of a doped epitaxial layer on an undoped substrate. The 
boundary conditions for this case are N(O, t) = NE, and N(oo, t) = 0 = N(x, 0). The 
solution of eq. (6.30) for these boundary conditions is: 

(6.32) 

in which Xepi = vxt is the epitaxial layer thickness. Superposition of the solutions for 
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Fig. 6.14 Geometrical structure of moving boundary value problem which models the epitaxial 
growth process. 

these two cases gives a good approximation to diffusion which occurs during epi­
taxial growth: 

N(x, t) = N 1(x, t) +Nix, t) (6.33) . . 

Ns represents the doping in the substrate, and NE is the doping intentionally introduced 
into the epitaxial layer. Ds and DE represent the diffusion coefficients of the impurity 
species in the substrate and epitaxial layer, respectively. Figure 6.13 shows diffusion 
profiles for a phosphorus-doped epitaxial layer grown at various rates on an antimony­
doped substrate. The curves were produced using eq. (6.33). 

An additional problem occurs during epitaxial growth. The oxidation and litho­
graphic processing steps used during formation of a buried layer result in a step of as 
much as 0.2 11m around the perimeter of the buried layer. Epitaxial growth on this 
nonplanar surface causes the pattern to shift during growth, as illustrated in Fig. 6.15. 
Pattern shift is difficult to predict, may be as large as the epitaxial layer thickness, and 
must be accounted for during the design of subsequent mask levels. 

6.4.4 Liquid-Phase and Molecular-Beam Epitaxy 

In liquid-ph~se epitaxy, the substrate is brought into contact with a solution containing 
the material to be deposited in liquid form. The substrate acts as a seed for material 
crystallizing directly from the solute. Growth rates typically range between 0.1 and 
1 pm/min. 

In the molecular-beam epitaxy process, the crystalline layer is formed by deposition 
from a thermal beam of atoms or molecules. Deposition is performed in ultrahigh-
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Fig. 6.15 Pattern shift during epitaxial growth over an n + buried layer. The original pattern is 
shifted and distorted in shape. 

vacuum conditions (10-8 Pa). Substrate temperatures during MBE range from 400 
to 900 °C, and the growth rate is relatively low (0.001 to 0.3 pm/min). The epitaxial 
layer is grown atomic layer by atomic layer, and many unique device structures can be 
fabricated by changing the material which is deposited between one layer and the next. 

The throughput of MBE is relatively low at the present time. Plasma-assisted CVD 
processes, which promise to give many of the benefits of MBE with much higher 
throughput, are presently being investigated in research laboratories. 

6.5 SUMMARY 

Thin films of a very broad range of materials are used in integrated-circuit fabrication. 
This chapter has presented an overview of film-deposition techniques including physical 
evaporation, chemical vapor deposition (CVD), epitaxial growth, and sputtering. Most 
of these processes are performed at low pressure, and this chapter has presented an 
introduction to vacuum systems and a review of some important aspects of ideal gas 
theory. 

Physical evaporation using filament or electron-beam evaporators can be used to 
deposit metals and other materials which can easily be melted. E-beam systems can 
operate at high power levels and melt high-temperature metals. However, E-beam 
evaporation may result in radiation damage to thin oxide layers at the surface of the 
wafer. In addition, it is difficult to deposit material compounds and alloys using evapo­
ration. Finally, gas molecules at low pressures have large mean free paths, and evapo­
ration has problems with shadowing and poor step coverage during film deposition. 
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Sputtering uses energetic ions such as argon to bombard a target material and 
dislodge atoms from the surface of the target. The dislodged atoms are deposited on the 
surface of the wafer. Direct-current sputtering systems can be used to deposit conductive 
~aterials, and RF sputtering can be used to deposit insulators. Sputtering can be used to 
deposit composite .materials in which the deposited film maintains the same composition 
as the source material. Sputtering also uses higher pressures than evaporation. The much 

· shorter mean free paths which result yield a deposition with freedom from shadowing and 
much better step coverage. 

Low-pressure and atmospheric chemical vapor deposition (CVD) systems deposit 
films from chemical reactions taking place in a gas stream passing over the wafer. 
Polysilicon, silicon dioxide, silicon nitride, and metals can all be deposited using CVD 
techniques. A special type of ·CVD deposition called epitaxy results in the growth of 
single-crystal silicon films on the surface of silicon wafers. Out-diffusion and autodoping 
cause problems with impurity profile control during epitaxial layer growth. 

In a modern bipolar or MOS fabrication process, one can expect to find evaporation, 
sputtering, and chemical vapor deposition techniques all used somewhere in the 
process flow. 
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PROBLEMS 

~.1 A silicon wafer sits on a bench in the laboratory at a temperature of 300 K and a pressure 
of 1 atm. Assume that the air consists of 100% oxygen. How long does it take to deposit one atomic 
layer of oxygen on the wafer surface, assuming 100% adhesion? 

6.2 Calculate the impingement rate and mean free path for oxygen molecules (M = 32) at 300 K 
and a pressure of 10-4 Pa. What is this pressure in torr? 

6.3 An ultrahigh vacuum system operates at a pressure of 10-8 Pa. What is the concentration of 
residual air molecules in the chamber at 300 K? 

6.4 The partial pressure of a material being deposited in a vacuum system must be well above 
the residual background gas pressure if reasonable deposition rates are to be achieved. What must 
the partial pressure of aluminum be to achieve a deposition rate of 100 nm/ min? Assume close 
packing of spheres with a diameter of 5 A, and 100% adhesion of the impinging aluminum. 

6.5 A wafer 100 mm in diameter is mounted in an electron-beam evaporation system in which 
the spherical radius is 40 em. Use eq. (6.7) to estimate the worst-case variation in film thickness 
between the center and edges of the wafer for an evaporated aluminum film 1 p.,m thick. 

6.6 A MBE system must operate under ultrahigh vacuum conditions to prevent the formation of 
undesired atomic layers on the surface of the substrate. What pressure is required if formation of 
a monolayer of contamination can be permitted after the sample has been in the chamber for no 
less than 4 hr? 

6. 7 (a) Calc11late the growth rate of a silicon layer from a SiC14 source at 1200 °C. Use 
hg = 1 em/sec, ks = 2 x 106 exp( -1.9/kT) em/sec, and Ng = 3 x 10 16 atoms/cm3

• 

(For silicon, N = 5 x 1022/cm3
.) · 

(b) What is the change in growth rate if the temperature is increased by 25 °C? 

(c) At what temperature does ks = hg? What is the growth rate at this temperature? 

(d) What is the value of EA in Fig. 6.8? 

6.8 Use eqs. (6.31) and (6.32) to model the case of a 10-p.,m n-type epitaxial layer 
(NE = 1 X 1016/cm3)grownonap-typesubstrate(Ns = 1 x 10 18/cm3

). Plottheimpurityprofile 
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in the epitaxial layer and substrate assuming that the layer was grown at a rate of 0. 2 p,m/ min at 
a temperature of 1200 °C. Assume boron and phosphorus are the impurities. Find the location of 
~e pn junction. 

6.9 · Compare and discuss the advantages and disadvantages of evaporation, sputtering, and 
chemical vapor deposition. 

6.10 A 1-kg source of aluminum is used inanE-beam evaporation system. How many 100-mm 
wafers can be coated with a 1-p,m AI film before the source material is exhausted? Assume that 
15% of the evaporated aluminum actually coats ·a wafer. (The rest is deposited on the inside of the 
electron-beam system.) 

·6.11 A silicon wafer 75 mm in diameter is centered 100 mm above a small planar evaporation 
source. Calculate the ratio of thickness between the center and edges of the wafer using eq. (6. 7), 
following a 1-p,m film deposition. 
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7 I Interconnections and Contacts 

The previous six chapters have focused on the various processes used to fabricate 
semiconductor devices in the silicon substrate; To complete the formation of an inte­
grated circuit, one must interconnect the devices and finally get connections to the world 
outside the silicon chip. Until the 1970s, integrated circuits had two possible levels of 
interconnection: diffusions and metallization. The use of polysilicon as a gate material 
in MOS devices added a third level useful for interconnecting devices and circuits. 

In this chapter we discuss the various forms of interconnections and the problems 
associated with making good contacts between metal and silicon. Refractory metal 
silicides and multilevel metallization used in VLSI processes are discussed, and an 
additional method for depositing patterned films, called liftoff, is also introduced. 

7.1 INTERCONNECTIONS IN INTEGRATED CIRCUITS 

As we found in previous chapters, aluminum, polysilicon, and diffused regions are all 
easily isolated from each other using an insulating layer of silicon dioxide. Thus today's 
ICs have three different materials that may cross over each other. To be useful as an 
interconnect, the materials must also provide as low a sheet resistance as possible in order 
to minimize voltage drops along the interconnect lines as well as to minimize propagation 
delay caused by the resistance and capacitance of the line. Finally, low-resistance 
"ohmic" contacts must be made between the materials, and the interconnection lines 
must be reliable throughout long-term operation. 

Figure 7.1 shows a simple MOS logic circuit which illustrates how polysilicon, 
aluminum, and diffused interconnections may cross over and/or contact each other. 
Aluminum is used to make contact to diffusions and polysilicon, and diffusions in 
various regions have been extended and merged together to form interconnections. 

In this technology, polysilicon lines and diffused lines can only be connected together 
using the metal level. Improved circuit density can often be achieved by using "butted 
contacts" between polysilicon and diffusions or by changing the process to introduce 
'~buried contacts" directly between the polysilicon and diffused layers. These two tech­
niques will be examined later in this chapter. 

133 
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(a) 

AI 

p-substrate 

(b) 

Fig. 7.1 · Portion of aMOS logic circuit showing the use of diffusion, polysilicon, and aluminum 
interconnections. (a) Top view; (b) cross sectio~ through A '-A. 

7.2 METAL INTERCONNECTIONS AND CONTACT TECHNOLOGY 

The requirement for low-resistivity materials leads one to immediately consider metals 
for use as interconnections, and both aluminum and gold have been used with silicon IC 
processing. Gold requires the use of a multilayer metal sandwich involving other metals 
such as titanium or tungsten. In addition, gold can be troublesome because it is a very 
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rapid diffuser and produces deep-level recombination centers in silicon. Aluminum is 
compatible with silicon IC processing and is the most common material in use today. It 
is relatively inexpensive, adheres well to silicon dioxide, and has a bulk resistivity of 
2.7 p.ohm-cm. However, care must be exercised to avoid a number of problems associ­
ated with the formation of good aluminum contacts to silicon. 

7.2.1 Ohmic Contact Formation 

We desire to form "ohmic" contacts between the metal and semiconductor. True ohmic 
contacts would exhibit a straight-line I-V characteristic with a low value of resistance 
(Fig. 7.2a), as opposed to the I-V characteristic of a rectifying contact shown in 
Fig. 7.2b. Figure 7.2c shows an I-V characteristic which is more representative of a 
practical ohmic contact to silicon. Although nonlinear near the origin, it develops only 
a small voltage across the contact at normal current levels. 

Figure 7.3 shows a number of ways in which aluminum may contact semiconductor 
regions during device fabrication. Aluminum contact top-type silicon normally results 
in a good ohmic contact for doping levels exceeding 1016

/ cm3
• However, a problem 

arises in trying to contact n-type silicon, as shown in Fig. 7 .3b. For lightly doped n-type 
material, aluminum can form a metal-semiconductor "Schottky-barrier" diode rather 
than an ohmic contact. In order to prevent this rectifying contact from forming, an n + 

diffusion is placed between the aluminum and any lightly doped n-type regions, as in 
Fig. 7-3c. The resulting contact has an I-V characteristic similar to that in Fig. 7 .2c. This 
technique was used in the bipolar process shown in Fig. 1. 6. 

7.2.2 Aluminum-Silicon Eutectic ·Behavior 

Silicon melts at a temperature of 1412 °C, and pure aluminum melts at 660 °C. However, 
aluminum and silicon together exhibit "eutectic" characteristics in which mixture of the 

I I 

(a) (b) (c) 

Fig. 7.2 I-V characteristics of contacts between integrated-circuit materials. (a) Ideal ohmic 
contact; (b) rectifying contact; (c) practical nonlinear "ohmic" contact. 
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Fig. 7.3 Three possible types of aluminum contacts to silicon. (a) Aluminum to p-ty.pe silicon 
forms an ohmic contact with an I-V characteristic approximating that in Fig. 7.2a; (b) aluminum 
to n-type silicon can form a rectifying contact (Schottky barrier diode) like that in Fig. 7 .2b; 
(c) aluminum to n + silicon yields a contact similar to that in Fig. 7 .2c. 

two materials lowers the melting point of the composite material to below that of either 
element. Figure 7.4 shows the phase diagram of the aluminum-silicon system at a 
pressure of 1 atm. The minimum melting temperature, the "eutectic temperature," is 
577 oc and corresponds to a 88.7% Al, 11.3% Si composition. Because of the relatively 
low eutectic temperature of the Al-Si system, aluminum must be introduced into the IC 
process sequence after all high-temperature processing has been completed. 

7.2.3 Aluminum Spiking and Junction Penetration 

In order to ensure good contact formation, aluminum is normally annealed in an inert 
atmosphere at a temperature of 450 to 500 °C following deposition and patterning. 
Although this temperature is well below the eutectic temperature for silicon and 
aluminum, silicon still diffuses into the aluminum. The diffusion leads to a major 
problem associated with the formation of aluminum contacts to silicon, particularly for 
shallow junctions. 

Anywhere a contact is made between aluminum and silicon, silicon will be absorbed 
by the aluminum during the annealing process. The amount of silicon absorbed will 
depend on the time and temperature involved in the annealing process, as well as the area 
of the contact (see Problem 7.4). To make matters worse, the silicon is not absorbed 
uniformly from the contact region. Instead, it tends to be supplied from a few points. As 
the silicon is dissolved, spikes of aluminum form and penetrate into the silicon contact 
region. If the contact is to a shallow junction, the spike may cause a junction short, as 
in Fig. 7.5. 

The inset in Fig. 7.4 gives the solubility of silicon in aluminum. Between 400 oc and 
the eutectic temperature, the solubility of silicon in aluminum ranges from 0.25 to 1.5% 
by weight. To solve the spiking problem, silicon may be added to the aluminum film 
during deposition by coevaporation from two targets, or sputter deposition can be used 
with an aluminum target which contains approximately 1% silicon. Both of these 
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Fig. 7.4 Phase diagram of the aluminum-silicon system. The silicon-aluminum eutectic point 
occurs at a temperature of 577 °C. At contact-alloying temperatures between 450 and 500 °C, 
aluminum will absorb from 0.5 to 1% silicon. Copyright, 1958, McGraw-Hill Book Company, 
with permission from ref. [1]. 

techniques deposit a layer in which the aluminum demand for silicon is satisfied, 
and the metallization does not absorb silicon from the substrate during subsequent 
annealing steps. 

Another way to prevent spiking is to place a barrier material between the aluminum 
and silicon, as shown in Fig. 7.5. One possibility is to deposit a thin layer of polysilicon 
prior to aluminum deposition. The polysilicon will then supply the silicon needed to 
saturate the aluminum. Another alternative is to use a metal as a barrier. The metal must 
form a low-resistance contact with silicon, not react with aluminum, and be compatible 
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Silicon 

Aluminum 
spike 

Al 

pn 
Junction junction 

short 

Fig. 7.5 Aluminum spiking which occurs during aluminum-silicon alloying. Aluminum spikes 
can cause shorts in shallow junctions. Aluminum containing 1% silicon is often used to eliminate 
spiking. A barrier material of polysilicon or a metal such as titanium can also be used to prevent 
spiking. 

with other process steps. A number of metals have been used by various semiconductor 
manufacturers, including platinum, palladium, titanium, and tungsten. 

7.2.4 Contact Resistance 

There is a small resistance associated with an ohmic contact between two materials. To 
a first approximation, the "contact resistance" Rc is inversely proportional to the area of 
the contact: 

(7.1) 

where Pc is the specific contact resistivity in ohm-cm2 and A is the area of the contact. 
For example, a 2 X 2 f.Lm contact with Pc = 1 f.LOhm-cm2 yields a contact resistance of 
25 ohms. Figure 7.6 shows the contact resistivity as a function of annealing temperature 
for several aluminum-silicon systems. It is evident why the 450 °C annealing process is 
used following aluminum deposition. Also note that the use of polysilicon under alumi­
num to prevent junction spiking yields a much poorer value of Pc· 

7.2.5 Electromigration 

Metal interconnections in integrated circuits are operated at relatively high current 
densities, and a very interesting failure mechanism develops in aluminum and other 
conductors. Electromigration is the movement of atoms in a metal film due to momen­
tum transfer from the electrons carrying the current. Under high-current-density condi­
tions, metal-atom movement causes voids in some regions and metal pileup or "hillocks" 
in other regions, as shown in Fig. 7.7. Voids can eventually result in open circuits, and 
pileup can cause short circuits between closely spaced conductors. 
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Fig. 7.6 Contact resistivity of a variety of aluminum-silicon systems. An alloying temperature 
of 450 oc is typically used to obtain low-contact resistance for Al-Si contacts. Reprinted with 
permission from Solid-State Electronics, Vol. 23, p. 255-262, M. Finetti et al., 
''Aluminum-Silicon Ohmic Contact on Shallow n+ /p Junctions," Copyright 1980, Pergamon 
Press, Ltd. 

(a) (b) 

Fig. 7. 7 Scanning electron micrographs of aluminum interconnection failure caused by electro­
migration. (a) Sputtered aluminum with 0.5% copper; (b) evaporated aluminum with 0.5% copper. 
Copyright, 1980, IEEE. Reprinted with permission from ref. [3]. 
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The mean time to failure (MTF) of a conductor due to electromigration has been 
experimentally related to current density, J, and temperature by 

(7.2) 

where EA is an activation energy with a typical value of 0.4 to 0.5 eV for aluminum. 
The most common method of improving aluminum resistance to electromigration is 

to add a small percentage of a heavier metal such as copper. Targets composed of 95% 
Al, 4% Cu, and 1% Si are routinely used in sputter deposition systems. The aluminum­
copper-silicon alloy films simultaneously provide electromigration resistance and elimi­
nate aluminum spiking. 

7.3 DIFFUSED INTERCONNECTIONS 

Diffused conductors with low sheet resistances represent the second available inter­
connect medium in basic integrated-circuit technology. From Fig. 4.16 we can see that 
the minimum resistivity is approximately 1000 ,uohm-cm. For shallow structures mea­
suring about 1 ,urn, the minimum obtainable sheet resistance is typically between 10 and 
20 ohms per square. Such sheet resistances are obviously much higher than that of metal, 
and one must be selective in the use of diffusions for signal or power distribution. 

The diffused line must really be modeled as a distributed RC structure, illustrated in 
Fig. 7.8, when signal propagation is considered. The resistance, R, of diffused regions 
was discussed in detail in Chapter 4, and C represents capacitance of the reverse-biased 

Fig. 7.8 A lumped circuit model for a small section of ann+ diffusion. The RC line delay limits 
the use of diffusions for high-speed signal distribution. 
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pn junction formed between the diffused region· and the substrate. Heavily doped dif­
fusions are normally used for interconnection purposes and can be approximated by a 
one-sided step junction in which the depletion layer extends predominantly into the 
substrate. The capacitance per unit area is given by 

cf;,; = (kT/ q) In(~:) + 0.56 V (7.3) 

where Ns is the substrate doping, ~i is the built-in potential of the junction, and VR is 
the reverse bias applied to the junction. 

The relatively large RC product of long diffused lines results in substantial time delay 
for signals propagating down such a line. Hence, diffusions are more useful in inter­
connecting adjacent devices in integrated circuits. Figure 7.9 shows a three-input NMOS 
NOR-gate in which the source diffusions of the three input transistors are merged 
together as one diffusion. The three drains of the input devices, as well as the source of 
the depletion-mode load device, are also merged together as one diffusion. Figure 7.1 
shows an example of the use of long diffused interconnection regions in a programmable­
logic-array (PLA) structure. 

