
 
UMC 1334

UMC v. AICP



SILICON PROCESSING 

FOR 

THE VLSI ERA 

VOLUME 4: 

DEEP-SUBMICRON PROCESS TECHNOLOGY 

UMC 1334
UMC v. AICP



SILICON PROCESSING 

FOR 

THE VLSI ERA 

VOLUME 4: 

DEEP·SUBMICRON 
PROCESS T'ECHNOLOGY 

STANLEY WOLF Ph.D. 

LATTICE PRESS 

Sunset Beach, California 

UMC 1334
UMC v. AICP



DISCLAIMER 

This publication is based on sources and information believed to be reliable, but the 
authors and Lattice Press disclaim any warranty or liability based on or relating to the 
contents of this publication. 

Published by: 

LATTICE PRESS 
Post Office Box 340 
Sunset Beach, California 90742, U.S.A. 

Cover design by: S.C. Ross Wolf. 

Copyright © 2002 by Lattice Press. 
All rights reserved. No part of this book may be reproduced or transmitted in any form 
or by any means, electronic or mechanical, including photocopying, recording or by any 
information storage and retrieval system without written permission from the publisher, 
except for the inclusion of brief quotations in a review. 

Library of Congress Cataloging in Publication Data 
Wolf, Stanley 

Silicon Processing for the VLSI Era 
Volume 4: Deep-Submicron Process Technology 

Includes Index 
1. Integrated circuits-Very large scale 
integration. 2. Silicon. I. Title 

ISBN 0-9616721-7-X 

9 8 7 6 5 4 3 2 1 

PRINTED IN THE UNITED STATES OF AMERICA 

UMC 1334
UMC v. AICP



MASTER TABLE OF CONTENTS 
PREFACE 

Chap. 1 • THE EVOLUTION OF THE STRUCTURE OF MOSFETS 1 

Chap. 2 • 300-MM SILICON WAFERS 17 

Chap. 3 ·GATE DIELECTRICS: THIN GATE OXIDES 75 

Chap. 4 • HIGH·kDIELECTRICS 145 

Chap. 5 ·THE STRUCTURE OF DEEP·SUBMICRON MOSFETS: 181 
Retrograde-Wells; Super-Sleep Retrograde Channel Doping; 
Drain Engineering; Punchlhrough-Conlrollmplants 

Chap. 6 • DEEP·SUBMICRON LITHOGRAPHY 1: PHOTORESISTS 227 

Chap. 7 • DEEP-SUBMICRON LITHOGRAPHY II: 259 
OPTICS AND HARDWARE 

Chap. 8 • CHEMICAL MECHANICAL POLISHING (CMP) 313 

Chap. 9 • SHALLOW TRENCH ISOLATION (STI) 433 

Chap. 1 0 • SILICON-GERMANIUM (SI-Ge) TECHNOLOGY 475 
FOR HIGH-PERFORMANCE TELECOMMUNICATIONS ICs 

Chap. 11 • SILICON-ON-INSULATOR (SOl) TECHNOLOGY 501 

Chap. 12- MULTILEVEL INTERCONNECTS FOR ULSI 573 

Chap. 13 • POLYCIDES AND SALICIDES OF TISI2, CoSI2 AND NISI 603 

Chap. 14 • LOW·kDIELECTRICS 639 

Chap. 15 • DUAL-DAMASCENE INTERCONNECTS 671 

Chap. 16 • COPPER INTERCONNECT PROCESS TECHNOLOGY 711 

INDEX 795 

v 

UMC 1334
UMC v. AICP



DETAILED TABLE OF CONTENTS 

PREFACE 

Chap. 1 -THE EVOLUTION OF THE STRUCTURE OF MOSFETS 
1.1 THE STRUCTURE OF DEEP-SUBMICRON MOSFETS: 

(0.25-,um to 0.13-,um)- COMPARED TO THE STRUCTURE OF 
"CONVENTIONAL" MOSFETS (2.0-,um to 0.5-,um) 2 

1.1.1 Evolution of the MOSFET Gate Stack and Contact Structure 
1.1.2 Gate Dielectric Materials in Deep-Submicron MOSFETs 
1.1.3 Doping-Concentration Profiles of the MOSFET Channel 
1.1 .4 Evolution of the Drain Structure of MOSFETs 

1.2 DEEP-SUBMICRON CMOS STRUCTURES 10 

1.2.1 Substrate Issues for Deep-Submicron CMOS 
I .2.2 Well Formation in Deep-Subrnicron CMOS 
1.2.3 Dual-Doped Poly in Deep-Submicron CMOS 
1.2.4 Shallow Trench Isolation for Deep-Submicron CMOS 
1.2.5 Silicon-On-Insulator (SOl) Technology 

1.3 LIMITS TO CONVENTIONAL MOSFET SCALING 15 

REFERENCES 16 

1 

Chap. 2- 300-MM SILICON WAFERS 17 

2.1 300-mrn SILICON CRYSTAL GROWTH 17 

2.2 GROWN-IN SILICON DEFECTS: 21 
CRYSTAL-ORIGINATED-PARTICLES (COPS) & DISLOCATION LOOPS 

2.3 DETAILS OF THE FORMATION OF 
CRYSTAL-ORIGINATED-PARTICLES (COPS) 23 

2.3.1 The Radial Distribution of Grown-In Defects on the Wafer Surface 

2.4 THE OXYGEN-STACKING-FAULT RING (OSF-RING) 26 

2.5 MITIGATING EFFECTS OF COPS 
BY USE OF POST -CRYSTAL-GROWTH ANNEALING 27 

2.6 ELIMINATION OF COPS WITH "PERFECT-SILICON" 29 

vii 

UMC 1334
UMC v. AICP



viii CONTENTS 

2.7 MINIMIZING PERFORMANCE-DEGRADATION CAUSED BY COPS 
THROUGH THE USE OF HIGH-PULL-SPEED SILICON 30 

2.8 GETTERING FOR ULSI PROCESSES 32 

2.8.1 Basic Gettering Principles 
2.8.2 Extrinsic Gettering 
2.8.3 Intrinsic Gettering 
2.8.4 Gettering with Oxygen Precipitates 
2.8.5 Summary of Gettering 

2.9 STATUS OF SILICON WAFER TECHNOLOGY & FUTURE TRENDS 45 

2. 9.1 Epitaxy-Optimized Substrate (EOS) Wafers 
2.9.2 Comparing the Grown-In Defect Characteristics of the "New" Wafers 
2.9.3 Gettering Methods & Denuded Zone Formation Techniques Used 

with the "New" Wafers 
2.9.3.1 "Magic DeNuded Zone" 

2.10 FROM INGOT TO FINISHED WAFER: 
SLICING, ETCHING, AND POLISHING 52 

2.1 0.1 Ingot Evaluation 
2.1 0.2 Ingot Surface Grinding 
2.10.3 Grinding Flats or Notches on the Ingot for Orientation Purposes 
2.10.4 Sawing the Ingot into Slices (Wafers) 
2.1 0.5 Laser Marking the Wafers 
2.10.6 Lapping and Grinding the Wafers 
2.10.7 Removal of Surface Mechanical Damage by Chemical Etching 
2.20.8 Rounding the Wafer Edge (and Notch) 
2.10.9 Edge Polishing of the Wafers 
2.1 0.10 Chemical-Mechanical Polishing of the Wafers 
2. 1 0. 11 Cleaning the Wafers 
2.1 0.12 Depositing Epitaxial Silicon Layers on the Wafers 
2.10.13 Shipping 300-mm Wafers: Its Impact on the Evolution of Wafer 
Shipping Boxes 

2.11 SPECIFICATIONS OF SILICON WAFERS FOR VLSI 63 

2.12 THE ECONOMICS OF SILICON WAFERS 66 

REFERENCES 69 

Chap. 3- GATE DIELECTRICS: THIN GATE OXIDES 75 
3.1 REQUIRED CHARACTERISTICS OF GATE DIELECTRICS FOR 

DEEP-SUBMICRON MOSFETS 76 
3.2 THE STRUCTURE OF THERMALLY GROWN Si02 

AND THE PROPERTIES OF THE Si!Si02 INTERFACE 80 

UMC 1334
UMC v. AICP



CONTENTS ix 

3.2. 1 The Microscopic Structure of Thermally Grown Si02 
3.2.2 The Si/Si02 Interface 

3.2.2.1 Interface Trap Charge 
3.2.2.2 Effect of Interface Traps on IC Characteristics 
3.2.2.3 Oxide Trapped Charge 
3.2.2.3 Effect of Oxide Trapped Charge on Device Characteristics 