A~ ~c 

Merged sources 

Fig. 7.9 Layout of an NMOS NOR-gate showing device interconnection through merging of 
adjacent source and drain diffusions. 
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7.4 POL YSILICON INTERCONNECTIONS AND BURIED CONTACTS 

Heavily doped n-type polysilicon is the primary MOS transistor gate material in use 
today, and it provides an additional layer of interconnection which is easily insulated 
from other .layers by thermal oxidation or insulator deposition. This extra level of 
interconnection greatly facilitates the layout of compact digital integrated circuits. 
Thin, heavily doped polysilicon layers have a minimum resistivity of approximately 
300 p.ohm-cm, and they suffer from the same sheet-resistance problems associated with 
shallow diffused interconnections (typically 20 to 30 ohms per square). Polysilicon lines 
have substantial capacitance to the substrate and exhibit RC delay problems similar to 
those of diffused interconnections. 

7.4.1 Buried Contacts 

In the polysilicon-gate processes presented thus far, the polysilicon acts as a barrier 
material during ion implantation or diffusion. Thus, a diffusion can never pass beneath 
a polysilicon line. In addition, contact windows to the diffusions are not opened until 
after polysilicon deposition. It is therefore necessary to use a metal link to connect 
between polysilicon and diffusion, as in Fig. 7.10a. Interconnecting the diffusion to 
polysilicon in this manner requires two contact windows and an intervening space, both 
of which are wasteful of area. 

In memory arrays, where density is extremely important, an extra mask step can be 
introduced into the process to permit direct contact between polysilicon and silicon, as 
shown in Fig. 7.10b. Prior to polysilicon deposition, windows are opened in the thin gate 
oxide, permitting the polysilicon to contact the silicon surface. Diffusion of the n-type 
dopant from the heavily doped n + polysilicon merges with the adjacent ion-implanted n + 

regions, and the result is called a buried contact. The edge of the contact exhibits the 
lowest resistance since the impurity concentration is greatest in that region. 

7.4.2 Butted Contacts 

Another method of conserving area is to form a "butted" contact as shown in Fig. 7.10c. 
In this example, polysilicon is aligned with the edge of the diffusion contact window, and 
metal connects the diffusion and polysilicon together. The butted contact saves area by 
eliminating the space normally required between separate contact windows. However, 
some manufacturers do not use butted contacts because of concern about the reliability 
of such contacts. 

7.5 SILICIDES AND MULTILAYER-CONTACT TECHNOLOGY 

The sheet resistance of both thin polysilicon and shallow diffusions cannot be reduced 
below 10 to 20 ohms per square, which greatly reduces their utility as an interconnection 
medium. Interconnect delays are beginning to limit the speed of VLSI circuits, and as 
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(a) 

Thin oxide 

(b) 

(c) 

Fig. 7.10 Three techniques for interconnecting polysilicon and n + diffusion. (a) Normal alumi­
num link requiring two contact regions and an intervening space; (b) buried-contact structure; 
(c) butted-contact structure. 
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dice get larger and feature sizes get smaller, methods for improving these intercon­
nections have had to be found. 

7.5.1 Silicides, Polycides, and Salicides 

A wide range of noble and refractory metals form compounds with silicon called 
sUicides, and the sheet resistance of polysilicon and diffusion can be reduced by 
forming a low-resistivity, shunting silicide layer on their surfaces. A list of properties 
of possible silicides is given in Table 7.1. Several of the elements, including titanium, 
tungsten, platinum, and palladium, have been used in the formation of Schottky-barrier 
diodes in bipolar processes since the 1960s and are now used to form, silicides for 
interconnection purposes. 

A structure with a silicide formed on top of the polysilicon gate, often called a 
polycide, is shown in Fig. 7.11. A layer of the desired metal is deposited using evapo­
ration, sputtering, or CVD techniques. Upon heating of the structure to a temperature 
between 600 and 1000 °C, the metal reacts with the polysilicon to form the desired 
silicide. Coevaporation, cosputtering, or sputtering of a composite target may be used to 
simultaneously deposit both silicon and metal onto the polysilicon surface prior to 
the thermal treatment or "sintering" step. Silicides have resistivities in the range of 15 
to 50 ,uohm-cm. 

Table 7.1 Properties of Some Silicides of Interest. Reprinted with permission of the American 
Institute of Physics from ref. [ 4]. 

Lowest Binary 
Sintering Eutectic Specific 

Starting Temperature Temperature Resistivity 
Silicide Form (OC) (OC) (JLohm-cm) 

CoSh Metal on polysilicon 900 1195 18-25 
Cosputtered alloy 900 

HfSiz Metal on polysilicon 900 1300 45-50 

MoSb Cosputtered alloy 1000 1410 100 

NiSi2 Metal on polysilicon 900 966 50 
Cosputtered alloy 900 50-60 

Pd2Si Metal on polysilicon 400 720 30-50 

PtSi Metal on polysilicon 600-800 830 28-35 

TaSb Metal on polysilicon 1000 1385 35-45 
Cosputtered alloy 1000 50-55 

TiSiz Metal on polysilicon 900 1330 13-16 
Cosputtered alloy 900 25 

WSiz Cosputtered alloy 1000 1440 70 

ZrSiz Metal on polysilicon 900 1355 35-40 
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Polysilicon 
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Fig. 7.11 MOS structure showing the use of a "polycide" to reduce the sheet resistance of the 
polysilicon gate material and a barrier material to prevent aluminum spiking through shallow 
source/drain junctions. 

Another feature of silicide layers is the ability to oxidize the surface following silicide 
formation. At high temperature, silicon diffuses readily through the silicide layer and 
will combine with oxygen at the silicide surface to form an Si02 insulating layer. 

The eutectic temperature of the silicide and silicon will limit the temperature of 
further processing steps, as in the case of aluminum. However, many silicides are stable 
at temperatures exceeding 1000 °C. Exceptions include the silicides of nickel (900 °C), 
platinum (800 °C), and palladium (700 °C). 

Silicides are also used to reduce the effective sheet resistance of diffused inter­
connections. Figure 7.12 outlines a process for simultaneous formation of silicides on 
both the gate and source/drain regions of an MOS transistor. An oxide spacer is used to 
prevent silicide formation on the side of the gate, because such formation could cause 
a short between the gate and diffusions. The spacer is formed by first coating the surface 
with a CVD oxide, followed by a reactive-ion etching step. The oxide along the edge of 
the gate is thicker than over other regions, and some oxide is left on the side of the gate 
at the point when the oxide is completely removed from the source and drain regions and 
the top of the gate. Next, metal is deposited over the wafer. During sintering, silicide 
forms only in the regions where metal touches silicon or polysilicon. Unreacted metal 
may be.removed with a selective etch which does not attack the silicide. The result is a 
silicide that is automatically self-aligned to the gate and source/drain regions. Self­
aligned sUicides are often called salicides. 

7.5.2 Barrier Metals and Multilayer Contacts 

Aluminum contacts to silicides suffer from the same pitting and spiking problems 
associated with direct contact to silicon. To circumvent these problems, an intermediate 
layer of metal is used that prevents silicon diffusion. Figure 7.13 shows the application 
of titanium-tungsten, TiW, as a barrier metal over the silicides in the contact regions of 
both bipolar and MOS technologies. The final contact consists of a sandwich of a silicide 
over the diffusion, followed by the TiW diffusion barrier, and completed with aluminum­
copper interconnection metallization. Multilayer contact structures are becoming quite 
common in high-density, high-performance MOS and bipolar technologies. 
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Deposited oxide 
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Metal 
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Fig. 7.12 Use of a self-aligned silicide ("salicide") in the formation of aMOS device. (a) Oxide 
is deposited over the normal MOS structure following polysilicon definitiqn; (b) structure after 
reactive-ion etching leaving a sidewall oxide spacer; (c) metal is deposited over the structure and 
heated to form silicides; (d) unreacted metal is readily etched away, leaving silicide automatically 
aligned to gate and source/drain regions. 

7.6 THE LIFTOFF PROCESS 

The pattern definition processes which have been discussed previously have been 
"subtractive" processes, as illustrated in Fig. 7.14a. The wafer is completely cov~red 
with a thin film layer, which is selectively protected with a masking layer such as photo­
resist. Wet or dry etching then removes the thin film material from the unprotected areas. 
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Fig. 7.13 Device cross sections showing the use of silicide contacts in (a) bipolar and (b) MOS 
devices. Reprinted with permission from Semiconductor International magazine, August 1985. 151 

Copyright 1985 by Cahners Publishing Co., Des Plaines, IL. 

The additive or liftoff process shown in Fig. 7.14b can also be used, in which the 
substrate is first covered with a photoresist layer patterned with openings where the final 
material is to appear. The thin film layer is deposited over the surface of the wafer. Any 
material deposited on top of the photoresist layer will be removed with the resist, leaving 
the patterned matefial.on the substrate. For liftoff to work properly, there must be a very 
thin region or a gap between the upper and lower films. Otherwise tearing and incomplete 
liftoff will occur. 

The masking patterns for the liftoff and subtractive processes are the negatives of 
each other. This can be achieved by changing the mask from dark field to light field or 
by changing from negative to positive photoresist. 

7.7 MULTILEVEL METALLIZATION 

A single level of metal simply does not provide sufficient capability to fully interconnect 
complex VLSI chips. Many processes now use two or three levels of poly silicon as well 
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Fig. 7.14 A comparison of interconnection formation by (a) subtractive etching and (b) additive 
metal liftoff. 

as several levels of metallization in order to ensure wirability and provide adequate power 
distribution. 

A multilevel metal system is shown in Fig. 7.15. Standard processing is used through 
the deposition and patterning of the first level of metal. An interlevel dielectric, con­
sisting of CVD or sputtered Si02 , or a plastic-like material called polyimide, is then 
deposited over the first metal layer. The dielectric layer must provide good step coverage 
and should help smooth the topology. In addition, the layer must be free of pinholes and 
be a good insulator. 

Next, vias are opened in the dielectric layer, and the second level of metallization is 
deposited and patterned. In the process in Fig. 7.15b, a via filling technique, which 
improves the overall topology, is used prior to deposition of each metal level. The 
dielectric deposition and metallization processes are repeated until the desired number of 
levels of interconnection are achieved. Integrated circuits with up to four levels of metal 
have been successfully fabricated using similar processes. 
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Fig. 7.15 (a) Basic two-level metallization process may use polyimide, oxide, or nitride as an 
interlevel dielectric; (b) additional process steps may be added to fill the vias with metal prior to 
each metal deposition in order to achieve a more planar structure. 

7.8 SUMMARY 

In this chapter we have explored the various types of interconnections used in modern 
integrated circuits, including diffusion, polysilicon, and metal. Diffusion and polysilicon 
have a relatively high sheet resistance, which often restricts their use to local inter­
connections. The formation of metal silicides on the surface of polysilicon lines and 
diffusions can substantially reduce the sheet resistance of these interconnections. 

Problems relating to the formation of good ohmic contacts between aluminum and 
silicon have also been discussed. An n + layer is required between aluminum and n-type 
silicon to prevent formation of a Schottky-barrier diode instead of an ohmic contact. 
Aluminum penetration into silicon is a serious problem in forming contacts to shallow 
junctions. Metals such as tungsten and titanium are often used as silicon diffusion 
barriers to prevent aluminum penetration into contacts to silicon or silicides. 

At high current densities, a failure mechanism called electromigration can cause 
open and short circuits to form in the metallization layers. Aluminum containing approxi-
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mately 1% silicon and 4% copper is used to minimize aluminum spiking and electro­
migration, respectively. 

Multilevel metal processes have been developed for integrated circuits which require 
more than one level of metallization. Some of today 's processes contain up to three levels 
of polysilicon, and others use four levels of metallization. 
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PROBLEMS 

7.1 (a) What is the sheet resistance of a 1-J,Lm-thick aluminum-copper-silicon line with a re-
sistivity of 3.2 J.LOhm-cm? 

(b) What would be the resistance of a line 500 J.Lm long and 10 J.Lm wide? 

(c) What is the capacitance of this line to the substrate if it is on an oxide which is 1 J.Lm thick? 
(Assume that you can use the parallel-plate capacitance formula). · 

(d) What is the RC product associated with this 500-J.Lm line? 

7.2 (a) Repeat Problem 7.1 for a polysilicon line with a resistivity of 500 J.Lohm-cm. 

(b) Repeat Problem 7.1 for a titanium silicide line with a resistivity of 25 J.LOhm-cm. 

7.3 (a) Compute estimates of the sheet resistance of shallow arsenic and boron diffusions by 
assuming uniformly doped rectangular regions with the maximum achievable electrically 
active impurity concentrations (see Fig. 4.6). Use hole and electron mobilities of 75 and 
100 cm2 /V-sec, respectively, and a depth of 0.25 J.Lm. 

(b) Compare your answers with those for diffused lines obtained from Figs. 4.6 and 4.16. Use the 
maximum possible electrically active concentration for the boron and arsenic surface concen­
trations. 

7.4 Suppose that a 500 X 15 J.Lm aluminum line makes contact with silicon through a 
10 X 10 J.Lm contact window as shown in Fig. P7.4. The aluminum is 1 J.Lm thick and is annealed 
at 450 °C for 30 min. Assume that the silicon will saturate the aluminum up to a distance v75i 
from the contact. D is the diffusion coefficient of silicon in aluminum which follows an Arrhenius 
relationship with D = 0.04 cm2/sec and EA = 0.92 eV. Assume that silicon is absorbed uni­
formly through the contact and that the density of aluminum and silicon is the same. How deep 
will the aluminum penetration into the silicon be? 
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7.5 A certain process forms aluminum contacts to n + silicon through a 10 X 10 J.Lm contact 
window resulting in a contact resistance of 0.5 ohms. 

(a) What is the specific contact resistivity for this contact? 

(b) What will the contact resistance be if the contact windows are reduced to 1 X 1 J.Lm? Does this 
seem acceptable for a VLSI process? 

7.6 Electromigration failures depend exponentially on temperature. 

(a) What is the ratio of the MTFs of identical aluminum conductors operating at the same current 
density at 300 K and 400 K? 

(b) At 77 K, (liquid-nitrogen temperature) and 400 K? Use EA = 0.5 eV. 

7. 7 ·An n + diffusion is used for interconnection. The surface concentration of the diffusion is 
4 x 1019 /cm3 and the junction depth is 4 J.Lm. The diffusion is formed in a p-type wafer with a 
background concentration of 1 x 1015

/ cm3
• 

(a) What is the sheet resistance of this diffusion? 

(b) Estimate the capacitance per unit length if the diffusion is 15 J.Lm wide. Assume the rectangular 
geometry shown in Fig. P7. 7 and use the step-junction-capacitance formula. 

rf--------J~~-----t-t1 

p 

Fig. P7.7 

7.8 What is the maximum current that may be allowed to flow in an aluminum conductor 1 J.Lm 
thick and 4 J.Lm wide if the current density must not exceed 5 x 105 A/ cm2? 
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8 I Packaging and Yield 

The low cost normally associated with integrated circuits results from mass production 
in which many wafers, each containing a large number of integrated-circuit dice, are all 
processed together. There may be tens to thousands of diCe per wafer and 25 to 200 
wafers per lot. After wafer processing is completed, however, the dice must be separated 
and assembled in packages that are easy to handle and to mount in electronic systems. 
The assembly operation involves a great deal of handwork and substantially increases the 
cost of the final product. 

In this chapter we first present an overview of testing and die separation. Then we 
discussiC assembly, including die attachment, wire bonding, and a survey of the various 
types of packages used with integrated circuits. 

The ultimate cost of the integrated circuit is related to the total yield of assembled and 
tested devices. In the early stages of development of a new process or circuit, we are 
lucky if one functional die is found per wafer. Late in the life of a process with a mature 
circuit design, yields Of 60 to 70% are not uncommon. A discussion of the dependence 
of yield on defect density and die size concludes this chapter. 

8.1 TESTING 

Following aluminum annealing and passivation-layer processing, each die on the wafer 
is tested for functionality. Special parametric test dice are placed at a number of sites on 
the wafer. At this stage, de tests are used to verify that basic process parameters fall 
within acceptable limits. To perform the tests, a probe station lowers a ring of very fine, 
needle-sharp probes into contact with the aluininum pads on the test die. Test equipment 
is connected to the circuit through the probes and controlled by a computer system. If 
the wafer-screening operation shows that. basic process and device parameters are within 
specification, functional testing of each die begins. 

Under computer control, the probe station automatically steps across the wafer, 
performing functional testing at each die site. Defective dice are marked with a drop of 
ink. Later, when the dice are separated from the wafer, any die with an ink spot is 
discarded. it has become impossible to exhaustively test complex VLSI devices such as 
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microprocessors. Instead, a great deal of computer time is used to find a minimum 
sequence of tests which can be used to indicate die functionality. At the wafer-probe 
stage, functional testing is primarily static in nature. High-speed dynamic testing is 
difficult to do through the probes, so parametric speed tests are usually performed after 
die packaging is complete. 

The ratio of functional dice to total dice on the wafer gives the yield for each wafer. 
Yield is directly related to the ultimate cost of the completed integrated circuit and will 
be discussed more fully in Section 8. 7. 

8.2 DIE SEPARATION 

Following initial functional testing, individual integrated-circuit dice must be separated 
from the wafer. In one method, the wafer is mounted on a holder and automatically 
scribed in both the x and y directions using a diamond-tipped scribe. Scribing borders 
of 75 to 250 p,m are formed around the periphery of the dice during fabrication. These 
borders are left free of oxide and metal and are aligned with crystal planes if possible. 
In (100) wafers, natural cleavage planes exist perpendicular to the surface of the wafer 
in directions both parallel and perpendicular to the wafer flat. For (ill) wafers, a vertical­
cleavage plane runs parallel to the wafer flat but not perpendicular to the wafer flat. This 
can lead to some separation and handling problems with (111) material. 

Following scribing, the wafer is removed from the holder and placed upside down 
on a soft support. A roller applies pressure to the wafer, causing it to fracture along the . 
scribe lines. Care is taken to ensure that the wafer cracks along the scribe lines to 
minimize die damage during separation, but there will always be some damage and loss 
of yield during the scribing and breaking steps. 

Diamond saws are also widely used for die separation. A wafer is placed in a 
holder on a sticky sheet of Mylar. The saw can be used either to scribe the wafer or to 
cut completely through the wafer. Following separation, the dice remain attached to the 
Mylar film. 

8.3 DIE ATTACHMENT 

Visual inspection is used to sort out dice which may have been damaged during die· 
separation, and the inked dice are also discarded. The next step in the assembly process 
is to mount the good dice in packages. ·-

8.3.1 Epoxy Die Attachment 

An epoxy cement may be used to attach the die to a package or "header." However, 
epoxy is a poor thermal conductor and an electrical insulator. Alumina can be mixed with 
the epoxy to increase its thermal conductivity, and gold- or silver-filled epoxies are used 
to reduce the thermal resistance of the epoxy bonding material and to provide a low­
resistance electrical connection between the die and the package. 

Micron Ex. 1025, p. 169 
Micron v. YMTC 
IPR2024-00909



8.4 WIRE BONDING 155 

8.3.2 Eutectic Die Attachment 

The gold-silicon eutectic point occurs at a temperature of 370 oc for a mixture of 
approximately 3.6% Si and 96.4% Au. Gold can be deposited on the back of the wafer 
prior to die separation or can be in the form of a thin alloy "preform" placed between the 
die and package. To form a eutectic bond, the die and package are heated to 390 to 
420 °C, and pressure is applied to the die in conjunction with an ultrasonic scrubbing 
motion. Eutectic bonding is possible with a number of other metal-alloy systems, in­
Cluding gold-tin and gold-germanium. A solder attachment technique is also used with 
semiconductor power devices. --
8.4 WIRE BONDING 

Wire bonding is the most widely used method for making electrical connections between 
the die and the package. The bonding areas on the die are large, square pads, 100 to 
125 fLID on a side, located around the periphery of the die. Fine wires interconnect the 
aluminum bonding pads on the integrated-circuit die to the leads of the package. Ther­
mocompression bonding was originally used with gold wire, and ultrasonic bonding is 
useq with aluminum wire. A combination of the two, thermosonic bonding, is rapidly 
replacing thermocompression bonding. 

8.4.1 Thermocompression Bonding 

The thermocompression bonding technique, also called nail head or ball bonding, uses 
a combination of pressure and temperature to weld a fine gold wire to the aluminum 
bonding pads on the die and the gold plated leads of the package. Figure 8.1 shows the 
steps used in forming either a thermocompression or thermosonic bond.· 

A fine gold wire, 15 to 75 /LID in diameter, is fed from a spool through a heated 
capiilary. A small hydrogen torch or electric spark melts the end of the wire, forming a 
gold ball two to three times the diameter of the ·wire. Under either manual or computer 
control, the ball is positioned over the bonding pad, the capillary is lowered, and the ball 
deforrils into a "nail head" as a result of the pressure and heat from the capillary. 

Next, .the capillary is raised and wire is fed from the spool as the tool is moved into 
position over the package. The second bond is a wedge bond produced by deforming the 
wire with the edge of the capillary. After formation of the second bond, the capillary is 
raised and the wire is broken near the edge of the bond. B'ecause of the symmetry of the 
bonding head, the bonder may move in any direction following formation of the nail­
head bond. An SEM micrograph of a gold-ball bond is shown in Fig. 8.2a. 

A problem encountered in production of gold-aluminum bonds is formation of the 
"purple plague." Gold and aluminum react to form intermetallic compounds. One such 
compound, AuA12, is purple in color, and its appearance has been associated with faulty 
bonds. However, this compound is highly conductive. The actual culprit is a low­
conductivity, tan-colored compound, Au 2Al, which is also present. 
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Fig. 8.1 Thermosonic ball-wedge bonding of a gold wire. (a) Gold \\_'ire in a capillary; (b) ball 
formation accomplished by passing a hydrogen torch over the end of the gold wire or by capaci­
tance discharge; (c) bonding accomplished by simultaneously applying a vertical load on the ball 
while ultrasonically exciting the wire (the chip and substrate are heated to about 150 °C); (d) a wire 
loop and a wedge bond ready to be formed; (e) the wire is broken at the wedge bond; (f) the 
geometry of the ball-wedge bond that allows high-speed bonding. Because the wedge can be on 
an arc from the ball, the bond head or package table does not have to rotate to forrh the wedge bond. 
Reprinted with permission from Semiconductor International magazine, May 1982. [Jl Copyright 
1982 by Cahners Publishing Co., Des Plaines, IL. 

During thermocompression bo'nding, the substrate is maintained at a temperature 
between 150 and 200 oc. The temperature at the bonding interface ranges from 280 to 
350 °C, and significant formation of the Au-Al compounds can occur at these tem­
peratures. Limiting the die temperature during the bonding process helps to prevent 
formation of the intermetallic compounds, and high-temperature processing and storage 
following bonding must be avoided. 

In addition to the above problem, many epoxy materials cannot withstand the tem­
peratures encountered in thermocompression bonding, and thermocorilpression bonding 
has been replaced by the ultrasonic and thermosonic bonding techniques discussed in the 
next two sections. 

8.4.2 Ultrasonic Bonding 

Oxidation of aluminum wire at high temperatures makes it difficult to form a good ball 
at the end ofthe wire. An alternative process called ultrasonic bonding; which forms the 

Micron Ex. 1025, p. 171 
Micron v. YMTC 
IPR2024-00909



8.4 WIRE BONDING 157 

(a) (b) 

Fig. 8.2 (a) An SEM micrograph of ball bond using 25-pm gold wire; (b) an SEM micrograph 
of 25-p.,m gold wire ultrasonically bonded to an aluminum pad. William C. Till/James T. Luxon, 
INTEGRATED CIRCUITS: Materials, Devices, & Fabrication, Copyright 1982, p. 360-361. 
Reprinted by permission of Prentice-Hall, Inc., Englewood Cliffs, New Jersey. 

bond through a combination of pressure and rapid mechanical vibration, is used with 
aluminum wire. Aluminum wire is fed from a spool through a hole in the ultrasonic 
bonding tool, as shown in Fig. 8.3. To form a bond, the bonding tool is lowered over 
the bonding position, and ultrasonic vibration at 20 to 60 kHz causes the metal to deform 
and flow easily under pressure at room temperature. Vibration also breaks through the 
oxide film that is always present on aluminum and results in formation of a clean, strong 
weld. 

As the tool is raised after forming the second bond, a clamp is engaged which pulls 
and breaks the wire at a weak point just beyond the bond. In order to maintain proper 
wire alignment in the bonding tool, the ultrasonic bonder can move only in a front-to­
hack motion between the first and second bonds, and the package must be rotated 90° 
to permit complete bonding of rectangular dice. 

8.4.3 Thermosonic Bonding 

Thermosonic bonding combines the best properties of ultrasonic and thermocompression 
bonding. The bonding procedure is the same as in thermocompression bonding, except 
that the substrate is maintained at a temperature of approximately 150 °C. Ultrasonic 
vibration causes the metal to flow under pressure and form a strong weld. The sym­
metrical bonding tool permits movement in any direction following the nail-head bond. 
Therrnosonic bonding can be easily automated, and computer-controlled thermosonic 
bonders can ·produce five to ten bonds per second. 
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Fig. 8.3 (a) In ultrasonic bonding, the tool guides wire to the package terminal; (b) pressure and 
ultrasonic energy form the bond; (c) and (d) the tool feeds out wire and repositions itself above 
the IC chip. The tool lowers and ultrasonically forms the second bond; (e) tool lifts, breaking the 
wire at the bond. Reprinted with permission from Circuits Manufacturing, January, 1980. Copy­
right Morgan-Grampian 1980. 

8.5 PACKAGES 

Integrated-circuit dice can be mounted in a wide array of packages. In this section we 
discuss the round "TO"-style packages, dual-in-line (DIP) packages, the pin-grid array 
(PGA), the leadless chip carrier (LCC), and packages used for surface mounting. Later 
in this chapter we will look at flip-chip mounting and tape-automated bonding. 

8.5.1 Circular TO-Style Packages 

Figure 8.4a shows a round TO-type package which was one of the earliest IC packages. 
Different configurations of this package are available with 4 to 48 pins. The silicon die 
is attached to the center of the gold-plated header. Wire bonds connect the pads on the 
die to Kovar lead posts which protrude through the header and glass seal. Kovar is an 
iron-nickel alloy designed to have the same coefficient of thermal expansion as the glass 
seal. A metal cap is welded in place after die attachment and wire bonding. 

8.5.2 Dual-in-Line Packages (DIPs) 

The dual-in-line package shown in Fig. 8.4b is extremely popular because of its low cost 
and ease of use. Plastic and epoxy· DIPs are the least expensive packages and are 

\ 
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Fig. 8.4 (a) TO-style package; (b) ball- and wedge-bonded silicon die in a plastic DIP. The die 
support paddle may be connected to one of the external leads. For most commercial products, only 
the die paddle and the wedge-bond pads are selectively plated. The external leads are solder plated 
or dipped after package molding. Copyright, 1981, IEEE. Reprinted with permission from ref. [3]. 
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available with as few as four leads to more than 80 leads. In the postmolded DIP, a 
silicon die is first mounted on and wire-bonded to a metallic lead frame. Epoxy is then 
molded around both the die and the frame. As a result, the silicon die becomes an integral 
part of the package. 

In a ceramic DIP, the die is mounted in a cavity on a gold-plated ceramic substrate 
and wire-bonded to gold-plated Kovar leads. A ceramic or metal lid is used to seal the 
top of the cavity. Ceramic packages are considerably more expensive than plastic and are 
designed for use over a wider temperature range. In addition, ceramic packages may be 
hermetically sealed. A premolded plastic package similar to the ceramic package is also 
available. 

8.5.3 Pin-Grid Arrays (PGAs) 

The DIP package is satisfactory for packaging integrated-circuit dice with up to approxi­
mately 80 pins. The pin-grid array of Fig. 8.5 provides a package with a much higher 
pin density than that of the DIP package. The pins are placed in a regular x-y array, and 
the package can have hundreds of pins. Wire bonding is still used to connect the die to 
gold interconnection lines which fan out to the array of pins. Other versions of this 
package use the flip-chip process (to be discussed in Section 8.6). 

8.5.4 Leadless Chip Carriers (LCCs) 

Figure 8.6 shows two types of leadless chip carriers. In each case the die is mounted in 
a cavity in the middle of the package. Connections are made between the package and 

Fig. 8.5 An example of a PGA in which the chip faces upward in the cavity. 
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Fig. 8.6 (a) Ceramic leadless chip carriers with top connections; (b) LCC with edge connections 
in grooves on the sides of the package. 

die using wire bonding, and the cavity is sealed with a c;ap of metal, ceramic, or epoxy. 
The package in Fig. 8.6a has contact pads only on the top surface of the chip carrier. The 
chip carrier is pressed tightly against contact fingers in a socket mounted on a printed­
circuit board. Another type of LCC is shown in Fig. 8.6b. Conductors are formed in 
grooves in the edges of the chip carrier and are again pressed tightly against contact pins 
in a socket on the next level of packaging. 

' 
8.5.5 Packages for Surface Mounting 

The TO-, DIP-, and PGA-style packages are made for mounting in holes fabricated in 
printed-circuit boards. New "surface-mount" packages have recently been developed. 
The "gull-wing" package, shown in Fig. 8.7a, has short lead stubs bent away from the 
package, whereas the leads of the "J"-style package of Fig. 8.7b are bent back under­
neath the package. Both styles permit soldering of the package directly to the surface of 
a printed-circuit board or hybrid package. The leadless chip carriers described in the 
previous section are also available with leads added for surface mounting. 

8.6 FLIP-CHIP AND TAPE-AUTOMATED-BONDING PROCESSES 

As can be envisioned from the above discussion, the die-mounting and wire-bonding 
processes involve a large number of manual operations and are therefore quite expensive. 

(a) (b) 

·Fig. 8.7 The (a) gull-wing and (b) J-lead surface-mount packages. 
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In fact, the cost of assembly and test may be many times the cost of a small die. The 
one-at-a-time nature of the wire-bonding process also leads to reduced reliability, and 
failure of wire bonds is one of the most common reliability problems in integrated 
circuits. The flip-chip and tape-automated-bonding processes were developed to permit 
batch fabrication of die-to-package interconnections. 

8.6.1 Flip-Chip Processing 

The flip-chip mounting process was developed at IBM during the 1960s. f41 The first step 
is to form a solder ball (Fig. 8.8) on top of each bonding pad. A sandwich of Cr, Cu, 
and Au is sequentially evaporated through a mask to form a cap over each of the 
aluminum bonding pads. Chrome and copper provide a barrier and a good contact to the 
aluminum pad. Gold adheres well to chrome and acts as an oxidation barrier prior to 
solder deposition. Lead-tin solder is evaporated through a mask onto the Au-Cu-Cr cap, 
occupying an area slightly larger than the cap. The die is heated, causing the solder to 
recede from the oxide surface and form a solder ball on top of the Au-Cu-Cr bonding­
pad cap. 

After testing and separation, the dice are placed face down on a ceramic substrate. 
Temperature is increased, causing the solder to reflow, and the die is bonded directly to 
the interconnections on the substrate. Solder balls provide functions of both electrical 
interconnection and die attachment. Hundreds of bonds can be formed simultaneously 
using this technique, and bonding pads may be placed anywhere on the surface of the die, 
rather than just around the edge. In addition, the bond between the die and the substrate 
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Fig. 8.8 Cross section through a solder ball after reflowing. Copyright 1969 by International 
Business Machines Corporation; reprinted with permission from ref. [4]. 
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is very short. The main disadvantages of this technique are the additional processing 
complexity, the higher thermal resistance between die and substrate, and the inability to 
visually inspect the completed solder joints. 

8.6.2 The Tape-Automated-Bonding (TAB) Process 

In 'tape-automated bonding, dice ar~ attached to copper leads supported by a tape similar 
to 35-mm film. The film is initially coated with copper, and the leads are defined by 
lithography and etching. The lead pattern may contain hundreds of connections. 

Die attachment requires a process similar in concept to the solder-ball technology 
discussed earlier. Gold bumps are formed on either the die or the tape and are used to 
bond the die to the leads on the tape. Figure 8.9 outlines the steps used to form a gold 
bump on a bonding pad. [SJ A multilayer metal sandwich is deposited over the passivation 
oxide. Next, a relatively thick layer of photoresist is deposited, and windows are opened 
above the bonding pads. Electroplating is used to fill the openings with gold. The 
photoresist is removed, and the thin metal sandwich is etched away using wet or dry 
etching. The final result is a 25-p,m-high gold bump standing above each pad. As in the 
flip-chip approach, bonding sites may be anywhere on the die. 

The mounting process aligns the tape over the die, as in Fig. 8.10. A heated bonding 
head presses the tape against the die, forming thermocompression bonds. In a production 
process, a new die is brought under the bonding head and the tape indexes automatically 
to the next lead site. 

TAB-mounted parts offer the advantage that they can be functionally tested and 
"burned-in" once the dice are attached to the film. In addition, the IC passivation layer 
and,gold bump completely seal the semiconductor surface. 

8.7 YIELD 

The manufacturer of integrated circuits is ultimately interested in how many finished 
chips will be available for sale. A substantial fraction of the dice on a given wafer will 
not pe functional when they are tested at the wafer-probe step at the end of the process. 
Additional dice will be lost during the die separation and packaging operations, and a 
number of the packaged devices will fail final testing. 

As mentioned earlier, the cost of packaging and testing is substantial and may be the 
dominant factor in the manufacturing cost of small die. For a large die with low yield, 
the manufacturing cost will be dominated by the wafer processing cost. A great deal of 
time has been spent attempting to model wafer yield associated with integrated-circuit 
processes. Wafer yield is related to the complexity of the process and is strongly 
dependent on the area of the integrated-circuit die. 

8.7.1 Uniform Defect Densities 

One can visualize how die area affects yield by looking at the wafer in Fig. 8.11, which 
has 120 die ·sites. The dots represent randomly distributed defects which have caused a 
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Fig. 8.9 Process sequence for making gold bumps on aluminum metallurgy devices. (a) The 
wafer is cleaned and sputter-etched; (b) a contacUbarrier layer (which also serves as a conductive 
film for electroplating) is sputter-deposited with a layer of gold for oxidation protection; (c) a 
thick-film photoresist (25 t-tm) is laminated and developed; (d) gold is electroplated to a height of 
approximately 25 t-tm to form the bumps; (e) the resist is stripped; (f) the sputter-deposited 
conductive film is removed chemically or by back sputtering. Reprinted with permission of Solid 
State Technology, published by Technical Publishing, a company of Dun & Bradstreet, from 
ref. [5]. 
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Fig. 8.10 Tape-automated-bonding procedure. (a) Preformed leads of film are lowered into 
position and aligned above bonding pads on the die, which is held in place with a wax; (b) bonding 
tool descends and forms bond with pressure and heat; heat melts the wax, releasing the die; (c) tool 
and film are raised, lifting the bonded die clear so a new die can be moved into position and the 
process can be repeated. Reprinted with permission from Small Precision Tools Bonding Hand­
book. Copyright 1976. 
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Fig. 8.11 Illustrations of wafers, showing effect of die size on yield. Dots indicate the presence 
of a defect in a die location. (a) For a particular die size the yield is 43%; (b) if the die size were 
doubled, the yield would be only 22%. 

die to fail testing at the wafer-probe step. In Fig. 8.11a there are 52 good dice out of the 
total of 120, giving a yield of 43%. If the die size were twice as large, as in Fig. 8.1lb, 
the yield would be reduced to 22% for this particular wafer. 

An estimate of the yield of good dice can be found from a classical problem in 
probability theory in which n defects are randomly placed inN die sites. The probability 
Pk that a given die site contains exactly k defects is given by the binomial distribution: 

For large n and N, eq. (8 .1) can be approximated by the Poisson distribution: 

Ak 
Pk = -

1 
exp( -A) 

k. 

(8.1) 

(8.2) 
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8.7 YIELD 167 

in which A = n/N. The yield is given by the probability that a die is found with no 
defects, 

Y = P0 = exp(-A) (8.3) 

The area of the wafer is equal to NA, where A is the area of one die. The density of 
defects, D0 , is given by the total number of defects, n, divided by the area of all the chips, 
and the average number of defects per die, A , is given by 

A = n/N = D0 A for D0 = n/NA (8.4) 

The yield based on the Poisson distribution then becomes 

Y = exp( -D0 A) · (8.5) 

This expression was used to predict early die yield but was found to give too low an 
estimate for large dice with D0 A > 1. Eq. (8.5) implicitly assumes that the defect 
distribution is uniform across a given wafer and does not vary from wafer· to wafer. 
However, it was quickly realized that these conditions are not realistic. Defect densities 
vary from wafer to wafer because of differences in handling and processing. On a given 
wafer, there are usually more defects around the edge of the wafer than in the center, and 
the defects tend to be found in clusters. These realizations led to investigation.of 
nonuniform defect densities. 

8.7.2 Nonuniform Defect Densities 

Murphy[6
J s~owed that the wafer yield for a nonuniform defect distribution can be 

calculated from 

Y = L"" exp(-DA)f(D)dD (8.6) 

in whichf(D) is the probability density for.D. He considered several possible distribu­
tions, as shown in Fig. 8.12. The impulse function in Fig. 8.12a represents the case 
in whiCh the defect density is the same everywhere, and substituting it for f(D) in 
eq. (8.6) yields eq. (8.5). The triangular distribution in Fig. 8.12b is a simple approxi­
mation to a Gaussian distribution function and allows some wafers to have very 
few defects and others to have up to 2D0 defects. Application of eq. (8.6) results in the 
following yield expression: 

y = [1 - exp(-D0 A) ]2 

D0 A 
(8.7) 
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Fig. 8.12 Possible defect probability density functions. (a) Impulse, where every wafer has 
exactly the same number of defects; (b) a triangular approximation to a Gaussian density; (c) a 
uniform density function. 

A uniform distribution of defect densities is modeled by f(D) in Fig. 8.12c and predicts 
a yield of 

= [ 1 - exp( -2D0 A) ] 
y 2DoA 

(8.8) 

More-complicated probability distributions have also been investigated, including 
the negative binomial and gamma distributionsY· 81 These result in the yield expression 
in eq. (8.9): 

[ 
D A ]-a Y= 1+-0

-
a 

in which a represents a clustering parameter which ranges from 0.5 to 5. 

(8.9) 

Figure 8.13 plots the various yield functions versus D0 A, the average number of 
defects in a die of area A. Yield estimates based on Poisson statistics are clearly much 
more pessimistic than those based on the other functions. 
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Fig. 8.13 Theoretical yield curves for different defect densities. See eqs. (8.5) through (8.9). 

Example 8.1: A 150-mm wafer has a defect density of 10 defects/cm2
, and costs $200 

to process. The cost of assembly and testing is $1.50 per die. (a) What is the total 
manufacturing cost for a 5 X 5 mm die in this process based on yield eq. (8.7)? (The 
number of square dice per wafer is given approximately by N = 1r(R - S )2 

/ S 2 where R 
is the wafer radius and S is the length of the side of the die.) (h) The market price for this 
part is $2.50. What must be the wafer yield needed for manufacturing cost to drop below 
the market price? 

Solution: The area of the die is 0.25 em, so the average number of defects per die is 
D0 A = 2.5. Eq. (8.7) predicts a yield of 13.5%. The wafer has a radius of 75 mm and 
contains approximately 616 dice. So the average wafer will yield 83 good dice. The cost of 
the packaged dice will be C = ($200/83) + $1.50 = $3.91. In order to get the cost to the 
market price requires $2.50 = ($200/ND) + $1.50. We must getND = 200 good dice per 
wafer to break even, corresponding to a yield of Y = 200/616 = 0.325 or more. 