3.3 DIELECTRIC BREAKDOWN IN SILICON DIOXIDE FILMS 90 

3.3.1 Electron Trapping in Silicon Dioxide: 
3.3.2 The Electric-Field Driven Model of Oxide Degradation (E Model) 
3.3.3 The Current-Driven Model of Oxide Degradation (1/E Model) 
3.3.4 The Hole-Trapping Mode] that Describes How Holes are Injected & 

Trapped in Si02 
3.3.5 Comparing the Electric-Field Driven and Current Driven Oxide 

Breakdown Models 
3.3.6 Time to Breakdown (T 80) and Charge to Breakdown (Q80) 

3.4 LEAKAGE CURRENTS IN Si02 FILMS (TUNNELING PHENOMENA) 99 

3.4.1 Fowler-Nordheim (FN) Tunneling (Tunneling Into Silicon Dioxide) 
3.4.2 Direct Tunneling (Tunneling Through Silicon Dioxide) 

3.5 MODELS OF THIN OXIDE GROWTH 104 

3.6 SINGLE-WAFER TECHNOLOGY OF THIN OXIDE GROWTH 109 

3.6.1 Rapid Thermal Oxidation Tools 
3.6.2 Wet RTO Processes 

3.7 NITRIDED & FLUORINATED OXIDES AS GATE DIELECTRICS 112 

3.7.1 Oxynitridation of Silicon in N20 
3.7 .2 Oxynitridation of Oxides in N20 or NO 
3. 7.3 Fluorinated Gate Oxides 

3.8 PROJECTIONS OFTIDCKNESS LIMITS OF GATE OXIDES 121 

3.8.1 Minimum Oxide Thickness Due to Defects and Tunneling 
3.8.2 Minimum Oxide Thickness: Stress Induced Leakage Current (SILC) 
3.8.3 Soft-Breakdown of Oxide Films 
3.8.4 Impact of Polysilicon Depletion 
3.8.5 Impact of Process Induced Damage 
3.8.6 Summary of Oxide Thickness Projections 

3.9 MEASURING THIN GATE OXIDES 135 

3.10 MANUFACTURING THIN GATE OXIDES 137 

3.10.1 Process Control Issues of Growing Ultra-Thin Gate Oxides 

3.10.2 Thin Gate Dielectric Stacks Based on Silicon Dioxide 

REFERENCES 139 

UMC 1334
UMC v. AICP



X CONTENTS 

Chap. 4 - HIGH-k DIELECTRICS 145 

4.1 HIGH-k DIELECTRICS AS THE GATE DIELECTRIC IN MOSFETS 145 

4.1.1 Integrating High-k Dielectrics into MOSFET Structures: 

4.2 HIGH-k DIELECTRICS AS THE CAPACITOR DIELECTRIC IN DRAMS 150 

4.3 HIGH-k DIELECTRICS FOR FeRAM APPLICATONS 154 

4.4 TANTALUM PENTOXIDE (Ta20 5) 154 

4.4.1 Tantalum Pentoxide as a DRAM Capacitor Dielectric 
4.4.2 Tantalum Pentoxide as a MOSFET Gate Dielectric 

4.5 BARIUM STRONTIUM TITANATE (BST) 162 
AS A DRAM CAPACITOR DIELECTRIC 

4.5.1 Deposition ofBST Films by CVD 
4.5.2 Microstructure Effects on the Electrical Properties of BST 
4.5.3 BST Integration Issues 

4.6 USE OF OTHER IDGH-k MATERIALS AS GATE DIELECTRICS 169 

4.6.1 Atomic Layer Deposition for Depositing Thin High-k Dielectric Films 
4.6.2 Aluminum Oxide (Al20 3) as a Gate Dielectric 
4.6.3 Zirconium Oxide (Zr02) as a Gate Dielectric 
4.6.4 Hafnium Oxide (Hf02) as a Gate Dielectric 
4.6.5 Praseodymium Oxide (Pr20 3) as a High-k Gate Dielectric 

REFERENCES 177 

Chap. 5 • THE STRUCTURE OF DEEP·SUBMICRON MOSFETS: 181 
Retrograde-Wells; Super-Steep Retrograde Channel Doping; Drain 
Engineering; Punchthrough-Controllmplants 

5.1 WELL-FORMATION IN DEEP-SUBMICRON CMOS 181 

5.1.1 Retrograde-Wells for Deep Submicron CMOS 
5 .1.2 Process Integration Issues Involving the Use of Retrograde-Wells 

5.2 SUPERSTEEP RETROGRADE CHANNEL (SSR) PROFILES 191 

5.2.1 Fabricating SSR Profiles for Sub-0.1 mm MOSFETs 

5.3 SOURCE/DRAIN ENGINEERING IN DEEP-SUBMICRON CMOS 195 

5.3.1 Parasitic Resistance of Deep-Submicron Source/Drains 

5.3.1.1 Physical Meaning of Rae• ~ , and RsnE 
5.3.1.2 Comparing the Resistance ofthe SDE Region (R5P + RsnE) to Rsat 
5.3.1.3 Parasitic Resis.tance of the Deep Contact Region of the Drain Reo 

5.3.2 MOSFETs with Elevated Source/Drains 

UMC 1334
UMC v. AICP



CONTENTS 

5.3.2 MOSFETs with Elevated Source/Drains 
5.3.3 Shallow-Junction Formation for Deep-Submicron Source/Drains 

5.3.3.1 Ultra-Low-Energy Implants 
5.3.3.2 Transient-Enhanced Diffusion 
5.3.3.3 Rapid Thermal Annealing of Shallow Junctions 

xi 

5.3.3.4 Dopant Loss for Sub-keV Implants from Self-Sputtering, Out Diffusion, 
and Surface Oxide 

5.3.4 Effect of the Overlap of the SDE Region and Gate Edge on 
MOSFET Performance 

5.3.5 SDE Junction Lateral Abruptness 

5.4 ANTI-PUNCHTHROUGH STRUCTURES IN 219 
DEEP-SUBMICRON CMOS 

REFERENCES 223 

Chap. 6 ·ADVANCED LITHOGRAPHY 1: DEEP-SUBMICRON RESISTS 227 

6.1 CHEMICALLY -AMPLIFIED DEEP-UV RESISTS 227 
FOR OPTICAL LITHOGRAPHY 

6.1.1 248-nm Photoresists 
6.1.1 .1 Amine-Contamination of DUV CA Resists 
6.1.1.2 Current State of 248-nm Resist Technology 

6.1.2 193-nm DUV Photoresists 
6.1.2.1 Problems of 193-nm Resists 

6.1.3 157-nm DUV Photoresists 

6.2 ANTI-REFLECTIVE COATING (ARCs) 244 

6.2.1 Organic BARCs 
6.2.2 Inorganic Dielectric BARCs 
6.2.3 PVD-Deposited BARCs 
6.2.4 BARCs for Dual-Damascene Applications 

6.3 PHOTORESIST PROCESSING SYSTEMS 251 

REFERENCES 257 

Chap. 7 · ADVANCED LITHOGRAPHY II: OPTICS AND HARDWARE 259 

7.1 EXCIMER LASER DEEP-UV LIGHT SOURCES 259 

7 .1.1 KrF Excimer Lasers 
7 .1.2 ArF Excimer Lasers 
7.1.3 F2 Excimer Lasers 

7.2 EXPOSURE TOOLS For DUV LITHOGRAPHY 265 

7.2.1 Exposure Tools for 248-nm Lithography 

UMC 1334
UMC v. AICP



xii CONTENTS 

7.2.2 Exposure Tools for 193-nm Lithography 
7.2.3 Exposure Tools for 157-nm Lithography 
7.2.4 Calcium Fluoride Optical Elements for DUV Lithography 
7.2.5 300-mm Lithography Tools 
7.2.6 Mix-an-Match Lithography 

7.3 RESOLUTION ENHANCEMENT TECHNOLOGIES (RETs) 274 

7 .3.1 Off-Axis Illumination 
7.3.2 Optical Proximity Correction (OPC) 
7.3.3 Phase Shift Masks (PSM) 

7.4 MASK ERROR FACTOR (MEF, or MEEF) 292 

7.5 EXTENDING THE LIMITS OF OPTICAL LITHOGRAPHY 296 

7.6 NON-OPTICAL (or NEXT GENERATION) 

LITHOGRAPHIC TECHNOLOGIES (NGL) 301 

7.6.1 Extreme Ultra-Violet Reflective Projection Lithography (EUV) 
7.6.2 Electron Beam Projection Lithography (SCALPEL and PREVAIL) 

REFERENCES 309 

Chap. 8 · CHEMICAL MECHANICAL POLISHING (CMP) 

8.1 TERMINOLOGY AND EVOLUTION OF 
PLAN ARIZA TION PROCESSES FOR ICS 313 

8.1.1 Defining the Degree of Planarization 
8.1.2 The Need for Dielectric Planarization: 
8.1.3 Design Rules Related to Intermetal Dielectric-Formation 

and Planarization Processes 
8.1.4 Step-Height Reduction of Underlying Topography 

as a Technique to Alleviate the 
Need for Planarization 

8.1.5 Planarization through Sacrificial-Layer Etchback 
8.1.5.1 Sacrificial-Etchback Process Problems 

313 

8.2 INTRODUCTION TO CHEMICAL MECHANICAL POLISHING (CMP) 322 

8.3 THE TERMINOLOGY USED TO CHARACTERIZE CMP PROCESSES 325 

8.3.1 CMP Removal Rate (RR) 

8.3.2 The Degree of Planarization (DOP) 
8.3.3 Within-Die Non-Uniformity (WIDNU) 
8.3.4 Within-Wafer Non-Uniformity (WIWNU) 
8.3.5 Wafer-to-Wafer Non-Uniformity (WTWNU) 
8.3.6 Efficiency of Planarization (EOP) 

UMC 1334
UMC v. AICP



CONTENTS 

8.5.1 The Mechanical Aspects of Silicon Dioxide Removal by CMP: 
(Preston's Law) 

xiii 

8.5.1.1 Model ofWIWNU Effects in Rotary CMP Tools Based on Preston's Law 

8.5.2 Models Which Describe Factors that Impact Oxide RR in CMP 
Through the Preston Constant 
8.5.2.1 Impact on the Oxide RR from the Electrochemical Interactions Between 

the Slurry Particles and the Oxide Surface 
8.5.2.2 Dependence of Oxide RR in CMP on Dielectric Hardness 

8.5.3 Models Which Describe Chemical-Mechanical Phenomena that 
Give Rise to Planarization Phenomena Associated with CMP of Oxides 

8.5.3.1 Model of the Mechanism That Produces Planarization of 
Steps in Oxide CMP 

8.5.3.2 Pattern Dependence of the Planarization Rate in CMP Processes 

8.5.4 Metal-CMP Mechanisms 

8.6 CMP EQUIPMENT 352 

8.6.1 CMP Polishing Tools: 
8.6.1.1 CMP Polishing Tool Configurations 
8.6.1.2 Rotary CMP Tools: 
8.6.1.3 Orbital CMP Tools 
8.6.1.4 Linear CMP Tools 
8.6.1.5 Fixed Table CMP Tools 
8.6.1.6 300-mm CMP Tools 

8.6.2 Wafer-Carriers in CMP Polishing Tools (and the CMP Edge Effect) 
8.6.2.1 CMP Edge-Effect 

8.6.3 CMP Consumables (Slurries): 
8.6.3.1 Slurries for Oxide-CMP 
8.6.3.2 Slurries for Metal-CMP 
8.6.3.3 Multi-Step Slurries 

8.6.4 Slurry-Distribution Systems 
8.6.5 Environmental, Safety, and Handling Issues of CMP Slurries 
8.6.6 CMP Consumables (Polishing-Pads) 
8.6.7 Pad-Conditioners 
8.6.8 Slurry-Free Pads 
8.6.9 Endpoint-Detection in CMP 

8.7 CLEANING ISSUES IN CMP 392 

8. 7.1 Mechanisms of Particle Adhesion and Removal from Surfaces 
8.7.1.1 Electrical Repulsion of the Particle and the Wafer Surface 
8.7.1.2 Chemically Assisted Particle Removal 
8.7.1.3 Mechanically Assisted Particle Removal 
8.7.1.4 Steric Stabilization for Suspending Particles in a Solution 

UMC 1334
UMC v. AICP



xiv CONTENTS 

8. 7.2 Practical Particle Removal Processes: Brush Scrubbing 
8.7.2.1 Brush Scrubbing to Remove Particles in Post-Oxide-CMP Processes 
8.7.2.2 Brush Scrubbing to Remove Particles in Post Metal-CMP Processes 

8.7.3 Vibrational Scrubbing to Remove Particles (Megasonic) 
8.7.4 Secondary (or Buff) Polish Procedure as a CMP Cleaning Step 

8.7.5 Post-CMP Cleaning of Metallic Contaminants 
8.7.6 CMP Cleaning Equipment 

8.8 CMP METROLOGY 407 

8.8.1 Detection of Defects Associated with the CMP Process 

8. 9 CMP POLISHER TOOL RELIABILITY 411 

8.10 CMP SYSTEMS AND PROCESS INTEGRATION 412 

8.11 CMP OF V ARlO US MATERIALS 413 

8.11.1 CMP of Oxide Interlevel & Intermetal Dielectrics (ILDs & IMDs) 
8.11.2 CMP of Tungsten 
8.11.3 CMP of Copper 
8.11.4 CMP of Aluminum 
8.11.5 CMP of Polysilicon 
8.11.6 CMP of Photoresist 
8.11.7 CMP of Low-k Dielectrics 

8.12 MISCELLANEOUS ISSUES CMP 421 

8.12.1 Dishing and Erosion 
8.12.2 Thickness Non-Uniformity Within a Wafer After CMP 

REFERENCES 428 

Chap. 9 · SHALLOW TRENCH ISOLATION (STI) 433 

9.1 EARLY SHALLOW TRENCH ISOLATION STRUCTURES 435 

9.2 STI-ENABLING PROCESSES 438 

9.3 SHALLOW TRENCH ISOLATION FOR CMOS 439 

9.4 DETAILS OF THE PROCESS FLOW TO FORM A 
BASELINE SHALLOW-TRENCH-ISOLATION (STI) STRUCTURE 446 

9.5 ISSUES INVOLVED WITH STI PROCESS INTEGRATION 455 
9.5.1 Issues Involved With Etching Trenches for STI 
9.5.2 Comer-Rounding Techniques in STI Structures 
9.5.3 Trench-Fill Dielectrics for STI 
9.5.4 Dishing Problem Associated with the CMP of STI Trench Dielectrics. 
9.5.5 Comer Engineering and Its Effects on MOSFET TURN-OFF 

Characteristics of MOSFETs Fabricated with STI 

REFERENCES 472 

UMC 1334
UMC v. AICP



CONTENTS XV 

Chap. 1 0 · SILICON-GERMANIUM (SI·Ge) TECHNOLOGY 
FOR HIGH-PERFORMANCE TELECOMMUNICATIONS ICs 

475 

10.1 INTRODUCTION TO HETEROJUNCTION BIPOLAR TRANSISTORS 475 
10.2 HETEROJUNCTION BIPOLAR TRANSISTORS WITH 

LARGE-BANDGAP EMIITERS 480 
10.3 HETEROJUNCTION BIPOLAR TRANSISTORS WITH 

SMALLER BANDGAP BASE REGIONS (Si-Ge BASE) 482 
10.4 PROCESS TECHNOLOGY FOR FABRICATING SI-GE HBTS 484 

10.5 PROCESS INTEGRATION ISSUES 
FOR BiCMOS TECHNOLOGY WITH Si-Ge HBT 486 

10.6 HIGH-QUALITY SI-GE EPITAXIAL FILM GROWTH 
ON PATTERNED WAFERS 491 

10.7 THERMAL STABILITY PROCESS INTEGRATION ISSUES 492 

10.8 COMPATIBILITY WITH ION IMPLANTATION PROCESSES 492 

10.9 COMPATIBILITY WITH THERMAL OXIDATION PROCESSES 493 

10.10 VERTICAL SCALING OF Si:Ge HBTS 493 
10.11 BASE-DURING-GATE AND BASE-AFfER-GATE 

BiCMOS PROCESS FLOWS 495 
10.12 EXAMPLES OF THE MODULAR INTEGRATION OF 

Si-Ge HBTS INTO A BiCMOS PROCESS FLOW 497 

REFERENCES 499 

Chap. 11 · SILICON·ON·INSULATOR (SOl) TECHNOLOGY 501 
11.1 WHAT IS SILICON-ON-INSULATOR (SOl)? 501 

11.1.1 Isolation Issues in CMOS in Bulk Silicon 
11.1.2 Isolation in SOl CMOS 

11 .2 THE "END OF THE ROAD FOR BULK CMOS" SCENARIO 
PREDICTED :BY THE 1999 INTERNATIONAL TECHNOLOGY 
ROADMAP FOR SEMICONDUCTORS 505 