8.8 SUMMARY 

Following the completion of processing, wafers are screened by checking various pro­
cessing and device parameters using special test sites on the wafer. If the parameters are 
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170 PACKAGING AND YIELD 

within proper limits, each die ori the wafer is tested for functionality, and bad dice are 
marked with a drop of ink. 

Next, the dice are separated from the wafer using a diamond saw or a scribe-and­
break process. Some die loss is caused by damage during the separation process. The 
remaining good dice are mounted in ceramic or plastic DIPs, LCCs, PGAs, or surface­
mount packages using epoxy or eutectic die-attachment techniques. 

Bonding pads on the die are connected to leads on the package using ultrasonic or 
thermosonic bonding of 15 to 75 fLm aluminum or gold wire. Batch-fabricated flip-chip 
and TAB interconnection processes which permit simultaneous formation of hundreds of 
bonds can also be used. 

The final manufacturing cost of an integrated circuit is determined by the number of 
functional parts which are produced. The overall yield is the ratio of the number of 
working packaged dice to the original number of dice on the wafer. Yield loss is due to 
defects on the wafer, processing errors, damage during assembly, and lack of full 
functionality during final testing. The relationship between wafer yield and the size of 
an integrated-circuit die has been explored in detail. The larger the die size, the lower 
will be the number of good dice available from a wafer. 
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PROBLEMS 

8.1 Make a list of at least ten process or device parameters which could easily be monitored using 
a special test site on a wafer. 

8.2 A simple microprocessor contains 115 flip-flops and hence 2115 possible states. If a tester can 
perform a new static test every 100 nsec, how many years will it take to test every state in the 
microprocessor chip? If the wafer has 100 dice, how long will it take to ·test the wafer? 

8.3 Compare the four yield formulas for a large VLSI die in which DoA = 10 defects. Assume 
a clustering parameter of 1. 0. How many good dice can we expect from 100- and 150-mm-diameter 
wafers using the different yield expressions? (The number of square dice per wafer can be 
estimated from N = 'TT(R - Sf /S 2 where R is the radius of the wafer and S is the length of one 
side of the die.) 

8.4 What is the wafer yield for the defect map in Fig. 8.11 if the die is four times the size of that 
in Fig. 8.11a? What is the yield predicted by Poisson statistics? Assume the data from Fig. 8.11 
is best represented by eq. (8.9). What value of clustering parameter best fits the data? 

8.5 A new circuit design is estimated to require a die which is 5 mm X 8 mm and will be 
fabricated on a wafer 125 mm in diameter. The process is achieving a defect density of 10 defects/ 
cm2

, and the wafer processing cost is $250. 

(a) What will be the cost of the final product if testing and packaging adds $1.60 to the completed 
product? 

(b) The circuit design could be partitioned into two chips rather than one, but each die will increase 
in area by 15% in order to accommodate additional pads and 1/0 circuitry. If the testing and 
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172 PACKAGING AND YIELD 

packaging cost remains the same, what is the cost of the two-chip set? Base your answers on 
eq. (8.8). (See Problem 8.3 for the number of dice per wafer.) 

8.6 (a) Repeat Problem 8.5 for a defect density of 5 defects/cm2 and a wafer cost of $150. 

(b) Repeat Problem 8.5 for a defect density of 5 defects/cm2 and a wafer cost of $300. 

8. 7 A die has an area of 25 mm2 and is being manufactured on a 100-mm-diameter wafer using 
a process rated at 2 defects/cm2

• Anew process is being developed which allows the die area to 
be reduced by a factor of 2. However, because of the smaller feature sizes, the new process costs 
30% more and is presently achieving only 10 defects/cm2

• 

(a) Is it economical to switch to this new process? 

(b) At what defect density does the cost of the new die equal the cost of the old die? 

(c) Based on your judgment, would you recommend switching to the new process even if it is not 
now economical? Why? 

(d) At what die size is the cost the same in either process? Use eq. (8.8) for this problem. 

8.8 What is the l'imit of the yield distribution in eq. (8. 9) as the clustering parameter approaches 
infinity? 

8.9 Suppose that going from 100-mm wafers to 150-mm wafers changes the wafer processing 
cost from $150/wafer to $250/wafer, and the defect density remains constant at 10 defects/cm2

• 

What two die sizes give the same die cost? Use eq. (8.9) with a duster factor of2. Use a calculator 
or personal computer. to find the answer by iteration. 

8.10 What would be the die yield in Fig. 8.1lb if the defect positions were the same but the die 
pattern was rotated by 90°? How many good dice with four times the area of that in Fig. 8.lla 
would now exist? 

8.11 A Gaussian probability density function for defect density is given by 

2 [2(D - Do)J 2 
• f(D) = ~ 1 exp - for 0 :::; D :5 2Do and 0 otherwise. 

D0 v 7T Do 

Calculate the yield Y for various values of Do A and compare your results to those of the triangular 
distribution given in eq. (8. 7). (You may want to use a calculator or computer to perform the 
integration.) 

8.12 The wafers shown in Fig. 8.11 actually have 120 defects placed randomly on the wafer. 
Obviously, some chips must have several defects. Use eq. (8.1) to predict how many dice will have 
exactly 1, 2, 3, 4, and 5 defects. 
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9 I MOS Process Integration · 

In Chapter 9 we explore a number of relationships between process and device design 
and circuit layout. Processes are usually developed to provide devices with the highest 
possible performance in a specific circuit application, and one must understand the 
circuit environment and its relation to device parameters and device layout. 

In this chapter we look at a number of basic concerns in MOS process design, 
including channel-length control; layout ground rules and ground-rule design; 
source/drain breakdown and punch-through voltages; and threshold-voltage adjustment. 
Metal-gate technology is discussed first, and then the important advantages of self­
aligned silicon-gate technologies are presented. Discussions of CMOS technology and 
the application of anisotropic etching to MOS devices complete the chapter. 

9.1 BASIC MOS DEVICE CONSIDERATIONS 

To explore the ~elationship between MOS process design and basic device behavior, we 
begin by discussing the static current-voltage relationship for the MOS transistor, as 
developed in Volume IV of this seriesY1 The cross section of two metal-gate NMOS 
transistors is shown in Fig. 9.1. In the linear region of operation, the drain current is 
given by 

(9.1) 

for VGs > VT and V0 s ::::; VGs - VT. C0 ::::;: K5 c0/X0 is the oxide capacitance per unit area, 
J.Ln is the average majority-carrier mobility in the inversion layer, and VT is the thresh­
old voltage. 

One of the first specifications required is the circuit-power-supply voltages, which set 
the maximum value of VGs and V0s that the devices must withstand. Once this choice is 
made, the only variables in eq. (9.1) which a circuit designer may adjust are the width 
and length of the transistor. Thus, the circuit designer varies the circuit topology and 
horizontal geometry to achieve the desired circuit function. · 

173 
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Fig. 9.1 (a) Cross section of an integrated circuit showing two adjacent NMOS transistors. A 
parasitic NMOS device is formed by the aluminum interconnection over the field oxide with 
diffused regions (2) and (3) acting as source and drain. (b) An NMOS transistor with gate-to-source 
(Vas), drain-to-source <Vos), and source-to-bulk (VsB) voltages defined. 

Other device parameters are fixed by the process designer, who must determine the 
process sequence, times, temperatures, etc., which ultimately determine the device 
structure and hence its characteristics. These include specifying the gate-oxide thickness, 
field-oxide thickness, substrate doping, and field and threshold-adjustment im­
plantations. The process designer also supplies a set of "design rules" or "ground rules" 
which must be obeyed during circuit layout. These include minimum channel length and 
width, spacings between features on the same and different mask levels,~ and overlaps 
between features on different mask levels. A mask alignment sequence and tolerances 
must also be developed for the process. 

9.1.1 Gate-Oxide Thickness 

Current flow in the MOS transistor, for a given set of terminal voltages, is inversely 
proportional to the gate-oxide thickness. The gate oxide will gen~rally be made as thin 
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9.1 BASIC MOS DEVICE CONSIDERATIONS 175 

as possible, commensurate with oxide breakdown and reliability considerations. High­
quality silicon dioxide will typically break down at electric fields of 5 to 10 MV j em, 
corresponding to 50 to 100 V across a 100-nm oxide. Present processes are using oxide 
thicknesses between 20 and 100 nm. Below 10 nm, current starts to flow by tunnel­
ing, and the oxide begins to lose its insulating qualities. The choice of oxide thickness 
is also related to hot electron injection into the oxide,. a problem beyond the scope of 
this text. [Z-4J 

9.1.2 Substrate Doping and Threshold Voltage 

Threshold voltage is an important parameter which determines the gate voltage necessary 
to initiate conduction in the MOS device. The threshold voltage[IJ for a device with a 
uniformly doped substrate is given by: 

NMOS: VT = <PM - X - ~; + l<l>FI + [Y2KssoqNB(21<l>FI + VsB)]/Co - QtotfCo 

(9.2) 

PMOS: V = <PM - X - Eg l<l>FI - [Y2KscoqNB(21<l>FI - VBs)]/Co - Qtot/Co 
2q 

l<l>FI = (kT/q) ln(NB/ni) 

in which NB is the substrate doping. <PM - x = -0.11 for an aluminum gate, 
<PM - x ::::: 0 for an n +-doped polysilicon gate, and <PM - x = + 1.12 for a p +-doped 
polysilicon gate. 

Q10/ represents the total oxide and interface charge per cm2 and adds a parallel shift 
of the curves in Fig. 9.2 to more negative values of VT. This charge contribution to the 
threshold voltage had an extremely important influence on early MOS device fabrication. 
Q101 tends to be positive, which makes the MOS transistor threshold more negative; 
n-channel transistors become depletion-mode devices (VT < 0), whereas p-channel tran­
sistors remain enhancement-mode devices (VT < 0). During early days of MOS tech­
nology, Q101 was high, and the only successful MOS processing was done using PMOS 
technology. After the industry gained an understanding of the origin of oxide and 
interface charges, and following the advent of ion implantation, NMOS technology 
became dominant because of the mobility advantage of electrons over holes. Today, total 
charge levels have been reduced to less than 5 x 1010 charges/cm2 in good MOS pro­
cesses, and the oxide charge contribution to threshold voltage is minimal. 

Substrate doping enters the threshold-voltage expression through both the l<l>FI term 
and the square-root term. A plot of threshold voltage versus substrate doping for n- and 
p-channel, n+ polysilicon-gate devices with 50-nm gate oxides is given in Fig. 9.2 for 
Q101 = 0. The choice of substrate doping is complicated by other considerations including 
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Fig. 9.2 Threshold voltages for n- and p-channel polysilicon-gate transistors with 50-nm gate 
oxides, calculated from eq. (9.2). 

drain-to-substrate breakdown voltage, drain-to:-source punch-through voltage, source-to­
substrate and drain-to-substrate capacitances, and substrate sensitivity or body effect. 

The source and drain regions are usually heavily doped to minimize their resistance 
and are essentially one-sided junctions in which the depletion region extends entirely into 
the substrate. Figure 9.3a gives the breakdown voltage of a one-sided pn junction as a 
function of the doping concentration on the lightly doped side of the junction. l5l Junction 
breakdown voltage decreases as doping level increases. Breakdown voltage is also a 
function of the radius of curvature of the junction space-charge region. Junction curva­
ture enhances the electric field in the curved region of the depletion layer and reduces 
the breakdown voltage below that predicted by one-dimensional junction theory. A 
rectangular diffused area has regions with both cylindrical and spherical curvature, as 
shown in Fig. 9.3b. 

Punch-through occurs when the drain depletion region contacts the source depletion 
region, and substrate doping must be chosen to prevent the merging of these depletion 
regions when the MOSFET is off. Punch-through will not occur if the channel length 
exceeds the sum of the depletion-layer widths of the source-to-substrate and drain-to­
substrate junctions. For a transistor used as a load device in a logic circuit, the source­
to-substrate and drain-to-substr~te junctions must both support a voltage equal to the 
drain supply voltage plus the substrate supply voltage. The depletion-layer widths can be 
estimated using the formula for the width of a one-sided step junction: 

W = Y(2Ksso(IVAI + Wbi))/qNs 

Wbi = 0.56 + (kT/q) ln(Ns/ni) (9.3) 
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Fig. 9.3 (a) Abrupt pn junction breakdown voltage versus impurity concentration on the lightly 
doped side of the side of the junction for both cylindrical and spherical structures. ri is the radius 
of curvature. (b) Formation of cylindrical and spherical regions by diffusion through a rectangular 
window. Copyright, 1985, John Wiley & Sons, Inc. Reprinted with permission from ref. [5]. 

where VA is the total applied voltage and <Pbi is the built-in potential of the junction. If 
the channel length is greater than 2W, punch-through should not occur. Figure 9.4 gives 
the depletion-layer width of pn junctions as a function of doping and applied voltage. 
Punch-through is not a limiting factor for most doping levels, except for very short­
cha~nel transistors. 
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Fig. 9.4 Depletion-layer width of a one-sided step junction as a function of doping and applied 
voltage calculated from eq. (9.3). 

The capacitance per unit area associated with a diffused junction is given by the 
parallel-plate capacitance formula with a plate spacing of W: 

The larger the doping, the larger the capacitance. Zero bias and a doping concentration 
of 1016/cm3 result in a junction capacitance of approximately 10 nf/cm2

. 

Eq. (9.2) shows that the threshold voltage depends on the source-to-substrate voit,. 
age, Yss- This variation is known as "substrate sensitivity" or "body effect," and it 
becomes worse as the substrate doping level increases. 

From the above discussion, one can see that there are tradeoffs involved in the choice 
of substrate doping. Substrate doping is directly related to threshold voltage. It is 
desirable to reduce substrate doping to minimize junction capacitance and substrate 
sensitivity and to maximize breakdown voltage. Mobility also tends to be higher for 
lower doping levels. On the other hand, a heavily ·doped substrate will increase the 
punch-through voltage. 

9.1.3 Threshold Adjustment 

Ion implantation is routinely used to separate threshold-voltage design from the other 
factors involved in the choice of substrate doping. Substrate doping can be chosen based 
on a combination of breakdown, punch-through, capacitance, and substrate sensitivity 
considerations, and the threshold voltage is then adjusted to the desired value by adding 
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Fig. 9.5 Step approximation to a Gaussian impurity profile used to estimate the threshold-voltage 
shift achieved using ion implantation. 

a shallow ion-implantation step to the process. Figure 9.5 shows a step approximation 
to an implanted profile used to adjust the impurity concentration near the surface. These 
additional impurities cause a shift in threshold voltage given approximately by 

(9.4) 

where Qi = xiNi represents the implanted dose and Xct represents the depletion-layer 
width beneath the gate. For shallow implants, the thre~hold-voltage shift is approxi­
mately proportional to the implanted dose. The threshold-voltage shift is positive for 
acceptor impurities and negative for donor impurities. 

Example 9.1: An NMOS transistor with ann+ polysilicon gate is fabricated With a 25-nm 
gate oxide, a substrate doping of 3 x 1015

/ cm3
, and source/drain janction depths of 3 f.Lm. 

Determine the threshold voltage and drain-to-substrate breakdown voltages for this device. 
What is the punch-through voltage for a channel length of 4 f.Lm if the substrate bias is 
-3 V? A shallow boron implantation is to be used to adjust the threshold to 1.0 V. What 
is the.qose of this implant? Assume VsB = 0 and Qtot = 0. 
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Solution: For the n+ polysilicon-gate transistor, <PM - x - Eg/2q = -0.56 V, and 
l<l>pl = 0.33 volts (for ni = 1 X l010/cm3 and kT/q = 0.026 V). For V58 = O·, the thresh­
old voltage expression yields VT = -0.56 + 0.33 + 0.20 V = 0.03 V. Interpolating 
Fig. 9.3 for spherical breakdown with a substrate doping of 3 x 10 15 /cm3 and a radius of 
curvature of 3 f.Lm gives an estimated drain-to-substrate breakdown voltage of 60 V. To 
estimate the punch-through voltage, we use eq. (9.3) with 2W = 4 f.Lm and VA = Vo + 3, 
where Vois the drain voltage. Evaluating this expression yields Vo = 89 V. 

For a shallow implant, the threshold-voltage shift is approximately Ll VT = q LlQ/ C0 . A 
voltage shift of 0.97 V with an oxide thickness of 25 nm yields LlQ = 8.4 X l011 /cm2

• 

NMOS depletion"'mode (VT < 0) transistors are routinely used in processes designed 
for high-performance logic applications. In order to reduce the NMOS threshold voltage, 
n-type impurities are implanted to form a built-in chanriel connecting the source and drain 
regions of the transistor, as in Fig. 9.6. The device characteristics of a depletion-mode 
transistor are similar, although not identical, to those of an enhancement-mode NMOS 
transistor, and the dose needed to shift the threshold voltage may be estimated using 
eq. (9.4). 

9.1.4 Field-Region Considerations 

The region between the two transistors in Fig. 9.1 is called the field region and must be 
designed to provide isolation between adjacent MOS devices. Several factors must be 
considered. The metal line over the field region can act as the gate of a "parasitic NMOS 
transistor" with diffused regions (2) and {3)' acting as its source and drain. In order to 
ensure that this parasitic device is never turned on, the magnitude of the threshold voltage 
in this region must be much higher than that in the normal gate region. Referring to 
eq. (9.2), the threshold voltage may be made higher by increasing the oxide thickness 

Net impurity concentration (N0 - N A) 

/ " =c 'T n+ I 

t ~ n+ 

Donor implant 
p Depth, x 

(a) (b) 

Fig. 9.6 (a) Formation of a depletion-mode NMOS transistor using a shallow ion-implanted 
layer; (b) net impurity profile under the gate of the depletion-mode MOSFET. 
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in the field region and by increasing the doping below the field oxide. The "field oxide" 
is typically made three to ten times thicker than the gate oxide of the transistors. 

Another problem occurs for NMOS transistors. The substrate for NMOS transistors 
is p-type, usually doped with boron. We know that thermal oxidation results in depletion 
of boron from the surface of the silicon, and looking at eq. (9.2) we see that boron 
depletion will lower the threshold voltage of the transistors in the field region. A field 
implant step is often added to modem processes to increase the threshold voltage and 
compensate for the boron depletion during field-oxide growth. 

For PMOS devices, the substrate is typically doped with phosphorus. During oxi­
dation, phosphorus pileup at the surface tends to increase the threshold voltage in the 
field region. Thus phosphorus pileup helps to keep the parasitic field devices turned off. 

One must also ensure that parasitic conduction does not occur between two adjacent 
devices due to punch-through. The source and drain diffusions of each transistor must 
be spaced far enough from the source and drain diffusions of the other transistors to 
ensure that the depletion regions do not merge together. The spacing between adjacent 
transistors must be greater than twice the maximum depletion-layer width. 

9.2 MOS TRANSISTOR LAYOUT AND DESIGN RULES 

Design of the layout for transistors and circuits is constrained by a set of rules called the 
"design rules" or "ground rules." These rules are technology-specific and specify mini­
mum sizes, spacings, and overlaps for the various shapes that define transistors. Pro­
cesses are designed around a "minimum feature size," which is the width of the smallest 
line or space that can be reliably transferred to the surface of the wafer using a given 
generation of lithography. 

To produce a basic set of ground rules, we must also know the maximum mis­
alignment which can occur between two mask levels. Figure 9.7a shows the nominal 

Nominal X 

(a) (b) 

y 

(c) 

x andy 

(d) 

Fig. 9.7 (a) Nominal aligm;nent of the contact and metal masks; (b) worst-case misalignment in 
the x-direction, (c) in they-direction, and (d) in both directions. 
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position of a metal line aligned over a contact window. The metal overlaps the contact 
window by at least one "alignment tolerance" in all directions. During the fabrication 
process, the alignment will not be perfect, and the actual structure may have mis­
alignment in both the x and y directions. Figures 9.7b through d show the result 
of worst-case misalignment of the patterns in the x, y, and both directions simultane­
ously. Our set of design rules will assume that this "alignment tolerance" is the same in 
both directions. 