11.2.1 Source/Drain Junction Scaling 
11.2.2 Dopant Activation in Shallow Source/Drain Junctions 
11.2.3 Doping Profile Abruptness in Shallow Source/Drain Junctions 

11.3 WHY SOl? 510 
11.3.1 The Path of Using SOl May Allow Extension of the ITRS Roadmap 

11.4 HISTORY OF SILICON-ON-INSULATOR (SOl) TECHNOLOGY 516 

11.5 SILICON-ON-INSULATOR DEVICES 518 

11.5.1 Partially-Depleted Thin SOl MOSFETs (PD-SOis) 

UMC 1334
UMC v. AICP



xvi CONTENTS 

11.5.2 Fully-Depleted Thin SOl MOSFETs (FD-SOis) 
11.5.3 Process Technologies Used to Fabricate Fully-Depleted SOl Devices 

11.5.3.1 FD-SOI: Thinning Si-SOI Surface Layer by Thermal Oxidation 
11.5.3.2 FD-SOI Fabrication by LOCOS Recess of the MOSFET Channel Region 

11.6 FABRICATION TECHNOLOGIES USED TO PRODUCE SOl-
STARTING-WAFERS 527 

11.6.1 Silicon-on-Sapphire (SOS) 
11.6.2 SOl by Separation by Implanted Oxygen (SIMOX) 

11.6.2.1 High-Dose SIMOX 
1 1.6.2.2 Low-Dose SIMOX 

11.6.3 Wafer Bonding 
11.6.3.1 Bond and Etch-back SOl (BESOI) 
11.6.3.2 Hydrogen-Implantation-Induced Layer Splitting to Create SOl Substrates 
(SMART-CUT®) 
11.6.3.3 NANOCLEA VE® Wafer Bonding SOI 
11.6.3.4 ELTRAN® Wafer Bonded SOl 

11.7 LATERAL ISOLATION IN SOl 550 

11.8 SOl PRODUCT EVOLUTION 556 

11.9 PROBLEMS ASSOCIATED WITH SOl 559 

11.9.1 Floating Body Effects in Partially-Depleted SOl MOSFETs 
11 .9.1 .1 Kink Effect in Partially Depleted SOl NMOSFETs 
11.9 .1.2 Transient 10 Effects 
1 1.9.1 .3 Effect of Building Partially Depleted SOl MOSFETs Wilhout 

Body Contacts 

11.9.2 Short-Channel Effects in SOI MOSFETs 
11.9.3 Self-Heating Effects in SOl MOSFETs 
11.9 .4 Reliability Issues of SOl 

REFERENCES 568 

Chap. 12 · MULTILEVEL INTERCONNECTS FOR ULSI 573 
12.1 EVOLUTION OF THE STRUCTURE AND MATERIALS 

USEDINICINTERCONNECTS 575 

12.1.1 Single-Level Metal Interconnects in Early ICs 
12.1.2 Double-Level Metal Interconnects in Early Bipolar ICs 
12.1.3 Double-Level Metal Interconnects in CMOS ICs 

(Partial Planarization of the ILD) 
12.1 .4 Three-Level Metal Interconnects in CMOS ICs 

(CMP of the ILD & W-Plugs) 
12.1.4.1 Problems ofW-plug/Al-line Interconnect Structures 

12.1.5 Dual Damascene Cu/Low-k Interconnects 

UMC 1334
UMC v. AICP



CONTENTS xvii 

12.1.6 Other Geometrical Aspects of Multilevel ULSI Interconnects 
12.2 PERFORMANCE REQUIREMENTS 

OF ULSI INTERCONNECT SYSTEMS 586 
12.2.1 Propagation Delays in ULSI Multilevel Interconnects 

12.2.1.1 Case When the k-Value of the ILD is Constant Throughout 
the Interconnect System 

12.2.1.2 Case When the k-Values of the Interlevel and 
Intralevel ILD are Different 

12.2.1.3 Minimizing the RC Delay in the Local Interconnect Region 
12.2.1 .4 Minimizing the RC Delay in the Global Interconnect Regions 

12.2.2 Power Dissipation Issues in ULSI Interconnects 
12.2.3 Crosstalk in ULSI Interconnects 
12.2.4 Contact Resistance in ULSI Interconnects 
12.2.5 Electrostatic Discharge Protection Issues of Interconnects 

12.3 SUMMARY OFUSLI INTERCONNECT ISSUES 
AND FUTURE TRENDS 599 

REFERENCES 601 

Chap. 13 • POL YCIDES AND SALICIDES OF TISi2, CoSi2 AND NISI 603 

13.1 POL YCIDES AND SALICIDES 603 

13.2 POLYCIDES FABRICATED BY CVD OF TUNGSTEN SILICIDE (WSix) 605 

13.3 SALICIDE (SELF-ALIGNED SILICIDE) STRUCTURES 608 

13.4 THE EFFECTS OF SALICIDES ON MOSFET PERFORMANCE 612 

13.5 SALICIDES FORMED WITH TITANIUM SILICIDE (TiSi2) 614 

13.5.1 Reaction Kinetics ofTiSi2 Formation (and the Problem of Bridging) 
13.5.2 The TiSi2 Narrow-Line Effect 
13.5.3 Proposed Process Modifications to Mitigate the TiSi2 Narrow-Line Effect 
13.5.4 Junction Dopant Redistribution and Silicon Consumption 

During TiSi2 Formation 

13.6 SALICIDES FORMED WITH COBALT SILICIDE (CoSi2) 624 
13.6.1 Advantages and Drawbacks of Cobalt Salicides 
13.6.2 Details of the Cobalt Salicide Fabrication Process 
13.6.3 Diode Leakage Issues Involving Cobalt Salicides 
13.6.4 Sensitivity of Cobalt Salicide Films to Degradation by Oxygen Ambients: 

TiN Capping of Cobalt Salicide Films 

13.7 EPITAXIAL CoSi2 630 

13.8 CoSi2 AS A SOURCE/DRAIN DIFFUSION SOURCE 631 

13.9 NICKEL SILICIDE FILMS FOR SALICIDE APPLICATIONS 634 

REFERENCES 635 

UMC 1334
UMC v. AICP



xviii CONTENTS 

Chap. 14- LOW-kDIELECTRICS 
14.1 INTRODUCTION TO LOW -k DIELECTRICS 635 

14.1.1 Spin-On versus CVD Methods for Fonning Low-k Dielectrics 
14.1.2 Silicon-Based versus Carbon-Based Low-k Dielectrics 
14.1.3 Status of Low-k Dielectrics in 2000 

639 

14.2 DESIRED CHARACTERISTICS OF LOW -k DIELECTRIC FILMS 646 

14.3 GENERAL PROCESS INTEGRATION ISSUES INVOLVING 
LOW -k FILMS 648 

14.4 FIRST GENERATION LOW-k DIELECTRICS (2.8 < k < 3.5) 650 

14.4.1 Hydrogen Silsesquioxanes (HSQ) 
14.4.2 Spin-On Methyl Silsesquioxanes (MSQ) 
14.4.3 Fluorinated Silicate Glass (FSG) Films 

14.5 SECOND-GENERATION LOW-k DIELECTRICS (2.5 < k < 2.8) 655 
14.5.1 2nd-Genereation Spin-On-Dielectrics: (2.5 < k < 2.8) 
14.5.2 2nd-Generation CVD-Dielectrics: (2.5 < k < 2.8) 

14.5.2.1 2nd Generation Low-k CVD-Films: Organo-Silicate Glasses 

14.5.2.2 2nd Generation Low-k CVD-Films: FlowFill CVD Films 
14.5.2.3 2nd Generation Low-k CVD-Films: Black Diamond & Coral CVD Films 
14.5.2.4 2nd Generation Low-k CVD-Films: Parylene CVD Films 