9.2.1 Metal-Gate Transistor Layout 

Figure 9.8 shows the process sequence for a basic metal-gate process. The first mask 
defines the position of the source and drain diffusions. Following diffusion, the second 
mask is used to define a window for growth of the thin gate oxide. The third and fourth 
masks delineate the contact openings and metal pattern. The metal-gate mask sequence, 
omitting the final passivation layer mask, is as follows: 

1. Source/drain diffusion mask 
2. Thin oxide mask 
3. Contact window mask 
4. Metal mask 

First mask 
Align to level 1 
Align to level 1 
Align to level 2 

An alignment sequence must be specified in order to properly account for alignment 
tolerances in the ground rules. In this metal-gate example, mask levels two and three are 
aligned to the first level, and level four is aligned to level two. 

We will first look at a set of design rules for metal-gate transistors similar in concept 
to the rules developed by Mead and Conway. [61 These ground rules were designed to 
permit easy movement of a design from one generation of technology to another by 
simply changing the size of a single parameter, A. In order to achieve this goal, the rules 
are quite loose in terms of level-to-level alignment tolerance. We will explore tighter 
ground rules later in this chapter. 

A set of metal-gate rules is shown in Fig. 9.9. The minimum feature size F = 2.A, 
· and the alignment tolerance T = .A. The parameter A could be 5 J.Lm, 2 J.Lm, or 1 J.Lm, 
for example. Transistors designed using our ground rules will fail to operate properly if 
the misalignment exceeds the specified alignment tolerance T. 

On the metal level, minimum line widths and spaces are equal to 2A. In some 
processes, the metal widths are made larger because the metal level encounters the most 
mountainous topology of any level. 

On the diffusion level, the minimum linewidth is 2A. The minimum space between 
diffusions is increased to 3.A to ensure that the depletion layers of adjacent lines do not 
merge together. However, the spacing between the source/drain diffusions of a transistor 
may be -2A. 

In this set of rules, the alignment tolerance between two mask levels is assumed to 
be 1A, which represents the maximum shift of one level away from its nominal position, 
relative to the level to which it is being aligned. A 1A shift can occur in both the x and 
y directions. 
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Fig. 9.8 Mask steps and deviCe cross sections in a metal-gate process. (a) Substrate ready for first 
mask step; (b) substrate following source/drain diffusion and oxide regrowth, (c) following gate­
oxide growth, (d) following contact window mask and aluminum deposition, and (e) following 
metal delineation. 

Square contacts are a minimum feature size of 2A. in each dimension. It is normal 
practice to ensure that the contact is completely covered by metal even for worst-case 
alignment. Depending on' the alignment sequence, a lA. or 2A. metal border will 6e 
required around the contact window. Likewise, a contact window must be completely 
surrounded by a lA. or 2A. border of the diffused region beneath the contact. 

For our metal-gate transistors,Jhe thin oxide region will be aligned to diffusion, so 
it requires a lA. overlap over the source/drain diffusions in the length direction. The 
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Fig. 9.9 A simple "A-based" set of "design rules" or "ground rules" based on an alignment 
sequence in which levels 2 and 3 are aligned to level 1 and level 4 is aligned to level 2. (a) Rules 
for DJ.etal and diffused interconnection lines; (b) rules for contacts between metal and diffusion. 
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source/drain regions must also extend past the thin oxide by at least 1A in the width 
direction. Contacts must be inside the diffusions by 1A. The metal level is aligned to the 
thin oxide level, whereas the contacts are aligned to the diffusion level. A worst-case 
layout therefore requires a 2A border of metal around contact windows but only a lA 
border around the thin oxide regions. 

Figure 9.10 shows the horizontal layout and vertical cross section of a minimum-size 
NMOS metal-gate transistor with Z/L = 10A/2A = 5/1 at the mask level. The two 
diffusions are spaced by a minimum feature size of 2A. Thin oxide must overlap. the 
diffusions by 1 A in the length direction and underlap the diffusions by lA in the width 
direction. Metal must overlap thin oxide by 1A. Accumulated aiignment tolerances cause 
the minimum width of the gate metal to be 6A . The spacing between metal lines must 
be 2A . The metal over the contact holes must be 8A wide because of the alignment 
sequence used, and the contact hole must be 1A inside the edge of the diffusion. The 
resulting minimum transistor is 26A in the length direction and 16A in the width direction. 

A new design rule has been introduced into this layout. The gate metal is spaced 1A 
from the diffusion to prevent the edge of a metal line from falling directly on top of the 
edge of the diffusion in the nominal layout. 

Several observations can be made by looking at this structure. First, note that the 
transistor is 416A2 in total area, whereas the active channel area of the device is 20A2! 
The rest of the area is required in order to make contacts to the various regions, within 
the constraints of the minimum feature size and alignment tolerance rules. Second, there 
is a substantial area of thin arid thick oxide in which the gate metal overlaps the source 
and drain regions of the transistor. This increases the gate-to-source and gate-to-drain 
capacitance ofthe transistor. In this metal-gate transistor layout, the channel is defined 
by the junction edges in the length direction and by the thin oxide region in the width 
direction. 

It should also be noted that there are several small contact windows in the source and 
drain regions. The usual practice is to make all the contact windows the same size 
throughout the wafer. From a processing point of view, equal-size contact windows will 
all tend to open at the same time during the etching process. 

9.2.2 Polysilicon-Gate Transistor Layout 

Transistors fabricated using polysilicon-gate technology have a number of important 
advantages over those built using metal-gate processes. We will discover some of these 
advantages by looking at the layout and structure of the polysilicon-gate transistor. 

The mask sequence for the basic polysilicon-gate process from Chapter 1 is (again 
without passivation layer) as follows: 

1. Active region (thin oxide) mask 
2. Polysilicon mask 
3. Contact window mask 
4. Metal mask 

J 

First mask 
Align to level 1 
Align to level 2 
Align to level 3 
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Fig. 9.10 Minimum-size metal-gate transistor with a Z/L ratio of 5/1 using the design rules of 
Fig. 9.9. The active gate region is less than 5% of the total device area. 

Some new design rules must be introduced for this process. Polysilicon lines and spaces 
will both be a minimum feature size of 2A . The polysilicon gate must overlap the thin 
oxide region by im alignment tolerance A . The above alignment sequence requires 1A 
polysilicon and lA metal borders around contacts. However, contact holes should have 
a 2A border of thin oxide due to tolerance accumulation. 
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Figure 9.11 shows the layout of the polysilicon-gate device with Z/L = 5/1 using 
these design rules. The total area is 168.,\_2. The active channel region now represents 12% 
of the total area, compared with less than 5% for the metal-gate device. The polysili­
con gate acts as a barrier material during source/drain implantation and results in 
"self-alignment" of the edge of the gate to the edge of the source/drain regions. Self­
alignment of the gate to the channel reduces the size of the transistor and eliminates the 
overlap region between the gate and the source/drain regions. In addition, the size of 

~ 

~ 

region Poly silicon 
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r---1 

p-substrate 

14A 

~ 
.-< 
~ -

l 
j_ 
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Contact T 

Fig. 9.11 Minimum-size polysilicon-gate transistor layout for Z/L = 5/1. The active gate 
region occupies 12% of the transistor area, and parasitic gate capacitance is minimized. 
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the transistor is reduced because the source/drain metallization can be placed nearer to 
the gate. In the polysilicon-gate layout, the channel is defined by the polysilicon gate 
in the length direction and by the thin oxide in the width direction. 

A very important side benefit resulting from this process is the third level of inter­
connection provided by the polysilicon. Circuit wiring may be accomplished on the 
diffusion, metal, and polysilicon levels in the polysilicon-gate technology. 

A design rule concerning edges has again been introduced into this layout. Metal 
lines are spaced lA from the polysilicon gate to prevent the edge of the metal line from 
falling directly on top of the edge of the polysilicon line in the nominal layout. 

9.2.3 More-Aggressive Design Rules 

The design rules discussed so far have focused on minimum feature size and alignment 
tolerance. F and Tare determined primarily by the type of lithography being practiced. 
However, linewidth expansion and shrinkage throughout the process also strongly affect 
the ground rules. Expansion or shrinkage may occur during mask fabrication, resist 
exposure, resist development, etching, or diffusion. These linewidth changes are nor-
mally factored into the design rules. · 

In addition, alignment variation is a statistical process. Worst-case misalignments 
occur only a very small percentage of the time. (For a Gaussian distribution, a 30" 
misalignment occurs only 2% of the time.) Our set of rules based on worst-case align­
ment tolerances is very pessimistic. For example, assuming that contacts are misaligned 
by A in one direction, at the same time that the metal level is misaligned in the opposite 
direction by A, results in an accumulated tolerance of 2A. However, this situation would 
most probably never occur. 

Let us consider the impact of tightening two design rules in the polysilicon-gate 
process. First, we will let the edge of one layer align with the edge of another layer. 
Second, a contact window will be allowed to run over onto the field oxide by lA . The 
resulting layout using our polysilicon-gate alignment sequence is shown in Fig. 9.12. 
The total area of the device has been reduced 25% to 120A2

, and the active channel region 
now represents 17% of the total transistor area. We see how ground rule changes can have 
a substantial effect on device area. 

9.2.4 Channel Length and Width Biases 

Figure 9.13 presents another example of the interaction of the process with design-rule 
definitions. Here we will assume a metal-gate process in which the source/drain junction 
depth is equal to A and lateral diffusion equals vertical diffusion. Since we know that the 
source/drain diffusions will move laterally under the edge of the oxide openings, the 
contact windows can be aligned with the edge of the diffusions at the mask level but will 
still be lA within the border of the diffusion in the final structure. 

However, lateral diffusion requires the length of channel at the mask level to be 
doubled to achieve the same electrical channel length in the device. The actual channel 
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101 

Fig. 9.12 More aggressive layout of the polysilicon-gate transistor in which two ground rules 
have been relaxed. Active gate area is now 17% of total device area. 

length L = Lm - ilL , where Lm is the channel length as originally drawn on the mask 
and IlL is the channel-length shrinkage which occurs during processing. This is an 
important area where the process must be controlled. For devices with short channel 
lengths, IlL may be so severe that the devices become unusable. For the metal-gate 
layout of Fig. 9.13, Zm/Lm = 4.A/4.A = 1/1 at the mask level, and Z/L = 4.A/2.A = 
2/1 in the fabricated transistor. . 

The development of self-aligned polysilicon-gate technology with ion-implanted 
source/drain regions was a major improvement. The polysilicon-gate process eliminates 
most, but not all, of both the channel shrinkage caused by lateral diffusion and the 
overlap capacitance resulting from alignment tolerances in the metal-gate process. 

In Fig. 9.11 , one can see another source of channel bias. The "bird' s beak" reduces 
the size of the active region to below that defined by the active region mask, and it 
introduces a process bias into the channel width of the polysilicon-gate transistor. 
Z = Zm - flZ, where Zm is the width at the mask level and flZ is the channel-width 
shrinkage during processing. 
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Fig. 9.13 Channel-length bias in a metal-gate NMOS device' caused by lateral diffusion under 
the edge of the diffusion window. The transistor has Z I L = 1 I 1 at the mask level but ends up with 
an actual ZIL = 211 after the device is fabricated. Layout of the contact position is based on 
knowledge of the lateral diffusion which occurs during processing. 

In sets of very tight design rules developed for high-volume-production ICs, all 
critical dimensions are adjusted to account for the processing and alignment sequences. 
This often results in a layout which must conform to a set of 50 to 100 design rules. [7] 

Such a set of design rules is highly technology-specific and cannot be transferred from 
one generation of lithography to the next. The Mead-and-Conway-style rules!71 reach a 
compromise between a set of rules which is overly pessimistic and wastes a lot of silicon 
area, and one that is extremely complex but squeezes out all excess area. The Mead-and­
Conway-style design rules are being used for low-volume ICs in which design time, and 
not silicon area, is of dominant importance. 

9.3 COMPLEMENTARY MOS (CMOS) TECHNOLOGY 

The basic CMOS process of Fig. 1.5 requires a p-well diffusion and formation of both 
NMOS and PMOS transistors. Substrate resistivity is chosen to give the desired PMOS 
characteristics, and an additional implant step may be introduced to adjust the PMOS 
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threshold separately. The p-well-to-substrate junction may range from a few microns to 
as much as twenty microns in depth. The net surface concentration of the p-well must 
be high enough above the substrate concentration to provide adequate process control 
without severely degrading the mobility and threshold voltage of the NMOS transistors . 

• The surface concentration of the p-well typically ranges between three and ten times the 
substrate impurity concentration. An additional implant step is often introduced to adjust 
the NMOS threshold voltage. 

Parasitic bipolar devices are formed in the CMOS process in which merged prip and 
. npn transistors form a four-layer (pnpn) lateral SCR, as shown in Fig. 9.14. If this SCR 
is turned on, the device may destroy itself via a condition called latchup. [s. 91 The p-well 
depth and the spacings between the source/drain regions and the edge of the p-well must 
be carefully chosen to minimize the current gain of the bipolar transistors and the size 
of the shunting resistors Rs and Rw. A CMOS process will have a number of additional 
ground rules which are not present in an NMos· or PMOS process. A more detailed 
discussion of the design of bipolar transistors will be given in Chapter 10. 

In order to reduce the resistance of the two shunting resistors, "guard ring" diffusions 
are sometimes added to the process, as in Fig. 9.14. Guard rings can be formed using 
the source/drain diffusions of the PMOS and NMOS transistors or can be added as 

Guard 
ring 

p-well 

Guard 
rings 

n-substrate 

-I-Ss 
Fig. 9.14 Cross-section of a CMOS structure, showing the existence of a parasitic lateral pnpn 
SCR and the use of guard rings to reduce the value of Rs and Rw. 
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separate diffusion steps. Recent CMOS processes have used ann-well version of this 
technology, which permits optimization of the NMOS devices fabricated in the original 
substrate. 

Twin-well processes, such a'S in Fig. 9.15, permit separate optimization of both 
NMOS and PMOS devices.! 101 A lightly doped n-or p-type epitaxial layer is grown on 
a heavily doped n- or p-type substrate. (Lightly doped n- and p-type regions are often 
referred to as v and 1T regions, respectively.) Separate implantations and diffusions are 
used to form wells for both the NMOS and PMOS transistors. The low-resistivity 
substrate substantially reduces the substrate resistance Rs and improves latchup re­
sistance. 

Example 9.2: A CMOS process uses ann-type substrate with a doping of 10 15 lcm3
• An 

implant/drive-in schedule will be used to form a p-well with a net surface concentration 
of 4 x 10 15 I cm3 and a junction depth of 7.5 J.Lm. (a) What is the drive-in time at 1150 °C? 
(b) Solve for the implanted dose in silicon. (c) What are the threshold voltages of the n­
and p-channel transistors if the oxide thickness is 50 nm? 

Solution: The 7.5-J.Lmjunctiondepth and low surface concentration suggest that the well 
hasa Gaussian profile resulting from a two-step diffusion or implant/diffusion process. A 
final surface concentration of 5 x 10 15 lcm3 is required to produce a net concentration of 
4 x 1015 1cm3 at the surface. Solving for the Dt product yields 

Dt = xJ/2 ln(NoiNB) = 8.74 X 10-8 cm2 

At 1150 °C, D = 8.87 X 10- 13 cm21sec, which gives t = 27.5 h. The dose in silicon is 
given by Q = Noy:;;jji = 2.62 x 1012lcm2

• The p-channel devices reside in then-type 
substrate with a doping concentration of 1015 I cm3

• From Fig. 9 .2, the threshold voltage will 
be -0.95 V. The deep well diffusion will be almost constant near the surface with a value 
of 4 X 10 15 lcm3

• Figure 9.2 yields ann-channel threshold of0.2 V. A threshold adjustment 
implant would be needed in this process to increase the n-channel threshold voltage. 

9.4 OTHER MOS STRUCTURES 

Chemical etching techniques may be used to crystallographically etch silicon. A solution 
ofKOH, water, and alcohol!IIJ etches the (100), (110), and (111) crystal planes at relative 
rates of 40: 30: 1. This etch may be masked by silicon dioxide or silicon nitride and can 
be used to etch cavities and V-shaped grooves in (100) silicon (Fig. 9.16). 

VMOS technology! 121 makes use of the grooves to reduce the channel length and 
increase the Z/L ratio of the MOS transistor. A basic VMOS process is shown in 
Fig. 9.17. The channel is formed along the four sides of the groove, and the channel 
length is determined by the thickness of the epitaxial layer and the diffusions. At the time 
VMOS was invented, channel lengths achievable with this technology were much shorter 
than those that could be achieved with normal planar technology, because the epitaxial 
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Fig. 9.15 Twin-well CMOS structure at several stages of the process. (a) n-well ion implant; 
(b) p-well implant; (c) nonselective p+ source/drain implant; (d) selective n+ source/drain im­
plant using photoresist mask; (e) final structure. Copyright 1980 IEEE. Reprinted with permission 
from ref. [ IO]. 
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Fig. 9.16 Groove formation in the surface of (100) silicon using anisotropic etChing of silicon. 
(a) Top view; (b) cross section; (c) use of a groove in the formation of a VMOS transistor. 
Copyright 1977 IEEE. Reprinted from ref. [12] with permission. 

layer thickness was not limited by lithographic dimensions. Present-day MOS power 
transistors have improved and expanded the use of the ideas of the original VMOS 
structure. l131 

9.5 SUMMARY 

In this chapter we have explored the interaction of process design with MOS device 
characteristics and transistor layout, including the relationships between processing 
parameters and breakdown voltage, punch-through voltage, threshold voltage, and junc­
tion capacitance. A low value of substrate doping is desired to minimize junction 
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Fig. 9.17 Fabrication sequence for the formation of VMOS transistors for use in memory 
circuits. (a) Buried-layer diffusion; (b) epitaxial growth; (c) source/drain diffusion; (d) anisotropic 
etch and oxide growth; (e) metallization and pattern definition. Copyright 1978 IEEE. Reprinted 
with permission from :ref. [ 17]. 
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capacitance, substrate sensitivity, and junction breakdown voltage, whereas a high sub­
strate doping is needed to maximize punch-through voltage. The use of ion implantation 
permits the designer to separately tailor the threshold voltage of the transistor. 

We have developed basic ideas relating rp.ii.limum feature size and alignment toler­
ances and have discussed simple sets of layout design rules. The strong r@lation between 
layout design rules arid the size of transistors has been demonstrated. Polysilicon-gate 
technology has been shown to result in a much smaller device area than metal-gate 
technology for a given transistor Z/L ratio as well as to minimize the parasitic gate ca­
pacitance of the device. In addition, the polysilicon-gate process substantially reduces 
channel-length bias caused by laterai'diffusion. · 

A combination of ion implantation and diffusion is commonly used to form the p- or 
n-well required for CMOS technology. VLSI CMOS often uses tw~n-well processes 
which permit separate optimization of both the n- and p-channel devices. 
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PROBLEMS 

9.1 What is the maximum gate-to-source voltage that a MOSFET with a 10-nm gate oxide can 
withstand. Assume that the oxide breaks down at 5 MV /em and that the substrate voltage is zero. 

9.2 Two n+ diffused lines are running parallel in a substrate doped with 1015 boron atoms/cm3
• 

The substrate is biased to -5 V, and both lines are connected to +5 V. Using one-dimensional 
junction theory, calculate the minimum spacing needed between the lines to prevent their depletion 
regions from merging. 

9.3 Use one-dimensional junction theory to estimate the punch-through voltage of a MOSFET 
with a channel length of 1 p.m. Assume a substrate doping of 3 x 1016/cm3 and a substrate bias 
of 0 V. 

9.4 Calculate the threshold voltage for the NMOS transistor with the doping profile shown in 
Fig. P9.4. Assume ann+ polysilicon-gate transistor with a gate-oxide thickness of 50 nm. 
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9.5 Ann-well CMOS process starts with a substrate doping of 3 X 1015 lcm3
• The well doping 

near the surface is approximately constant at a level of 3 X 1016 I cm3
• The gate-oxide thicknesses 

are both 40 nm. 

(a) Calculate the thresholds of then- and p-channel transistors using eqs. (9.2). 

(b) Calculate the boron doses needed to shift the NMOS threshold to + 1 V and the PMOS 
threshold to -1 V. Assume that the threshold shifts are achieved through shallow ion im­
plantations. Neglect oxide charge. 

9.6 High-performance NMOS logicprocesses use depletion-mode NMOS transistors for load 
devices. This requires a negative threshold which can be obtained by implanting a shallow arsenic 
or phosphorus dose into the channel region. Calculate the arsenic dose needed to achieve a -3-V 
threshold in ann+ polysilicon-gate NMOS transistor which has a substrate doping of 3 x 1016 I cm3 

and a gate-oxide thickness of 50 nm. 

9.7 Draw a composite view of the situation resulting from a worst-case misalignment of the 
masks for the MOSFET layout shown in Fig. 9.10. Assume metal aligns to thin oxide, and thin 
oxide and contacts align to the diffusion. 

9.8 Develop a new set of ground rules for the metal-gate transistor of Section 9.2, assuming that 
levels 2, 3, and 4 are all aligned to level 1. Redraw the transistor of Fig. 9.10 using your new rules. 
In what ways is this layout better or worse than that originally given in Fig. 9.10? 

9.9 Draw a cross section of a metal-gate NMOS transistor and a composite view of its mask set, 
assuming an aggressive layout which takes into account all lateral diffusion. Assume a source/drain 
junction depth of 2. 5 f.Lm and assume that lateral diffusion equals 80% of vertical diffusion. 
Assume A. is 2 f.Lm and ZIL = 1011. 

9.10 Draw the layout of a three-input NMOS NOR-gate with the dimensions given on the circuit 
schematic in Fig. P9.10. Be sure to merge diffusions wherever possible. Use the more aggressive 
ground rules developed for polysilicon-gate devices. 

VDD 
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r------------.------------.-----.vo 
5 

z 5 
---
L 

Fig. P9.10 

' 
9.11 Our design rule examples used an alignment tolerance which was one-half the feature size. 
This ratio represents a very loose alignment capability. Develop a new set of design rules similar 
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to those of Fig. 9.11 for T = a and F = 4a. Draw the new minimum-size polysilicon-gate 
transistor using your rules. Compare the area of your transistor with the area of the transistor of 
Fig. 9.11 if A = 2a. 

9.12 An implant with its peak concentration at the silicon surface is used to adjust the threshold 
of an NMOS transistor. We desire to model this implant by a rectangular approximation similar 
to that of Figure 9. 5. Show that M = N P 1T /4 and Xi = ARp -v8j; by matching the first two 
moments of the two impurity distributions. 

9.13 A number of types of alignment test structures have been developed. £14
'

151 Figure P9.13 
shows a simple test structure which can be used to measure the misregistration of the contact 
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200 MOS PROCESS INTEGRATION 

window mask relative to the diffusion mask. l 161 Two linear potentiometers, one in the horizontal 
direction and one in the vertical direction, are fabricated using diffused resistors. The distance 
between contacts A and C is the same as that between C and E, and the contact from pad D is 
nominally one-half the distance between pads C and E. A current is injected between pads B and 
F, and the voltages between pads C-D and D-E are measured. 

(a) Show that the misregistration in they direction is given by _ay = V2 L CVoE - Vco)/VAc· 

(b) Derive a similar relationship for misregistration in the x direction. 
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10 I Bipolar Process Integration 

In this chapter, interactions between fabrication processes and bipolar device design and 
layout will be explored. In particular, we will look closely at relationships between 
impurity profiles and device parameters such as current gain, transit time, and break­
down voltage. The use of recessed oxidation and self-aligned processes in the formation 
of high-performance bipolar transistors will be presented, and design rules for bipolar 
structures will also be discussed. In conclusion, collector-diffusion, V -groove, and 
dielectric isolation processes will be discussed. 

10.1 THE JUNCTION-ISOLATED STRUCTURE 

The basic junction-isolated bipolar process of Fig. 10.la has been used throughout the 
IC industry for many years and has become known as the standard buried collector 
(SBC) process. In this junction-isolated process, adjoining devices are separated by 
back-to-back pn junction diodes which must be reverse-biased to ensure isolation (see 
Fig. lO.lb). The SBC process remains the primary bipolar process for analog and power 
circuit applications with power supplies exceeding 15 V. Although the SBC process was 
also originally used for logic circuits, most digital technologies have evolved to self­
aligned, oxide-isolated processes using polysilicon and other technology advances first 
developed for MOS processes. 

The process flow for the SBC structure of Fig. 10. 1 a was discussed in Section 1.4 
and will only be outlined here. An n + buried layer is formed by selective diffusion into 
a (Ill )-oriented p-type substrate and is followed by growth of an n-type epitaxial layer. 
Isolated n-type collector islands are formed using a deep boron diffusion. The base and 
emitter are formed by successive p- and n-type diffusions into the epitaxial layer. The 
structure is completed with contact window formation and metallization. 

A cross section of the SBC impurity profile through the center of the device is shown 
in Fig. 10.2. In the next several sections we will consider how the design of this profile 
is related to several important measures of device performance. An understanding of the 
basic profile design for the SBC process will help us see the advantages and disadvan­
tages of other types of processes. 

201 
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Fig. 10.1 (a) Cross section of a transistor fabricated with the SBC process showing the collector­
base capacitances and the base and collector series resistances; (b) lumped circuit model for the 
transistor showing back-to-hack diodes which provide isolation between adjacent transistors. 

10.2 CURRENT GAIN 

In order to be useful in circuits, the bipolar transistor must have a current gain of at least . . 
10 to 20 for digital applications and an order of magnitude greater for analog applica-
tions. An expression for the current gain of the bipolar transistor is 

(10.1) 

The basewidth, W8 , is the width of the electrically neutral base region of the transistor. 
The constant 11 is determined by the shape of the impurity profile in the base arid ranges 

. from 2 to 20. L 8 is the diffusion lengthJor minority carriers in the base. DE and D8 are 
the effective minority-carrier diffusion'constants in the emitter and the base, respectively. 
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Fig. 10.2 Vertical impurity profile in typical bipolar junction transistor. The shaded regions 
represent the emitter-base and collector-base space-charge regions. The metallurgical basewidth 
and electrical basewidth ar~ indicated by Wmet and WB, respectively. . 

N8 and NE are the Gummel numbers in the base and emitter, d~fined by 

Ns = f N(x)dx 
base 

and NE = J . N(x)dx 
em liter 

(10.2) 

and represent the impurity dose in the base and emitter regions. Heavy doping effects in 
the emitter typically limit the value of NE!DE to 1013 to 1014 sec/cm4

• The basewidth is 
defined by the distance between the edges of the two space-charge regions in the base. 
For wide-base transistors, this is approximately equal to the distance between the metal­
lurgical junctions as shown in Fig. 10.2. For narrow-base transistors, the space-charge 
regions must be subtracted from the metallurgical basewidtb, as discussed further in 
Section 10.4. 

For large current gain, eq. (10.1) should be as small as possible. The ratio of the 
Gummel numbers in the base and emitter should be low, the width of the base region 
should be small, and L 8 should be large. Figure 10.3 shows the dependence of the 
diffusion length on impurity concentration. As the doping level increases, L8 decreases, 
but is greater than 10 J.tm for typical base-doping concentrations. In modem high­
frequency transistors, the base width W8 is typically much less than the diffusion lep.gth 
L 8 , and the first term in eq. (10.1) determines the cQrrent gain. 
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Fig. 10.3 Calculated minority-carrier diffusion lengths as a function of doping concentration for 
bulk silicon using lifetime equations from ref. [ 1] ~ 

From eqs. (10.1) and (10.2), the emitter must be heavily doped relative to the base 
in order to obtain high gain. In fabricating a bipolar transistor, each successive diffusion 
is heavier than the last, and the final n +diffusion naturally performs best as the emitter. 

Example 10.1: Estimate the current gain for a transistor with the following parameters: 
NB/DB = 5 X 1013 sec/cm4

, Na/Da = 101
·
2 sec/cm4

, Wa = 1 J.Lm, La = 20 J.Lm, and 
'YJ = 10. 

Solution: Plugging these parameters into eq. (10.1) yields {3- 1 = 0.02 + 0.00025 and 
{3 = 50. In this transistor, the current gain is dominated by the ratio of the Gummel number 
terms. 

10.3 TRANSIT TIME 

Another important bipolar device parameter is the delay incurred during carrier propaga­
tion between the emitter and collector terminals of the transistor. Both logic switcning 
speed and amplifier frequency response are limited by the transit time, which is defined 
by 

(10.3) 

The unity-gain frequency of the transistor, fT, is given approximately by 

fT = 1/27TT (10.4) 
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10.4 BASEWIDTH 205 

The first term in eq. (10.3), called the base transit time, represents the time required for 
a carrier to move across th~ neutral base region WB. The second term is the delay 
associated with charging the capacitances connected to the collector node through the 
collector series resistance rc. The capacitances C1c and Csub are determined by the 
collector-base and collector-substrate junction areas and by the doping concentrations of 
the base, collector, and substrate regions. The third term is the delay time associated with 
a carrier crossing the depletion region of the collector-base junction. Xc is the width of 
the depletion layer and Vs is the saturation velocity of the carriers. 

In order to minimize T, the basewidth is made as narrow as possible, the buried layer 
is added to minimize the value of rc, and light doping is used to minimize the capaci­
tances. Estimates of the capacitance of the junctions can be made using the one-sided 
step-junction expression (eq. 9.3), in which the capacitance is determined by the concen­
tration on the lightly doped side of the junction. 

Example 10.2: Calculate the transit time for a bipolar transistor with the following 
parameters: WB = 1 f..Lm, TJ = 10, DB = 20 cm2 /sec, C1c + Csub = 2 pF, rc = 

250 ohms, Xc = 10 f..Lm, and Vs = 107 em/sec. 

Solution: Plugging these values into eq. (10.3) gives the following values for the three 
terms: (i) 0.05 X 10-9 sec; (ii) 0.5 X 10-9 sec; (iii) 0.05 X 10-9 sec. The resulting value 
of transit time is 0.60 x 10-9 sec. The unity-gain frequency fr is equal to 265 MHz. 

10.4 BASEWIDTH 

Eqs. (10'.1) through (10.3) indicate that device performance is improved by making the 
basewidth as narrow as possible. The primary restrictions on reducing the basewidth are 
set by breakdown-voltage requirements and by tolerances on the basewidth due to 
variations in process control. For low-voltage logic devices, the metallurgical basewidth 
may be less than 1 p.,m. For higher-voltage devices used in analog circuit or power 
applications, the basewidth must be wide enough to support the collector-base depletion­
layer width under large reverse bias. 

The actual basewidth of the transistor is determined by reducing the metallurgical 
basewidth by the portions of the emitter-base and collector-base space-charge regions 
which protrude into the base, as shown in Fig. 10.2. The emitter and base are both 
heavily doped near the junction, and although the space-charge-region width of the 
emitter-base junction is usually quite small, it does extend almost entirely into the base. 
Its width can be estimated from Fig. 9.4. 

The collector-base space-charge region width is dependent on the voltage across the 
junction and extends into both the base and collector regions. Figure 10.4 shows the 
depletion-layer width on either side of a pn junction formed by a Gaussian diffusion into 
a uniformly doped substrate, the normal situation for a bipolar transistor fabricated using 
the SBC process. 
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Fig. 10.4 The space-charge region width as a function of voltage and doping for a pn junction 
formed by a Gaussian diffusion into a uniformly doped substrate. (a) Total space-charge region 
width xT; (b) fraction of total space-charge region width extending on the heavily doped side, x~> 
and on the lightly doped side, x2 , respectively. After ref. [4]. Reprinted with permission from the 
AT&T Technical Journal. Copyright 1960 AT&T. 

Example 10.3: Estimate the space-charge region widths on each side of the collector-base 
junction of a bipolar transistor fabricated on a 1-ohm-cm n-type epitaxial layer. The reverse­
bias voltage across the junction is 40 V, and the collector-base junction depth is 5 f.Lm. 

Solution: The doping of the epitaxial layer is 4 x 10 15
/ cm3

, giving a value of 
V/Na = 1 X 10- 14 V-cm3

• From Fig. 10.4a, the total depletion-layer width is approxi-
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mately 4 JLm. From Fig. 10.4b, 77% or 3.1 JLm extends into the collector region, and 23% 
or 0.9 JLm extends into the base region. 

Heavy base doping reduces the size of the space-charge regions in the base, permit­
ting a narrow-base design. However, heavy base doping tends to increase the Gummel 
number in the base, which reduces the current gain of the transistor. Heavy doping also 
increases the collector-junction capacitance, thus increasing the transit time in 
eq. (10.3). This is another situation in which conflicts arise when trying to optimize 
several different device parameters simultaneously. 

10.5 BREAKDOWN VOLTAGES 

The process designer must understand the magnitude of the voltages that will be applied 
to the transistors in circuit applications. The device in Example 10.3 had to withstand 
40 V and was probably designed for analog-circuit applications. On the other hand, 
transistors designed for logic applications must support only relatively low voltages. For 
example, the devices used in TTL circuits are designed to withstand only 7 V, and 
devices for some ECL gates can break down at even lower voltages. 

1 0.5.1 Emitter-Base Breakdown Voltage 

Emitter-base breakdown voltage is determined by the doping concentration and radius of 
curvature of the junction, as was discussed previously in Section 9.1.2. Breakdown 
occurs first in the region of the junction where the electric field is the largest, usually 
corresponding to the portion of the junction where the doping levels are the highest. The 
actual breakdown voltage is then determined by the doping on the more lightly doped 
side of the junction. 

In order to achieve high current gain, the emitter region is doped heavily, and the 
breakdown voltage of this junction will be determined by the impurity concentration of 
the more lightly doped base region. The base impurity concentration is highest at the 
surface, so the emitter-base junction will tend to break down first at the surface. The 
curvature of the junction enhances the electric field and reduces the breakdown voltage. 
Figure 10.5 gives the breakdown voltage of the emitter-base junction as a function ·of the 
final surface concentration of the base region, with junction radius as a parameter. 
Emitter-base breakdown voltages are low because of the relatively large impurity con­
centrations on both sides of the junction. 

Example 10.4: An npn transistor has a 1-J.Lm-deep emitter-base junction and the base 
diffusion given in Example 4.2. What is the expected breakdown voltage of this junction? 

Solution: The base-region surface concentration in Fig. 4.9 is 1.1 x 1018/cm3
• 

Figure 10.5 predicts the breakdown voltage of a 1-J.Lm-deep junction with this surface 
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Fig. 10.5 Emitter-base junction breakdown voltage as a function of base surface concentration 
with emitter-base junction depth as a parameter. After ref. [4]. Reprinted with permission from 
Solid-State Electronics, Vol. 17, P.R. Wilson, "The Emitter-Base Breakdown Voltage of Planar 
Transistors," Copyright 1974, Pergamon Press, LtdY1 

concentration to be approximately 4.8 V. (The emitter-base junction of most common 
bipolar transistors will break down well below 10 V.) 

10.5.2 Collector-Base Breakdown Voltage 

The bipolar transistor can begin to conduct excessive collector current by two mech­
anisms. The first is Zener or avalanche breakdown of the collector-base junction. As 
discussed above, breakdown is localized to the region where the doping concentrations 
are the largest, but it is determined primarily by the doping concentration on the more 
lightly doped side of the junction. The collector is formed in the uniformly doped 
epitaxial layer. The base region is diffused into the epitaxial layer and is the more heavily 
doped side of the junction. Since the collector is uniform, junction breakdown will occu·r 
first where the electric field is enhanced by junction curvature. The breakdown voltage 
for the collector-base junction as a function of epitaxial-layer impurity concentration and 
junction radius is given in Fig. 10.6. 

The second breakdown mechanism is punch-through of the base region, illustrated 
in Fig. 10.7. The epitaxial layer is more lightly doped than the base region, and the 
collector-base junction depletion layer extends predominantly into the epitaxial layer. As 
the collector-base voltage increases, the depletion layer expands further into the epitaxial 
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Fig. 10.6 Collector-base junction breakdown voltage as a function of collector-doping concen­
tration with collector-base junction depth and punch-through limits as parameters. After ref. [4]. 
Reprinted from the JOURNAL OF THE ELECTROCHEMICAL SOCIETY, Volume 113 (1966), 
pages 508-510, by permission of the publisher, The Electrochemical Society, Inc.,[II] and Per­
gamon Press, Ltd. £121 

layer and will eventually hit the n + buried layer. At this point, further depletion-layer 
expansion will occur in the base, and any increase in collector-base voltage will quickly 
punch through the remaining base region. 

The second set of curves in Fig. 10.6 shows collector-base junction breakdown 
limitations set by punch-through. As described above, the primary parameters deter­
mining the punch-through voltage are the epitaxial-layer doping and the width, 
XBL - X Be, of the region between the collector-base junction and the n + buried layer. 

Example 10.5: What is the collector-base breakdown voltage of a transistor with a 
10-~-Lm-thick epitaxial layer doped at a level of 1015 I cm3 if the collector-base junction depth 
is 5 ILm? Assume that the buried layer has diffused upward 2 /Lm. 

Solution: First, determine the avalanche breakdown voltage of an isolated pn junction. 
Figure 10.6 gives a breakdown voltage of approximately 130 V for a doping of 1015 I cm3

• 

Next, we must also check the punch-through limitations for XBL - XBc = 3 /Lm. From 
Fig. 10.6, the transistor will punch through at approximately 30 V. So the collector-base 
breakdown voltage is limited to 30 V by punch-through in this transistor. 

As usual, different device requirements produce conflicting design constraints. High 
Zener breakdown voltage requires low epitaxial-layer doping. Low epitaxial-layer dop­
ing requires a relatively wide epitaxial-layer thickness in order to prevent punch-through. 
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Fig. 10.7 Collector-base space-charge region growth as the collector-base voltage is increased. 
(a) Zero bias; (b) intermediate collector-base voltage; (c) large collector-base voltage just below 
the punch-through voltage. 
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10.6 LAYOUT CONSIDERATIONS 211 

However, a wide depletion-layer width in the epitaxial iayer increases the transit time and 
reduces the frequency response of the device. 

10.6 LAYOUT CONSIDERATIONS 

This section will explore i:nask layout for the SBC transistor. The analysis will expand 
our understanding of the interaction of process design and layout. In particular, the top 
view of the mask set for a bipolar transistor often differs greatly from the final device 
structure due to large lateral diffusions, although this is less true of the high-performance 
digital technology to be discussed 1n Section 10.7. 

10.6.1 Buried-Layer and Isolation Diffusions 

The spacing between adjacent buried layers and the width of the intervening isolation 
diffusion determines how closely two transistors can be spaced. To maintain electrical 
isolation, the substrate is tied to the most negative voltage present in the circuit. The 
collector of a transistor, on the other hand, is often connected to the most positive voltage 
in the same circuit. Thus, the collector-substrate junction must be designed to support a 
voltage ~ual to the sum of the positive and negative voltages supplying the circuit. For 
analog circuits, this is typically more than 40 V. A typical design value of 60 V would 
provide an· adequate safety margin. 

Figure 10.8 shows the depletion layer in the p and n material near the isolation region 
of the transistor. The doping of the isolation diffusion is heavy at the surface and 
intersects the original substrate to produce isolation. At the surface, the window defining 
the isolation diffusion may be a minimum feature size, but the total width of the isolation 
region at the surface will be determined by lateral diffusion. For example, if the epitaxial 
layer is 15 p,m thick and the minimum feature size is 10 p,m, the isolation region will 
approach 40 p,m in width, assuming lateral diffusion equals vertical diffusion. 