14.6 ULTRA-LOW-k DIELECTRICS: (k < 2.3) 663 

REFERENCES 669 

Chap. 15 - DUAL-DAMASCENE INTERCONNECTS 
15.1 DAMASCENE VERSUS SUBTRACTIVE 

INTERCONNECT STRUCTURES 671 
15.2 DAMASCENE INTERCONNECTS AS ALTERNATIVE 

DEEP-SUBMICRON INTERCONNECTS 672 
15.3 SINGLE-DAMASCENE INTERCONNECT STRUCTURES 

15.4 INTRODUCTION TO DUAL-DAMASCENE 674 
INTERCONNECT PROCESSES 

15.5 THE THREg DUAL-DAMASCENE PROCESS SEQUENCES 676 

15.6 THE EVOLUTION OF DUAL-DAMASCENE FROM Si02 TO 
LOW-k DIELECTRIC STACKS 679 

683 15.7 TRENCH-FIRST DUAL-DAMASCENE PROCESS FLOW 

15.8 VIA-FIRST DUAL-DAMASCENE PROCESS FLOW 
WITH AN Si02 DIELECTRIC STACK 685 

671 

UMC 1334
UMC v. AICP



CONTENTS xix 

15.9 PROCESS INTEGRATION ISSUES OF THE VIA-FIRST DUAL­

DAMASCENE PROCESS FLOW WITH A LOW-k-
DIELECTRIC STACK 687 

15.9.1 Via-First-Damascene Integration Issues: Lithography 

15.9.1 .1 Via-Patterning Lithography Issues 

15.9.1.2 Trench-Patterning Lithography Issues- DUV Resist Poisoning 

15.9.1.3 Trench-Patterning Lithography Issues- Trench CD Control Issues 

15.9.1.4 Trench-Patterning Lithography Issues- BARC Veils 

15.9.1.5 Bi-Layer Resist Process 

15.9.2 Via-First-Damascene Integration Issues: Dielectric Etching 

15.9.2.1 Via-Etching for Low-k Processes 

15.9.2.1 Trench-Etching 
15.9.2.1 Etching the SiN Barrier at the Bottom of Vias 

15.9.3 Via-First-Damascene Integration Issues: Resist Stripping 

15.9.4 Via-First-Damascene Integration Issues: Cleaning 
15.9.4.1 Post-Dielectric-Etch-and-Strip Residue-Removal 

15.9.4.2 Pre-Metal-Deposition Clean 
15.9.4.3 Post-CMP Clean 
15.9.4.4 Clean of Top-Surface of Cu Prior to Diffusion-Barrier-SiN-Deposition Process 

15.9.4.5 Supercritical Fluids as Wafer Cleaners 

15.10 VIA-FIRST DUAL-DAMASCENE DIELECTRIC STACK 
WITH NO EMBEDDED ETCH-STOP LAYER 708 

15.11 PROCESS INTEGRATION ISSUES OF DUAL-DAMASCENE 
DIELECTRIC STACK WITH UL TRALOW -k DIELECTRICS 708 

REFERENCES 709 

Chap. 16- COPPER INTERCONNECT PROCESS TECHNOLGY 711 
16.1 WHY COPPER FOR DEEP-SUBMICRON IC INTERCONNECTS? 712 

16.1.1 The Advantages of Copper Interconnects 
16.1.2 Technological Challenges of Using Copper Interconnects 

16.2 OVERVIEW OF COPPER PROCESS TECHNOLOGY 723 

16.2.1 The Transition from Aluminum to Copper Interconnects 
16.2.2 The Key Goal of Depositing Copper into Damascene Recesses 

16.3 BARRIER LAYERS FOR COPPER INTERCONNECTS 728 

16.3.1 The Impact of the Barrier-Layer Deposition Process on the 
Filling of Damascene Recesses with Copper 

16.3.2 Introduction to the Technology of Depositing Barrier-Layers for 
Cu Interconnects 

UMC 1334
UMC v. AICP



XX CONTENTS 

16.3.3 Ionized Magnetron Sputter Deposition 
16.3.4 Hollow-Cathode Magnetron Sputtering Source 
16.3.5 Self-Ionized-Plasma Sputtering Source 
16.3.6 Material Properties of Tantalum and Refining Tantalum Metal 

For Semiconductor Applications 
16.3.6.1 Material Properties of Tantalum 
16.3 .6.2 Refining and Forming Tantalum Metal For Sputtering Targets 
16.3.6.3 The Properties of Tantalum (and TaN & TaSiN) as Cu-Barrier Layers 

16.3.7 Other Candidate Materials for Cu-Barrier Layers 

16.4 SEED-LAYER TECHNOLOGY FOR COPPER INTERCONNECTS 740 

16.5 COPPER INTERCONNECT FILM DEPOSITION 747 

16.5.1 Electrolytic-Plating of Copper 
16.5.2 Filling High-Aspect-Ratio Recesses Without Voids Using a 

Cu Electrolytic Electroplating Process 
16.5.2.1 The Electroplating Process Sequence 
16.5.2.2 Additives in Plating Baths for Damascene Cu Interconnects 

16.5.2.3 Models of How Additives in Plating Baths Impact "Bottom-Up" Filling 

16.5.2.4 Electroplating Bath Control 
16.5.2.5 Pulsed Plating 

16.5.2.6 Copper Thickness Variation Within a Wafer After Electroplating 

16.5.3 Post-Electroplating Cu Annealing and Recrystallization 
16.5.4 Electrochemical Mechanical Deposition (ECMD™) 
16.5.5 Electroless-Plating of Copper 
16.5.6 CVD of Copper 

16.6 WET-CHEMICAL ETCHING AND ELECTROPOLISHING COPPER 775 

16.7 CONTAMINATION CONTROL IN COPPER TECHNOLOGY 778 
16.7.1 Sources of Copper Cross-Contamination in a Wafer Fab 
16.7.2 Effects of Copper-Cross Contamination at the Back-End-of-Line (BEOL) 
16.7 .3 Cu Removal from the Wafer Bevel/Edge and Backside 

16.8 RELIABILITY OF COPPER INTERCONNECTS 784 
16.8.1 Reliability of Copper Interconnects: "Missing-Metal" Defects 
16.8.2 Reliability of Copper Interconnects: Plated vs. CVD Cu Films 

16.9 ENVIRONMENTAL, HEALTH, & SAFETY ISSUES OF CU TECHNOLOGY 787 
16.9.1 Copper Waste Handling 

16.9 .1.1 Handling Concentrated Waste from Plating and Wafer Reclaim 

16.9 .1.2 Handling Copper CMP Effluents 

REFERENCES 789 

INDEX 795 

UMC 1334
UMC v. AICP



PREFACE 

With the dawn of the new millennium, IC technology-nodes have evolved beyond 
0.18-micron. New processes also had to be developed to meet the needs of this 
Deep-Submicron Era, including: copper/low-k dual-damascene interconnects; 
high-k MOSFET-gate and DRAM dielectrics; 300-mm wafers; chemical­
mechanical polishing (CMP); excimer-laser-based DUV -lithography; chemically­
amplified (CA) resists; silicon: germanium (Si:Ge); and silicon-on-insulator (SOl). 

The semiconductor industry, however, also experienced an economic decline of 
unprecedented severity at the start of the 2000 decade. It seams clear that to fuel the 
recovery, chip manufacturers will have to exploit the above innovations. Such 
processes are a path to achieving the performance goals of future IC technology­
nodes that will be needed for manufacturing new and profitable electronic products. 

This is the first available book dedicated exclusively to describing such deep­
submicron process technologies (including those listed above). It is intended to 
provide semiconductor engineers and researchers with a comprehensive, state-of­
the-art reference about these emerging and leading-edge processes. While many 
other books have been written about the "traditional" IC fabrication processes, 
none offer what this volume contains. It's sole focus is those techniques needed to 
manufacture chips for 0.18-J.Im (and smaller) generations. Thus, it belongs on the 
shelf of every microelectronic professional whose livelihood depends on having a 
thorough grasp of the latest advances in IC fabrication techniques. There is no 
faster way to gain this information. As with our other volumes, owners will find 
themselves referring to this text again and again! 

Readers can still consult Vol. I, 2"d Edition for background material on basic IC 
fabrication modules, as this book (Vol. 4) does not repeat that information. Instead, 
it presents over 800 pages of new content about the process technologies of the 
2000's. It also has over 900 references (with 200 of these being published since 
2000), and more than 500 illustrations. It is written in the same lucid, user-friendly 
style that has been widely praised in the other volumes of Silicon Processing for 
the VLSI Era. 