Space-charge regions 

p+ 

p-type substrate 

n-type 
epitaxial layer 

Fig. 10.8 Isolation region between two bipolar transistors. The spacing must be large enough to 
ensure that the two space-charge regions do not merge together. 
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212 BIPOLAR PROCESS INTEGRATION 

The n + buried-layer diffusion is not usually permitted to intersect the. p + isolation 
diffusion. If the two diffusions meet, the breakdown voltage of the junction will 
decrease, and the capacitance of the junction will increase. Thus, there will be a layout 
design rule associated with the minimum spacing between the n + region and the 
isolation diffusion. 

10.6.2 Base Diffusion to Isolation Diffusion Spacing 

At the surface, the collector-base and collector-substrate depletion regions of Fig. 10.8 
must not merge. The minimum spacing can be determined from a knowledge of the 
applied voltages and the epitaxial-layer impurity concentration. Additional spacing must 
be added to account for the alignment sequence and accumulated alignment tolerances. 

Example 10.6: What is the minimum spacing between the edge of the base diffusion and 
the edge of the isolation diffusion at the surface of a bipolar transistor if the alignment 
tolerance is 5 J.Lm and the epitaxial-layer resistivity is 10 ohm-em? Assume the two junc­
tions must eacll.. support 40 V. Use a collector-base junction depth of 5 J.Lm. 

Solution: A 10-ohm-cm epitaxial layer has an impurity concentration of 5 x 1014/cm3
, 

giving a value ofV/NB = 8 X 10- 14 V-cm3
• From Fig. 10.6, the total depletion-layer width 

is approximately 10 f.Lm, with 8. 7 J.Lm in the epitaxial layer. The conditions at the isolation­
collector junction are essentially the same, so the minimum spacing will be two times the 
depletion-layer width of 8. 7 J.Lm plus the alignment tolerance of 5 J.Lm for a total of 
22.4 J.Lm. 

10.6.3 Emitter-Diffusicm Design Rules 

The minimum spacing between the edges of the emitter and base diffusions must be 
greater than the sum of the emitter and collector depletion-layer widths in the base, the 
accumulated. alignment tolerance between the emitter and base masks, and the active 
base-region width. 

In the basic SBC process, then+ emitter diffusion is also used to ensure formation 
of a good ohrpic contact to the· collector, and this collector contact diffusion should not 
intersect the depletion layers associated with either the p-type base or isolation dif­
fusions. If this occurs, the breakdown voltage of the junctions will be reduced and the 
junction capacitances increased. (See Problem 10.7.) 

10.6.4 A Layout Example 

A set of design rules for a hypothetical bipolar transistor is given in Table 10.1, and 
Fig. 10.9 shows the layout of a minimum-size transistor based on these rules and making 
maximum use of lateral diffusion. It is interesting to note that the active area of the 
transistor, the region directly under the emitter, is a small fraction of the total device area 
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Table 10.1 Bipolar Transistor Design Rules for Fig. 10.9. 

Minimum feature size 

Worst-case alignment tolerance between levels 

Epitaxial-layer thickness 

Collector-base junction depth 

Emitter-base junction depth 

Minimum emitter-to-collector spacing at surface 

Minimum base-to-isolation spacing at surface 

Minimum collector contact n + diffusion to isolation spacing 

Minimum collector contact n + diffusion to base spacing 

Buried-layer diffusion (both up and down) 

Buried layer to isolation spacing 

Lateral diffusion = vertical diffusion 

213 

5 p,m 

2 p,m 

10 p,m 

5 p,m 

3 p,m 

5 p,m 

5 p,m 

5 p,m 

5 p,m 

2 p,m 

5 p,m 

Fig. 10.9 Minimum-size ~ipolar transistor layout based on the design rules of Table 10.1. The 
buried layer is not shown in the top view for reasons of clarity. 
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214 BIPOLAR PROCESS INTEGRATION 

of approximately 4536 pm2
. The final emitter area is 11 X 11 J.tm, or 121 J.tm2

, which 
represents only 2.67% of the total area of the transistor. 

The rest of the area is needed to make contacts, to support depletion layers, and to 
provide isolation between adjacent devices. In this layout, the isolation area is 
2800 J.tm2

, or more than 60% of the total area! Minimization of the isolation region 
represents an important issue in high-performance devices, not only for density im­
provement but also for junction-capacitance reduction. 

The solid lines in the top view of the transistor layout represent the edges of the masks 
used to fabricate the transistor. The various dotted lines represent the final positions of 
the emitter, base, and isolation diffusions. For the design rules of Table 10.1, the window 
for the emitter diffusion happens to coincide exactly with the emitter contact window. 
The lateral diffusion of 3 J.tm provides more than the required 2-J.tm alignment tolerance 
for the emitter contact window. 

The base diffusion is 5 J.tm deep and is assumed to diffuse laterally 5 J.tm. In the 
layout, the base contact windows actually extend outside the base region at the mask 
level but are more than one alignment tolerance within the base region following dif­
fusion. This is an excellent example of the interactio·n between processing and layout. 

The width of the base-contact metallization has been widened to more than a mini­
mum feature size to help clarify the figure. This did not affect the size of the device, as 
space was available because of other design rule limitations. Two base and two collector 
contact windows fit within the minimum base and n + collector contact regions. The 
collector contact windows align with the edges of the n + diffusion window, as was the 
case for the emitter. 

The buried-layer mask has also been omitted from the figure for clarity. In this 
particular structure, the design rules relating to the buried layer are not limiting factors 
in the size of this layout. 

10.7 ADVANCED BIPOLAR STRUCTURES 

For digital logic circuits, structures are optimized to provide as short a transit time as 
possible. This requires minimizing the basewidth, eliminating as much capacitance as 
possible by minimizing total junction area, minimizing the width of the collector space­
charge region, and reducing the collector and base series resistances. A reduced current 
gain is traded for a shorter transit time. 

Figure 10.10 shows a high-performance bipolar structure which attempts to achieve 
these goals by using a very thin epitaxial layer and shallow ion-implanted base and 
emitter regions. As much pn junction area as possible is eliminated through the use of 
oxide isolation. The sides of the emitter and base regions are actually walled by the oxide 
isolation regions. Then+ buried layer is relatively large to minimize rc, and the total base 
_region is minimized to reduce the base resistance. Self-aligned contacts are made to the 
base, emitter, and collector regions. 

·The formation of the transistor of Fig. 10.10 begins with implantation and diffusion 
of the buried layer with a typical sheet resistance of 10 to 50 ohms per square. The 
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Arsenic implant 

~ ~ ~ 
n epitaxial layer 

n buried layer 
p-Si substrate 

p 

(a) (b) 

Boron channel-stop implant 

p 

(c) (d) 

p+ base implant 

(g) (h) 

Arsenic implant Base Emitter Collector 

(i) 

Fig. 10.10 Process sequence for a high-performance oxide-isolated bipolar transistor. (a) Buried­
layer formation; (b) epitaxial layer growth; (c) mask for selective oxidation; (d) boron implant prior 
to recessed oxide growth; (e) selective oxidation; (f) base mask and boron base implantation; (g) 
emitter, base contact, and collector contact mask; (h) p + base contact implantation; (i) arsenic 
implantation for emitter and collector contact; (j) structure completed with multilayer metalli­
zation. Copyright, 1985, John Wiley & Sons, Inc. Reprinted with permission from ref. [5]. 
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216 BIPOLAR PROCESS INTEGRATION 

masking oxide is removed, and a thin epitaxial layer is grown on the surface. A recessed 
oxide isolation process is used to form the isolation regions between devices and to 
eliminate unnecessary junction area between the collector and emitter contacts. Prior to 
oxidation, part of the epitaxial layer is etched away so that the subsequent oxidation will 
extend completely through the epitaxial layer. An implantation is used to overcome 
boron depletion in the substrate during oxidation. 

Next, the silicon nitride-oxide sandwich is removed, and an oxide is regrown on the 
surface. A boron implantation creates the shallow active base region. A mask 1s used to 
create windows for the emitter, and contacts to the base, emitter, and collector are all 
defined at the same time. Note that a single oxide strip defines both the emitter and base 
contact regions, eliminating alignment tolerances that would be needed if the regions 
were formed separately. The width of this strip is set by the metal-to-metal spacing plus 
accumulated alignment tolerances. 

Photoresist is used as a barrier material during implantation of the base contact 
region. This p + implantation further reduces the base resistance of the device. Photoresist 
is also used as a barrier material during implantation of the emitter and collector contact 
regions. Note that these two mask steps use noncritical blackout masks similar to those 
used for thr~shold adjustment in a CMOS process. 

Contacts are made through the same openings used for the base and emitter im­
plantations. These contact areas are all cleared by a short wet or dry etch prior to 
metallization. Because of the very shallow junction depths involved in this structure, the 
metallization will be a multilayer sandwich structure including a barrier metal in the 
contact region. Interconnection of devices to form circuits will typically involve a 
multilevel metal process. 

Figure 10.11 shows another high-performance structure which uses deep-trench iso­
lation. The trenches are formed using reactive-ion etching and are refilled with poly­
silicon and silicon dioxide. In this structure, the emitter, and the contacts to the base and 
collector, are all formed by impurity diffusion from doped polysilicon. [61 

10.8 OTHER BIPOLAR ISOLATION TECHNIQUES 

Several other interesting approaches to device isolation have been developed over the 
years, and three are surveyed here. The dielectric isolation process is still in use in 
high-performance analog circuits; the others have been largely replaced by oxide-isolated 
structures. 

10.8.1 Collector-Diffusion Isolation (COl) 

The collector-diffusion-isolation[71 structure, shown in Fig. 10.12, was developed pri­
marily for digital applications. The process eliminates the p-type isolation diffusion, 
achieving reduced device area and process complexity. 

The process starts with diffusion of a low-sheet-resistance buried layer which will 
serve as the collector of the transistor. A thin p-type epitaxial layer forms the base region 
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Polysilicon 

n + buried layer 

p-substrate 

(a) 

Polysilicon 

n-epi 

n + buried layer 

p-substrate 

(b) 

p-substrate 

(c) 

p-substrate 

(d) 

p-substrate 

(e) 

Fig. 10.11 A high-performance bipolar transistor structure with an/T of 10 GHz. (a) Isolation is 
achieved using deep-trench isolation with polysilicon and silicon dioxide refiil; (b) structure 
following selective oxidation; (c) p + polysilicon deposited and patterned; (d) diffusion from doped 
polysilicon forms the extrinsic base region and base contacts; a self-aligned implantation forms the 
intrinsic base; (e) diffusion from n + polysilicon forms the emitter and the emitter and collector 
contacts of the transistor. Copyright 1985 IEEE. Reprinted with permission from ref. [ 6]. 
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n+ buried layer 

p 

Fig. 10.12 Cross section of a transistor fabricated in the CDI process. £?J 

and is grown iri the next step. Device isolation is achieved via an n + diffusion which 
completely encloses the transistor and also provides the collector contact area. A shallow 
emitter is next implanted and/or, diffused into the device, followed by contacts and 
metallization. Typical parameters for the CDI process include a buried-layer sheet re­
sistance of 15 to 30 ohms per square, a 2-J.Lm-thick, 0.25-ohm-cm epitaxial layer, and 
an emitter depth of less than 1 J.Lm. 

This process can produce high-performance, narrow-base transistors with minimum 
rc but with relatively large collector-base and coilector-substrate capacitances. It has for 
the most part been replaced with advanced oxide isolated structures which also minimize 
these capacitances, although at a cost of considerable process complexity. 

10.8.2 V-Groove Isolation 

V-groove isolation[8
- 91 attempts to produce small-geometry, high~ frequency, bipolar tran­

sistors by eliminating the capacitance of junction isolation, as shown in Fig. 10.13. 
Anisotropic etching produces V-grooves which separate the transistors. (100) silicon 
must be used in this process to permit formation of the grooves. 

The process looks very similar to the SBC process through diffusion of the p-type 
base region into the n-type epitaxial layer. The V -grooves are etched completely through 
the epitaxial layer, thereby achieving device isolation. An oxide-nitride sandwich is used 
to passivate the surface of the structure prior to formation of the n + emitter and collector 
contact regions .. For shallow structures, a multilayer metallurgy is used to make contacts 
to the transistor, and several levels of metallization are used for circuit interconnection. 

p 

Fig. 10.13 A bipolar transistor formed using V -groove isolation. £8-
91 
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10.8 OTHER BIPOLAR ISOLATION TECHNIQUES 219 

10.8.3 Dielectric Isolation 

Figure 10.14 shows the steps used to achieve dielectrically isolated bipolar transistors. [!OJ 

Deep V -grooves are etched in the surface of ( 100)-oriented silicon. A nonselective n + 

diffusion is performed, and a silicon dioxide layer is grown on the surface. A thick layer 
of polycrystalline silicon is then deposited on the surface of the wafer. Silicon is removed 
from the back surface of the wafer by lapping until the silicon dioxide in the V -grooves 
is exposed, as indicated by the dotted line in Fig: 10.14b. The surface is then mechani­
cally and chemically polished. The wafer is turned over, yielding islands of silicon which 
are completely isolated from each other by the silicon dioxide dielectric layer. Standard 
processing is then used to form bipolar transistors. 

This process is expensive, but an important variation permits formation of com­
plementary, vertical npn and pnp transistors. It is used in fabrication of high­
performance analog circuits. In addition, the structures are very tolerant to radiation and 
so are used in military applications. 

m%t ~~iq2~ ~ v. <lOO>:ori~ 
(a) s1hcon 

Polysilicon Si0
2 

. 

~~~=r:_~~~ 
(b) Lap and polish / 

to this line 

Fig. i0.14 Several steps in the dielectric isolation process. [!OJ (a) V-grooves ariisotropically 
etched in the silicon substrate; (b) the structure following n + diffusion and oxidation; the wafer 
is turned over and lapped back and polished to the dotted line; (c) bipolar transistors are then 
fabricated in the isolated islands of silicon. 
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10.9 SUMMARY 

The standard buried collector (SBC) process is widely used throtighout'the IC industry 
for analog and power circuit applications. More recently developed digital bipolar tech­
nologies have benefited greatly from process advances originally developed for use in 
MOS dynamic RAMs. These include oxide isolation, the use of polysilicon, and the 
'introduction of ion implantation. 

Bipolar technologies for analog applications are typically designed to yield current 
gains of several hundred with breakdown voltages of up to 50 V. The resulting devices 
have cutoff frequencies of less than 500 MHz. Devices for digital applications can 
operate with much lower current gains and supply Voltages. These factors permit device 
designs with cutoff frequencies exceeding 5 GHz. 

Collector-diffusion isolation, V -groove isolation, and dielectric isolation have all 
been developed as alternatives to the junction-isolated SBC process. These processes 
demonstrate the freedom that the process designer has in trying to achieve new and 
improved isolation .techniques. However, the SBC process and oxide-isolated bipolar 
process remain the dominant technologies for today's analog and digital bipolar applica­
tions, respectively. 
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PROBLEMS 

10.1 Evaluate the Gummel number expressions for a uniformly doped transistor with impurity 
concentrations of NE and NB in the emitter and base, respectively. The effective width of the emitter 
isLE, and WB is the basewidth. Compare your result with eq. (2.46) in Volume III of this Series. 
What is the current gain for a device with NE = 1020/cm3

, NB = 10 18/cm3
, WB = 4 f.Lm, 

LE = 20 f.Lm, LB = 50 f.Lm, DB = 20 cm2/sec, and DE= 5 cm2/sec? 

10.2 Using eq. (10.1), estimate the current gain of the transistor with the impurity profiles given 
in Fig. 10.2. Assume WB ~ LB, and DB = 20 cm2 /sec. Use NE/DE = 5 x 1013 sec/em\ xm = 
1.5 f.Lm, X1c = 4 f.Lm. 

10.3 What is the maximum collector-base breakdown voltage of a transistor with 
XBL - XBc = 5 f.Lm? What range of epitaxial layer dopings may be used to achieve this break­
down voltage? 

10.4 A Zener reference diode is often formed using breakdown of the emitter-base junction. 

(a) What base surface concentration is required to produce a breakdown voltage of 6 V for a 
1-f.Lm-deep junction? 

(b) If the base surface concentration is too small by a factor of two, what is the actual breakdown 
voltage of the diode? 

10.5 Calculate the collector-base depletion-layer width for the transistor of Example 10.3 using 
the expression for a one-sided step junction given in eq. (9.3). How does this compare with the 
width derived from Fig. 10.4? 

10.6 The effective Gummel number in the emitter is substantially reduced from that calculated 
from the profile by bandgap narrowing in the emitter. Calculate NE using the expressions in 
Chapter 4 for an As emitter with a sheet resistance of 10 ohms per square. Estimate DE and 
compare NE/DE to the values stated in the text. 

10.7 In Section 10.6.3 the importance of correct positioning ofthe n +collector contact diffusion 
was discussed. To illustrate this point, three simple npn transistors are fabricated in an n-type 
substrate using the structure drawn in Fig. PlO. 7. An n + collector ring is used to reduce the 
collector series resistance Rc. Three different spacings, 0 f.Lm, 3 f.Lm, and 5 f.Lm, are used between 
the edge of the n + ring and the edge of the base diffusion. Explain why the breakdown voltage 
will be different for these three cases, and estimate the collector-base breakdown voltage for the 
three devices. Assume a base surface concentration of 1018/cm3 and a junction depth of 5 f.Lm. 

10.8 Surface conditions can degrade the breakdown voltage of Zener diodes. Subsurface break­
down can be achieved using an ion-implanted process with the profile shown in Fig. P10.8. 
Estimate the breakdown voltage of this diode from Fig. 10.5. 
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s , .. 
Collector 
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(1 ohm-em) 

Fig. P10.7 
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Collector 
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P: (Np = 2 X 1019fcm3; RP = 0.5 /Am; llRP = 0.15 ~Am) 

,.-.. 

~ 5 X 1018 
~ 

1015 

0.5 /Am 

n-substrate 

B (Gaussian) 

1.2 fAID 

Depth, x 

n-implantation 
p 

Fig. P10.8 

10.9 A simple lateral pnp structure is shown in Fig. P10.9. The current gain of this transistor 
is collection-limited and does not obey eq. (10.1). Assume that the emitter injects current uni­
formly in all directions and that the collector collects all the current coming its way. 

(a) Under these assumptions, what is the value of the common base current gain a = Ic/IE? What 
is the common emitter current gain f3? 
(b) Derive an expression for f3 as a function of the length and width of the device. For a given area, 
what relationship between the length and width maximizes the gain? 

(c) What geometry would be used to optimize the current gain? 
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1-:--l/l p /1 

~- --- ---t:=J--- ----~ 

10 J.lffi 20 J.lffi 
1---1..- •I 

n-substrate 

Fig. P10.9 

10.10 It was noted that the CDI process is used mainly for digital applications. What character­
istics of the structure make this true? 

10.11 (a) How many masks are required for the CDI process? 

(b) Design a good mask-alignment sequence for this process. 

10.12 List the mask steps required for the oxide-isolated bipolar transistor of Fig. 10.11. Which 
are noncritical alignment steps? 

10.13 Determine a reasonable diffusion schedule for the isolation diffusion of a junction-isolated 
structure with a 15-J.Lm-thick epitaxial layer with the geometry of Fig. P\0.13. 

p (I018fcm3) I-I 
10 J.lffi 

Fig. P10.13 

(a) Assume that the width of the isolation at the bottom is to be 10 J.Lm, that there is no up-diffusion 
from substrate, and that lateral diffusion equals vertical diffusion. 
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(b) Modify your diffusion time in part (a) to account for up-diffusion of boron from the substrate. 
Assume that the substrate represents an infinite supply of boron impurities with a constant 
concentration of 1018

/ cm3
• 

10.14 The distance XsL - Xsc = 5 f.Lm in a certain bipolar SBC process with an epitaxial layer 
doping of 1015 /cm3

• Use the one-sided step-junction formula, eq. (9.3), to estimate the punch­
through voltage for this transistor. Compare with Fig. 10.6. 

10.15 V-grooves in a (100) silicon make angles of 54.7° with the surface. What is the minimum 
isolation groove width at the surface if the epitaxial layer is 5 f.Lm thick and we require a 1- f.Lm 
minimum isolation width at the bottom of the groove? Does this seem competitive with other 
isolation processes? Which ones? 

10.16 A CDI process uses a 0.25-ohm-cm epitaxial base layer and a 5-ohm-cm substrate. Estimate 
the breakdown voltages of the emitter-base and collector-base junctions. The emitter junction 
depth is 1 f.Lm. 
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Answers to Selected Problems 

CHAPTER 1 

1.1 Approximately 256 
1.2 75 mm, 130 dice, $8.79; 150 mm, 600 dice, $1.90 
1.3 10,000; 160,000; 1,000,000 

CHAPTER 2 

2.1 92.3% 

CHAPTER 3 

3.2 27 min, 63 min, 102 min 
3.4 0.07 fLID; 0.4 fLID 
3.7 3.55 hr, orange 

CHAPTER 4 

4.1 5.8 fLID, 5.3 fLID, 47 and 60 ohms/square 
4.3 5.14 hr, 83 ohms/square, 6.7 x 1014/cm2 

4.7 10.7 squares, approxi~ately 5 squares, 710 and 330 ohms 
4.9 23% 
4.13 5 min 
4.14 100 ppm 

CHAPTER 5 

5.1 3.55 x 1018/cm3
, 3.7 x 10 13/cm2

, 0.53 t-tm 
5.3 5.06 x 1014/cm2

, 10.1 hr 
5.5 0.14 t-tm 
5.7 2 X 1018/cm2

, 43.6 rnA, 218 KW, probably melt the wafer 
5.9 33 min 

225 
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CHAPTER 6 

6.1 120 p,sec 
6.3 4.2 X 10-7/cm3 

6. 7 0.14 p,m/min, 0.02 p,m/min, 1245 °C, 0.20 p,m/min 
6.10 Approximately 7100 wafers 

CHAPTER 7 

7.1 0.032 ohms/square, 1.6 ohms, 0.175 pF, 0.28 psec 
7.3 Boron: 7.8 ohms/square 
7.4 0.08 p,m 
7.6 125, 2.53 X 1026 

7.8 20 rnA 

CHAPTER 8 

8.2 1.3 X 1020 years/die, 1.3 X 1022 years/wafer 
8.4 Depends on placement of die, best case 2/26 or 7. 7%, worst case 0%; approxi­

mately 3.1 
8.5 $9.66, $8.35-cheaperl 
8.7 Old process: Cost = wafer cost/161; New process: Cost = wafer cost/153; 

slightly more expensive; D0 = 9.4/cm2
; yes, since we should move down 

learning curve on new process; 12.2 mm2 

8.9 There is an infinite number of solutions; for example, 14.8 mm2 and 17.8 mm2 

give a die cost of $1 ih each process. 

CHAPTER 9 

9.2 2 X 3.6 p,m = 7.2 p,m 
9.3 8.9 volts 
9.5 NMOS -0.045 volts, 5.1 x 10 11 /cm2

; 

PMOS- -1.87 volts, 4.7 x i0 11 /cm2 

9.6 1.75 x 1012/cm2 

CHAPTER10 

10.3 Approximately 70 volts 
10.5 3.64 p,m 
10.8 3 volts, 30 volts, 50 volts 
10.9 Approximately 3 volts 
10.10 0.5, 1.0, 2d(L + W)/LW where dis the diffusion depth; square with L = W 

and beta = 4d/L, circular 
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Index 

Acceptor impurity, 5 
Acetone, 16 
Additive process, 146 
Alignment marks, 18 
Alignment tolerance, 181, 188 
Aluminum, 2 

bulk resistivity, 135 
solubility in silicon, 136 
spiking, 136 

Aluminum-copper-silicon metallization, 
115, 140 

Aluminum-silicon eutectic point, 135 
Ammonia, 119 
Angle-lap method, 65 
A11isotropic etching, 20, 21, 191, 218, 219 
Antimony, 11 
Antimony pentachloride, 82 
Argon, 113 
Arrhenius relation, 33, 54, 122 
Arsenic, 82 
Arsenic trioxide, 82 
Arsine, 81, 82 
Autodoping, 125 
Avalanche breakdown voltage, 208 

Bacteria, 16 
Ball bond, 155 
Barrel reactor, 123 
Barrier layer, 13, 16 
Barrier metal, 137, 145, 162 
Base diffusion, 11 

Base width, 203-205 
I3inomial distribution, 166 
Bipolar process flow, H 
Bipolar process integration, 201 
Bipolar transistor, 2, 10, 201 

base punch-through, 208 
base region, 201 
base transit time, 205 
base width, 203, 205 
capacitances, 205 
collector resistance, 205, 214 
collecto:t:-base breakdown voltage, 208-209 
cross section, 202 
current gain, 202 
design rules, 211 
dielectric isolation, 219 
diffusion lengths, 204 
emitter region, 201 
emitter-base breakdown voltage, 207-208 
Gummel numbers, 203 
junction-isolated, 201 
layout, 212 
n+ buried layer, 11, 201, 214 
oxide-isolated, 215 
parasitic, 191 
SBC process, 10, 201 
subcollector, 11 
transit time, 204 
trench isolation, 217 
V-groove isolation, 218 

Bird's beak, 43, 189 
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228 INDEX 

Blockout masks, 216 
Bonding tool, 157 
Bonding wire, 155 
Boron, 6, 11, 79 
Boron depletion, 38, 181 
Boron diffusivity, hydrogen dependence, 40 
Boron nitride, 80 
Boron tripromide, 80 
Boron trioxide, 79 
Borosilicate glass, 20 
Buffered hydrofluoric acid (BHF), 20 
Buffered oxide etch (BOB), 20 
Built-in potential, 141 
Bulk resistivity, 60 
Buried contacts, 142 
Buried layer, 11, 125 

autodoping, 125 
out-diffusion, 125 

Burn box, 78 
Butted contacts, 142 

Capillary, 155 
Channel length and width bias, 188 
Channeling, 99 
Chemical vapor deposition (CVD), 4, 107, 115 

plasma-enhanced (PECVD), 116 
Chip carriers, 160 
Chrome master masks, 23 
Clean room, 13, 15 

classification, 16 
CMOS, 8-9, 190 
Coevaporation, 136, 145 
Collector-diffusion isolation (CDI), 216 
Collector resistance, 11 
Complementary error function, 51 , 54 
Computer graphics, 21 
Constant-source diffusion, 51 
Contact printing, 18 
Contact resistance, 138 
Contact winqows, 142, 185 
Cosputtering, 145 
Cost, 153 
Crystallographic etch, 192 
CVD metal deposition, 120 
CVD reactors: 

atmospheric pressure, 116 

low-pressure (LPCVD), 116 · 
plasma, 116 

Defect density, 167 
Defects, 13 
D~ionized (Dl) water, 14 
Depletion-layer width, one-sided step 

junction, 176, 178 
Design rules, MOS, 181 
Diborane, 80, 81 
Dichlorosilane, 81, 118, 119, 123 
Die attachment, 153 

·epoxy, 154 
eutectic, 155 

Die separation, 154 
Dielectric isolation, 219 
Diffusion, 4, 49 

antimony, 82 
arsenic, 82 
boron, 79-80 
complementary error function, 51 
concentration dependence, 74 
constant-source, 51 
Dt product, 53 
gaseous sources, 79 
Gaussian, 52 
high-concentration equations, 75 
interstitial, 49 
interstitialcy, 49 
junction formation, 58 
limited-source, 51 , 52 
liquid sources, 79 
mathematical model, 51 
phosphorus, 81-82 
phosphorus kink effect, 75, 77 
solid-solubility limited, 57 
solid sources, 79 
spin-on sources, 79 
substitutional, 49 
successive, 57 
two-step, 53 

Diffusion coefficient, 53-56 
Arrhenius behavior, 54 

Diffusion systems, 77-78 
Donor impurity, 5 
Dopant redistribution, 38 
Pose, 51, 91 
Dr~in region, 6, 7, 173 
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DRAM, 1 
Drive-in, 53 
Dry-wet-dry oxidation, 41 
Dual-in-line package, 160 

Electrornigration, 138 
Electron-beam system, 25 
Ellipsometer, 45 
Emulsion masks, 23 
Epitaxial layer, 125 
Epitaxy, 4, 11, 121 

liquid-phase, 121, 127 
molecular-beam, 121, 128 
solid-phase, 102 
vapor-phase, 121 
vapor-phase etching, 121, 123 

Error function, 51 
Etch bias, 21 
Etch 'rate, doping dependence, 20 
Etching, 4 

anisotropic, 20 
dry, 21 
isotropic, 20 \­
plasma, 21 
reactive-ion, 21 
sputter, 21 
wet chemical, 20 

Eutectic temperature, 136, 145 
Evaporation, 4, 107 

electron-beam, 111 
filament, 110 
flash, 112 
growth rate, 111 
shadowing, 113 
step coverage, 113 

Pick's first law, 30, 51 
Pick's second law, 51 
Film deposition, 107 
Flip-chip bonding, 161 
Four-point probe, 71 

correction factors, 74 
Furnace, 41, 77 

Gallium arsenide (GaAs), 1 
Gamma distribution, 168 

INDEX 229 

Gas toxicity, 81 
Gaussian distribution, 52, 54, 91 
Germanium, 1 
Gold bumps, 163 
Gold-silicon eutectic, 155 
Groove-and-stain method, 64 
Guard rings, 191 

High-voltage accelerator,. 89 
Hydrofluoric acid (HF), 20 

Impingement rate, 109 
Impurity redistribution, 38 
Inked die, 12, 153 
Insulator, 1 
Interconnections, 133 

diffused, 140 
metal, 134 
po1ysilicon, 142 

Interlevel dielectric, 148 
Ion implantation, 4, 89 

annealing, 99, 101 
channeling, 99 
cost, 91 
dose, 91 
junction depth, 98 
lattice damage, 99, 101 
mask thicknesses, 96-97 
masking, 95 
mass spectrometer, 89-90 
mathematical model, 91 
nonideal, 102 
selective, 94 
sheet resistance, 98 
technology, 89 

Ion source, 89 
Ionic contamination, 14 
Irvin's curves, 69-72 
Isolation region, 10 

Junction depth, 58-60 
ion implantation, 98 

Junction-depth measurement, 64 
angle-lap method, 65 
groove-and-stain method, 64 

Junction formation, 58 
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230 INDEX 

Junction isolation, 201 
Junction penetration, 136 

Kinetic gas theory, 108 
Kink effect, 75, 77 
Kovar, 158 

Laminar flow hoods, 13 
Latchup, 9, 121, 191 
Lateral diffusion, 621 188 
Layout rules, MOS, 181 
Liftoff, 133, 146 
Limited-source diffusion, 51 
Lindhard, Scharff, and Schiott (LSS) theory, 

92 

Mask alignment; 17, 182 
Mask fabrication, 23 
Masking material, 6 
Masking properties of oxides, 39 
Mass spectrometer, 89 
Mass-transfer coefficient, 122 
Mead and Conway, 182 
Mean free path, 109 
Mean time to failure (MTF), 140 
Metallurgical base width, 203, 205 
Metallurgical junction depth, 59 
Mil, 2 
Minimum feature size, 181 
Molybdenum, 120 
Monolayer formation, 109 
MOS transistor, 2, 7, 173 

body effect, 178 
breakdown voltage, 173 
channel-length control, 173 
complementary (CMOS), 190 
depletion-mode, 180 
design rules, 173 
drain current expression, 173 
field region, 180 
gate-oxide thickness, 174 
ion ;mplantation, 179 
mask alignment sequence, 173 
oxide breakdown voltage, 174 
oxide charge, 175 
parasitic, 174, 180 
punch-through voltage, 173, 176 

source/drain junction breakdown voltage, 
177 

substrate doping, 175 
substrate sensitivity, 178 
threshold voltage, 175 
threshold voltage adjustment, 178 
VMOS, 192 . ' 

Multilayer contacts, 145 
Multilevel metallization, 147 
Mylar, 21, 154 

n-channel MOSFET, 2, 6, 173 
n-well, 8, 9, 192 
Nail head bond, 155 
Native oxide, 29 
Negative binomial distribution, 168 
Neutral beam, 90 
NMOS process flow, 6, 8 

Ohmic contacts, 135 
Organic contamination, 14 
Out-diffusion, 125 
Oxidation, 4 

diffusion coefficient, 31 
linear rate constant, 32 
parabolic rate constant, 33 

Oxidation model, 30 
Oxidation process, 29 
Oxidation rate, 33-38 

crystal orientation dependence, 37 
doping dependence, 38 
pressure dependence, 37 

Oxide: 
fully recessed, 43 
semirecessed or semirox, 43 

Oxide breakdown voltage, 42 
Oxide color chart, 44 
Oxide mask thickness, 40 
Oxide quality, 41 
Oxide windows, 6 
Oxygen, 29 

p-channel MOSFET, 8, 190 
p-well, 191 
Packages: 

ceramic DIP, 160 
dual-in-line (DIP), 158 
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leadless chip carriers (LCC), 160 
pin-grid array (PGA), 160 
postmolded DIP, 160 
premolded DIP, 160 
surface mount, 161 
TO-style, 158 

Packaging, 153, 158 
Palladium, 138 
Pascal (unit), 107 
Passivation layer, 6 
Pattern generator, 22 
Pattern shift, 127 
Phosphine, 81, 82 
Phosphorus, 81 
Phosphorus oxychloride (POCh), 81 
Phosphorus pileup, 38, 181 
Phosphosilicate glass, 6 
Photolithography, 4, 6, 13 
Photomask, 18 
Photomask fabrication, 21 

" Photoresist, 13, 16 
application, 17 
ashing, 21 
etching, 20 
exposure and development, 18 
hard baking, 20 
negative, 18 
positive, 18 
removal, 21 
soft baking, 16 
spinning, 17 

Plasma-enhanced CVD, 116 
Plasma nitride, 119 
Platinum, 138 
pn junction breakdown voltage, 177 
Poisson's distribution, 166 
Polycide, 145 
Polyimide, 148 
Polysilicon, 5, 138, 185 
Polysilicon deposition, 116 
Predeposition, 53 
Probe station, 153 
Process integration, MOS, 173 
Process simulation, 76 
Projected range, 91, 93 
Projection printing, 23 
Proximity printing, 23 

Purple plague, 155 
Pyrolytic decomposition, 124 

RAM, 1 
Reactive-ion etching, 21 
Recessed oxide, 43 

INDEX .231 

Rectifying contact, 135 
Resistivity, four-point probe, 71 
Resistor ends, 68 
Resistors, 66 

number of squares, 67 
Reticle, 22 
Rubylith, 21 

Salicides, 145 
Schottky barrier diode, 135 
SCR, 191 
Scribe borders, 154 
Scribing, 154 
Scrubber, 78 
Segregation coefficient, 38 
Selective oxidation, 42 
Self-aligned contacts, 214 
Self-aligned gate, 188 
Semirecessed oxide, 7, 43 
Sheet resistance, 66 

Irvin's curves, 69-72 
van der Pauw's method, 73 

Silane, 81, 118, 119, 123 
Silicide, self-aligned, 145 
Silicides, 142-145 
Silicon, 1 
Silicon dioxide, 5, 16 
Silicon dioxide deposition, 118 
Silicon lattice atomic sheet density, 92 
Silicon nitride, 5, 16 
Silicon nitride deposition, 119 
Silicon tetrachloride, 123 
Sodium-ion contamination, 42 

chlorine gettering, 42 
threshold voltage shift, 42 

Solder balls, 162 
Solid-phase epitaxy, 102 
Solid-solubility limits, 57, 58 
Source region, 6, 7, 173 
Specific contact resistivity, 138 
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232 INDEX 

Sputter etching, 115 
Sputtering, 4, 107, 113 
Sputtering threshold, 114 
Squares, 66 
Stabine, 82 
Standard buried collector (SBC) process, 201 
Step-and-repeat, 21, 23 
Step-on-wafer, 25 
Straggle, 91, 94 

lateral, 95 
Subcollector, 11 
Subtractive process, 146 
SUPREM, 76 
Surface profilometer, 45 
Surface reaction rate constant, 122 · 

. , 
Tantalum, 120 · 

.' ',: 

Tape-automated bonding (TAB), 163 
Testing, ·153 
Tetraethylorthosilicate (TEOS), 119 
Thermal oxidation, 29 
Thr~shold adjustment implantation, 6, -179, 

191 
Threshold voltage, 175 
Titanium, 120, 138, 145 
Torr, 107 
Toxic gases, 81 
Transistor layout: 

bipolar, 212 
MOS metal-gate, 181 
MOS-polysilicon~gate, 185, 188 

Transverse straggle, 95 
Trench isolation, '2'17 

·, 

Trichloroethylene, 16 
Trichlorosilane, 123 
Trimethylborate (TMB), 80 
Tungsten, 120, 138, 145 
Twin-well, 9, 192 

Ultraviolet light, 18 
Undercutting, 20 
Unity gain frequency, 204 

V-groove isolation, 218 
Vacuum system, 107 
van der Pauw's method, 73 
Via filling, 148 
Vias, 148 
VMOS technology, 192 

Wafer cleaning process, 16 
Wafer probing, 153 
Wafer sawing, 154 
Wafer yield, 163 
Water vapor, 29 · 
Wedge bond, 155 
Wire bonding, 153, 155 

thermocompression, 155 
thermosonic, 157 
ultrasonic, 156 

Yield, 153, 163, 167 
Yi~ld curves,. 169 

Zener breakdown voltage, 208 
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PHYSICAL CONSTANTS 

Symbol 

q 

!tlo 

mP. 

c 

eo 

k 

h 

Ao 

kT 

Name Value 

Magnitude of electronic charge 1.602X 10-19;.C 

Electron rest mass 9.109 x 10-31 kg 

Proton rest mass 1.673 x 10-27 kg 

Speed of light in vacuum 2.998 x 108 m/s 

Permittivity of vacuum 8.854 X 10-12 F/m 

Boltzmann's constant 1.381 X 10-23 J/K 
8.617 X 10-5 eV /K 

Planck's constant 6.625 X 10-34 Js 
4.135 X 10-15 eVs 

Avogadro number 6.022 X 1026 molecules/kg-mole 

Thermal energy 0.02586 eV (T = 27 °C) 
0.02526 eV (T = 20 °C) 

CONVERSION FACTORS 

1 A= 10-s em 

= 10- 10 m 

1 p.,m = 10-4 em 

== 10-6 m 

1 mil = w-3 in. 

= 2~.4 p.,m 

1 mil2 = 645.2 p.,m2 

= 6.45 X 10-6 cm2 

1 eV = 1.602 X 10-19 J 

A.(pm) = 1.24/E(eV) 
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lilA IVA VA VIA 

5 10.811 6 12.01115 7 14.0067 8 15.9994 

B c N 0 
Boron Carbon Nitrogen Oxygen 

13 26.9815 "14 28.086 15 30.97:38 16 32.064 
4 

AI Si p s 
liB Aluminum Silicon Phosphorus Sulfur 

·3o 65.37 31 69.72 32 72.59 33 74.922 34 78.96 

Zn Ga Ge As Se 
Zinc Gallium Germanium Arsenic Selenium 

48 112.40 49 114.82 50 118.69 51 121.75 52 127.60 

··c,d In Sn Sb Te 
Cadmium Indium Tin Antimony Tellurium 

80 200.59 81 204.37 82 207.19 83 208.980 84 (210) 

Hg Tl, Pb Bi Po 
Mercury Thallium Lead Bismuth Polonium 
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