As with the previous volumes, this text was produced using an accelerated 
book-production schedule. By employing revolutionary publishing techniques 
made available in the 1990's, Lattice Press can tum a finished manuscript into a 
published text in less than 3 months (a task that takes most publishers of technical 
books 15-18 months). This allows our books to be released faster, and to contain 
the most-up-to-date information at the time of publication. 

xxi 
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xxli PREFACE 

SILICON PROCESSING FOR THE VLSI ERA is a multi-volume treatise 
designed to provide a comprehensive and up-to-date treatment of this important 
and rapidly changing field. The volume in hand is the fourth in the series. 
Volume 1 (Process Technology, 2"d Edition) was published in 2000 and deals 
with individual processes employed in the fabrication of silicon ULSI circuits 
(such as silicon wafering, thermal oxidation of silicon, CVD and PVD of 
amorphous and polycrystalline films, diffusion and ion implantation of dopants 
in silicon, microlithography, and patterning technology). Volume 2 (Process 
Integration) was released in 1990, and describes how the individual processes of 
Volume 1 are combined in various ways to produce MOS and bipolar VLSI and 
ULSI circuits. The task of integrating these various fabrication processes together 
is referred to as process integration. In Volume 3 (The Submicron MOSFET, 
published in 1995) the topics of submicron MOSFET device physics and the 
relationship between such device physics and submicron MOSFET fabrication 
are addressed. 

A book of this length and diversity would not have been possible without the 
indirect and direct assistance of many others. From an indirect perspective, 
virtually all of the information presented here is based on the research efforts of 
countless numbers of scientists and engineers. Their contributions are recognized 
to a small degree in citations of their articles given in the references at the end of 
each chapter. The direct help was also provided by many people, and the 
resulting text is thus significantly better. The author expresses heartfelt thanks to 
those who gave their time, energy, and intellect. 

Important direct help came from members of my immediate family. My wife, 
Carrol, read the manuscript for grammatical and stylistic correctness. My son, 
Ross, designed the cover and improved many of the graphics. My daughter, 
Jennifer, helped in marketing the book. Thus, it truly represents a family 
enterprise. 

Stanley Wolf 

For additional copies of the books contact: 

LATTICE PRESS 
Post Office Box 340 
Sunset Beach, CA 90742 USA 

www.latticepress.com 

For your convenience an order form is provided on the final leaf of the book. 
It can also be ordered from the LATTICE PRESS website. 
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Chapter 1 

THE EVOLUTION OF THE STRUCTURE OF MOSFETS 

The silicon MOSFET is the most important active-device in ULSI integrated 
circuits. Over the past 30 years, MOSFET dimensions have been decreasing at a 
dramatic rate - from gate lengths of 1 0-pm in the early 1970s to Jess than 0.13-
J.lm today. This gate-length scaling is expected to continue, and may reach 0.05-
J.lm (50-nm) at the end of the projected shrink path in 2012. Table 1-1 shows the 
predicted scaling of MOSFETs according to the 2001 IRTS Roadmap.l 

MOSFETs are the dominant devices in Si ICs largely because they can be 
scaled to increasingly small dimensions, and this scaling results in higher perfor­
mance. However, the structure of the MOSFET has undergone many changes 
besides the scaling of feature sizes down to the deep-sub-micron regime of today. 

Figure 1-1 shows a SEM of a MOSFET with a gate length of 2-)1m (Fig. 1-1a, 
circa 1985), and also of a MOSFET with a gate length of 0.2-pm (Fig. 1-1 b). 
With the exception of being scaled, the basic structure of the MOSFET does not 
appear to be fundamentally changed. However, several aspects of the MOSFET 
device structure have been modified. (This can be better illustrated in schematic 
drawings that depict MOSFET cross-sections with a 1.5-pm gate length and a 
0.18-J.Lm gate length, see Fig. 1-2.) In this chapter the structure of deep-sub­
micron MOSFETs is compared to those of technology generations in which the 
gate length exceeded 1.0-J.Lm. In this discussion the term deep-submicron 
MOSFETrefers to MOSFETs with a gate length of0.25-J.Lm or smaller. How the 
structure of CMOS devices must be reconfigured when building ICs using 
devices whose minimum sizes are in the deep-submicron regime is also covered.* 

*By 2001, several novel MOSFET structures were being studied as alternatives for the 
"conventional" MOSFET when it's scaling limits are reached. Such new structures 
include the vertical-, the replacement-gate-, and double-gate-MOSFETs. However, by 
2002 these structures (and others) were still in their infancy. It is not likely that they will 
be put into production for many years. The focus of this text, however, is on process 
technology that is in {or about to be put into) mainstream IC manufacturing lines in the 
2001-3 timeframe. Thus, these novel structures will not be described here further. How­
ever, readers interested in more data on such futuristic MOSFETs should see such recent 
reviews as Ref. 8, and the Technical Digests of the IEEE International Electron Devices 
Meetings (IEDM), and Digests of Technical Papers of the Symposium VLSI Technology. 

1 
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Table 1-1 PRINTED GATE LENGTHS OF MOSFETS ITRS2001 1 

2001 2002 2003 2004 2005 2006 2007 

PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35 

The purpose of this chapter is to show how the MOSFET structure has had to 
be changed when deep-subrnicron integrated circuits were fabricated. The device 
physics details that underlie the need for building such deep-submicron MOSFET 
structures are not presented here. While some of such information is found in 
later chapters, a more in-depth discussion of this topic is left to other texts (such 
as Vol. 3 of this series,2 and elsewhere.3) 

1.1 THE STRUCTURE OF DEEP-SUBMICRON MOSFETS: (0.25 IJ1IIO 0.13 pm) 
COMPARED TO EARLIER-GENERATION MOSFETS: (2.0 111110 0.5 pm) 

In this section the structures of deep-submicron MOSFETs of the 2001-2002 
timeframe (i.e., with gate lengths from 0.25 f.Lm down to about 0.13 f..LID) are 
compared to those fabricated in the late 1980s and early 1990s (i.e., with gate 
lengths that ranged from 2.0 f.Lm down to about 0.5 f.Lm). 

The following parts of the MOSFET will be examined, to see how the device 
structure had to be modified in order to allow high-perfonnance deep-submicron 
MOSFETs to be implemented: 

1. MOSFET gate-stack and contact structure; 

2. Gate dielectric materials for the MOSFET; 

3. Doping-concentration profiles of the MOSFET channel; 

4. Drain structure of the MOSFET. 

b) 

Fig. 1·1 SEMs of MOSFET cross-sections with different gate lengths: a) 2.0 ,urn; b) 0.2 pm. 
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Fig. 1-2 Schematics of MOSFET cross-sections with different gate lengths: a) 1.5 J.IID; b) 
0.2 J.lffi. 

Note that in CMOS ICs there are some additional structural aspects of the 
in tegrated circuit that must be considered besides those pertaining to the active 

device (MOSFET) structure. That is, the characteristics of the following two 

CMOS elements must also be addressed: 1) the on-chip interconnect system; and 
2) the substrate and isolation structures. The issues relating to the substrate and 

the iso lation structures will be considered in the following section of this chapter, 
while general issues related to the interconnect system are covered in Chap. 12. 

1.1.1 Evolution of the MOSFET Gate Stack and Contact Structure 
MOSFETs have used polysilicon as the gate material since the mid-1970s (i.e., 

when the polysilicon-gate structure replaced metal [AI] gates) . The gate material 
in earlier MOSFETs for both NMOS and CMOS technologies down to about 

UMC 1334
UMC v. AICP



4 SILICON PROCESSlNG FOR THE VLSI ERA -VOLUME IV 

0.35-,um was n+ -doped poly (usually heavily doped with phosphorus - see also 

the following section on CMOS technology for more information on poly 
doping). However, as the MOSFET gate lengths were scaled below about 1.25-
,um, the resistance of the polysilicon lines became too large for them to be 
effective in their secondary role as a local interconnect (even when they were 
doped as heavily as possible). At that point it became necessary to clad the top 
surface of the poly film with a metal silicide layer (most commonly WSix)· This 
multi-layer gate stack was called a polycide structure (see Chap. 13 for more 
details on WSix polycides). Use of the polycide gate stack structure allowed the 
resistance of lines implemented with heavily-doped poly to be reduced by about a 

factor of four. Implementing WSix polycides thus permitted the use of single­
level-metal interconnects in MOS-based ICs to be extended for one or two more 
technology nodes. (Note that the polycide structure is not shown in Fig. l-2a, but 
is shown in Fig. 13-1.) 

In deep-submicron CMOS, the silicide atop the poly layer is no longer WSix. 
Instead it is replaced with TiSi2 or CoSi2. These two silicides have lower 

resistivities than WSix. In addition, TiSi2 or CoSi2 can be simultaneously formed 
on the source and drain contact-regions at the same time they are formed on the 

poly lines. MOSFETs with a silicide on both the poly and the source/drain 
contact regions are said to contain a s_elf-aligned silicide (or salicide) structure (as 
shown in Fig. 1-2b ). The salicide structure provides two main benefits to the 
MOSFET: 1) the poly lines have a lower resistivity due to the presence of the 
silicide; and 2) the contact region exhibits a smaller contact resistance and sheet 
resistivity as compared to a contact region that does not have such a silicide. The 
details of the salicide formation processes, and the comparison of titanium 

silicides and cobalt silicides for this role are described in Chap. 13. 

1.1.2 Gate Dielectric Materials in Deep-Submicron MOSFETs 
Thermally grown Si02 has been used as the gate dielectric material for over 30 
years (ever since MOSFETs ICs were first introduced). The thickness of this 
oxide has been continuously scaled to improve the MOSFET drain current and to 
control short-channel effects. The gate-oxide thickness has been approximately 

linearly scaled with channel length, with the ratio of gate length LE to oxide 
thickness t0 x being maintained at approximately 45 (i.e., LE/t0x -45).4 For 
example, a 200-A gate-oxide thickness was used in MOSFETs with a gate length 
of 1.0-,um, and a 40-A gate-oxide thickness was used for 0.18-,um MOSFETs. 

It is predicted that Si02 will continue to be used as the gate dielectric in 
MOSFETs until about 2004-2005. At that point (for MOSFETs with a gate 
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Fig. 1·3 a) Doping profile in a conventional diffused CMOS well; b) Doping profile in the 
CMOS well with a threshold-adjust implant; c) Doping profile in a CMOS well with a 
threshold-adjust implant and an anti-punchthrough implant. 

length of 0.1 pm), the required oxide thickness will be less than 20-.A (assuming 
the same ratio LE/t0 x is maintained). However, when the oxide reaches a 
thickness of less than 20.A, the gate-to-channel tunneling leakage-current will 
become approximately as &reat as the off-state source-to-drain leakage-current of 
the MOSFET ( -10-nA/pm) .. As a result, it may not be feasible to build logic 
MOSFETs (i.e., not even high-performance-logic MOSFETs) with Si02 gate 
dielectric layers thinner than about 20-.A. Other devices (e.g., DRAM capacitors, 
or oxides used in non-volatile memory structures) will face even more stringent 
oxide thickness limitations. Such limits to gate oxide thickness are considered in 
more detail in Chap. 3. 

To allow the gate lengths of MOSFETs to continue to be scaled below 0.1 
pm, 1t seems it will be necessary to use alternative high-k-dielectric materials 
instead of Si02. With these materials, thicker dielectric layers can be used, and 
yet the same inversion layer characteristics can be maintained. These thicker lay­
ers result in less carrier tunneling, and thus they permit further scaling. The use 
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of high-k dielectrics as alternative gate-dielectric materials 1s discussed in 
Chapter. 4. 

1.1.3 Doping-Concentration Profiles of the MOSFET Channel 
In earlier MOSFETs the channel region had a doping concentration profile (prior 
to the VT-adjust implant) that is initially relatively flat with respect to depth 
below the silicon/oxide interface. In NMOS technology, this flat profile exists 
because the starting-substrate Si-wafers in which the NMOSFETs are fabricated 
are uniformly doped. In CMOS technology, the initial flat doping profiles are 
created from the processes used to create '"conventional" CMOS well regions. 
That is, in such processes the well dopant is introduced into the silicon wafer 
near its surface using a shallow implant step. Then a long, high-temperature 
drive-in process diffuses these dopants away from the silicon surface, resulting in 
a doping profile that is relatively constant with depth near the silicon surface (see 
Fig. l-3a). A Vradjust implant (using boron for both NMOS and PMOS) is then 
carried out to provide a doping profile as shown in Fig. l-3b. As the NMOSFET 
approached 1-,um in gate length, a blanket anti-punchthrough boron implant was 
also carried out (typically following the Vradjust implant step). This caused a 
doping profile to exist in the channel as shown in Fig. 1-3c (and the MOSFET 
structure as in Fig. l-2a). 

In deep-submicron MOSFETs, the doping profile in both the vertical direction 
(i.e., in depth from the silicon surface) and in the lateral directions (i.e., along the 
channel) is changed from that which existed in earlier MOSFETs. Consider the 
profiles in the vertical and lateral directions separately. 

In the vertical direction, the doping profile in the channel of deep-submicron 
MOSFETs has a so-called super-steep retrograde (SSR) shape (see Fig. 1-4). 
Such an SSR channel doping is needed to allow the correct value of the threshold 
voltage of the MOSFET to be achieved, while avoiding a degradation in the 
mobility of the carriers in the channel (due to excessively high dopant 
concentrations near the silicon/oxide interface - where the inversion layer exists). 
That is, it is desired to keep the doping density at the silicon surface to 
<5x10l7fcm3. Such an SSR doping profile can be obtained by implanting a 
heavier dopant species than B for n-channel devices (typically In is used to 
replace B), and a heavier dopant species than P for p-channel devices (either As 
or Sb can be used). These species have a smaller diffusivity than either B or P, 
respectively, and thus the impurity profile does not get spread out during the 
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Fig. 1-4 As-implanted doping concentration profiles of threshold-adjust-implants with B and 

In as the implant species. The In implant produces a super-steep retrograde (SSR) profile. 

subsequent heat cycles used to activate the implanted dopants. By choosing the 
correct implant energy and annealing cycles after implant, an appropriate SSR 
channel doping profile can be created. Chapter 5 covers this topic in more detail. 

In the lateral direction (i.e., in the direction along the channel from the source 
to the drain), there is now also a non-uniform doping profile. That is, in the 
advanced "conventional" MOSFETs, a blanket implant for improving the 
punchthrough (PT) performance of the MOSFET is employed. Since this implant 
is a blanket process, the impurities that it introduces are in uniform concentration 
in the lateral direction of the channel (as shown in Fig. 1-2a). However, for deep­
submicron MOSFETs, such blanket PT implants cause performance degradation. 

To avoid these problems (and yet maintain the benefits provided by the 
blanket anti-punchthrough implant), the same dopant species is introduced in 
another fashion. As shown in Fig. l-2b, the dopant is introduced only in selected, 
local regions; namely at the edge of the drain-extension region. This leaves much 
of the channel length with a lighter doping that is needed for a low V T· 

As the schematic drawing of Fig. 1-2b depicts, this extra dopant region 
surrounds the edge of the drain extension much like a halo surrounds the head of 
an angel in medieval paintings. Hence, this localized anti-punchthrough region 
has been termed a halo anti-punchthrough structure. Such a halo structure was 
originally produced (ca. 1985) by performing a second implant after the implant 
that created the lightly doped drain region (LDD - see Sect. 1.4.1). The halo 
implant is again self-aligned to the gate (and with the beam direction normal to 
the wafer surface). The same implant species as that already present in the well. 
is introduced by the halo implant, and it uses an energy that is somewhat higher 
than that used for the LDD implant. Thus, the range and lateral straggle of this 
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Fig. 1-5 Doping concentration contours resulting from a LA TIPS implant.7 

second implant will be greater than that of the first, resulting in the formation of a 
halo region as shown in Fig. l-2b. 

In more-advanced-technology generations, this second implant step is carried 
out with the ion beam directed at a high angle to the wafer surface. This allows 
the peak concentration of the implanted impurities to be located at a precise 
depth and lateral distance from the edge of the gate. Such an implant process has 
been named large angle tilted implanted 12unchthrough ~tructure (LA.TIPS), or 
alternatively a pocket implant. Such lateral tailoring of the channel doping profile 
provides some additional design space to control V T and punchthrough. Figure 
1-5 shows the doping concentration contours resulting from such a LATIPS 
process, and more details on LATIPS are given in Chap. 5. These LATIPS (or 
pocket) implants, however, may be difficult to control at small dimensions. 

1.1.4 Evolution of the Drain Structure of MOSFETs 
When MOSFETs were first implemented in ICs, gate lengths were on the order 
of 1 0-,um. For MOSFETs with such long channel lengths, the drain-side of the pn 
junction at the drain end of the channel consisted of a simple single-region drain 
structure (Fig. 1-6a). As the gate lengths grew smaller than about 2.0-,um, the 
electric field in the depletion region of this drain pn-junction grew so large that it 
started to produce severe hot-carrier injection effects (HCI). These HCI effects 
caused long-term reliability-degradation in MOSFETs, and they had to be 
curtailed. The technique used to suppress HCI effects was to replace the single­
region drain structure with a two-region drain structure (Fig. l-6b ). The two­
region drain structure consisted of a region that was in contact with the MOSFET 
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channel (and extended under the edge of the gate) and a second region that was 
further from the channel (but was connected to the first region). To reduce the 
electric field near the drain, the first region was more lightly doped ( -1 oi7 /cm3) 
compared to the second region ( -1Q20fcm3). The name given to this two-region 
drain structure is the lightly doped drain (or LDD). 

The process sequence for forming this structure is as follows: 1) After 
patterning the gate stack, the lightly doped drain region is formed with an ion 
implantation step using a medium-current implanter. The gate is used to align the 
drain dopant with that of the gate edge, forming the LDD region; 2) A spacer is 
formed (by CVD of a dielectric film, followed by an anisotropic-etch step that 
leaves a spacer structure along the sidewalls of the gate); 3) A high-current 
implanter is next used to introduce the dopants for the second heavily-doped 
drain-contact-region (with the spacer preventing these species from being 
implanted into the LDD region); and 4) An anneal step activates the dopants 
implanted in both steps and drives the edge of the lightly doped region the proper 
distance beneath the edge of the gate. 

In deep-submicron MOSFETs, the drain structure has been modified from the 
2-region LDD-drain described above. The reason for this change is that the 
power-supply voltage has been reduced as MOSFET dimensions were scaled 
(primarily because gate oxide thicknesses have become thinner, and such thin 
oxides cannot withstand the oxide electric fields that exist at the higher supply 
voltage values - see Chap. 3). For MOSFETs at 0.18-,um, the power-supply 

- ~i de wall 
spacer 

Drain Extension n+ ~ 

p -sub 
Drain Contact _) 

a) b) c) 

Fig. 1-6 a) Single-region drain in a MOSFET; b) Lightly-doped-drain in a MOSFET; 
c) Source/drain-extension and contact-drain-regions used in deep-submicron MOSFETs. 

) 
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voltage has been reduced to about 2.0 V (down from the 5.0 V power supply 
value that was retained until devices got to the 0.8-pm generation). In any case, 
for such small drain-voltage values, the electric field near the drain is already 
reduced to a degree where few carriers can now gain sufficient energy to create 
interface states or shallow oxide traps. Hence, in deep-submicron MOSFETs 
HCI-effects no longer need to be controlled by the use of an LDD structure. 
However, the parasitic resistance contribution to the overall MOSFET ON-resis­
tance due to the LDD region is increased to an unacceptably large degree. 

To overcome the above problem, the two-region drain structure is retained. 
However, the region closest to the channel is no longer an LDD region. Instead, 
the first region is now termed the source/drain-extension-region (SDE) because 
the peak doping is no longer lighter than in the contact region. The increase in 
peak doping is achieved by raising the implant dose into the SDE region (from 
1-5xtol3fcm2 to 5-10xt014Jcm2), which produces an extension region of the 
drain having lower resistivity. The peak doping concentration in the SDE is as 
high as in the second (contact) region, but its junction depth is shallower. This 
second drain region is called the contact reg ion (Fig. 1-6c ). It should also be 
noted that the penetration of the junction due to the SDE under the gate edge 
must be more carefully controlled as the gate length gets shorter. 

The main challenge is to continue to make the SDE more shallow (to control 
short-channel effects), while retaining a sufficiently low resistance. Shallow n+ /p 

SID junctions can be formed easily by arsenic (As) implantation, because its high 
mass produces smaller Rp, and the high As dose in the SDE region amorphizes 
the silicon, suppressing channeling effects. On the other hand, it is more difficult 
to make shallow p+ In SID junctions due to the low mass and susceptibility to 
TED of boron (the only p-type dopant with :solid solubility suitable for this 
application). This has driven boron implant energies to the ultra-low (0.5-1.0 
keV) range, and has forced the development of specialized ion implanters to do 
these implants economically. These and other issues involved with the formation 
of the SDE and the contact region are described in detail in Chap. 5. 

1.2 DEEP·SUBMICRON CMOS STRUCTURES 
Other structures besides just MOSFETs have to be formed when fabricating 
monolithic ICs. That is, isolation structures and interconnects are also needed. 
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Fig. 1-7 Perspective schematic view of a twin-well CMOS structure. 
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Furthermore, the IC technology can be MOSFET-based (e.g., NMOS or CMOS), 

bipolar-junction-transistor (BIT) based (e.g., emitter-coupled-logic - ECL), or 

one that contains both BJTs and MOSFETs (e.g., BiCMOS). Since CMOS is the 

dominant silicon IC technology at the start of the 21st century, the focus will be 

on the CMOS structures within the silicon substrate that must be created when 

manufacturing deep-submicron CMOS ICs (Fig. 1-7). 

1.2.1 Substrate Issues for Deep-Submicron CMOS 
Czochralski-grown single-crystal silicon is the starting material on which silicon 

ICs are fabricated. Such single-crystal silicon is formed into wafers. There are 

two common doping-concentration configurations that ULSI wafers contain: 1) 

the wafers are uniformly doped with a relatively light doping concentration of 

either p- or n-type dopant (and such wafers are referred to as bulk or, polished 

wafers); and 2) the wafers are heavi ly p-doped during the crystal growing 

process, and then a lightly p-doped epitaxial Si layer is grown on the polished top 

surface of the wafer (and these wafers are referred to as epitaxial, epi, or p-epi­

on-p+ wafers). 

Bulk wafers were used for NMOS technologies and some CMOS technologies 

(especially in chips that have lower selling prices, since the cost of bulk-Si 

wafers is about one-half that of epi wafers). The epi wafers were used for con­

trolling latchup in CMOS logic circuits that needed high functional density but 

had a higher average selling price (ASP) than the chips that use bulk-Si wafers. 
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In deep-submicron CMOS technologies, the epi wafers are used for other roles 
besides just controlling latchup. The use of an epi layer on a heavily p·doped Si 
wafer improves the gate-oxide-integrity (GOI - an important factor that 
determines the overall yield of the chips), and also the intrinsic-gettering 
capability of the wafer. That is, some impurities in the Si wafers (e.g., iron) are 
gettered by the formation of metal-atom-B pairs (Fe-B) in the heavily·B-doped 
bulk region of the wafer. Chapter 2 discusses both the GOI issue and this 
gettering capability in detail. It also reviews the new, alternative substrates that 
are beginning to replace the conventional epi-wafers described above (e.g., such 
new wafer types as epi optimized substrates). 

1.2.2 Well Formation in Deep-Submicron CMOS 
As described in Sect. 1.1.3, "conventional" wells in CMOS are formed by 
introducing the well dopants with a shallow implant process, and then diffusing 
them deeply into the silicon with a long, high-temperature drive-in step. This 
creates a well doping-concentration profile that has the highest doping 
concentration at the silicon/oxide interface, and decreases monotonically with 
distance into the depth of the silicon. Unfortunately, such a well-doping-profile 
forces tradeoffs to be made among various MOSFET device-performance 
characteristics, especially when fabricating deep·submicron MOSFETs. 

To avoid this problem, and to enable independent optimization of key 
MOSFET performance characteristics, a different well-doping-profile must be 
produced. That is, by creating so-called retrograde·wells (instead of "conven­
tional" wells), carrier mobility, SID capacitance, inter-device leakage currents, 
V T-control, punch through suppression, parasitic transistor effects, and latch up 
can be optimized almost independently. Retrograde wells are discussed in Ch. 5. 

1.2.3 Dual-Doped Poly In Deep-Submicron CMOS 
Conventional CMOS structures (down to about 0.35·JJm) used n+-poly for both 
NMOS and PMOS devices. Surface-channel MOSFETs are produced when n+­

poly is used as the gate material for NMOS transistors. However, the 
consequence of using n+ -poly as the gate material for PMOS transistors is that 
such PMOSFETs are buried-channel MOSFETs (see Vol. 3 for a complete 
discussion on surface-channel vs. buried channel MOSFETs, and why the use of 
n+-poly makes buried-channel PMOSFETs inevitable). However, buried-channel 
PMOSFETs exhibit OFF-state leakage currents that are unacceptably large once 
MOSFETs are scaled to 0.25-JJm (and smaller) gate lengths. 
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To overcome this problem, it is necessary to build surface-channel 
PMOSFETs (as well as surface-channel NMOSFETs) in CMOS technologies at 
0.25-,um and smaller. This requires the use of p+-poly as the poly gate material 
on the PMOSFETs (Fig. 1-8), and n+ -poly for NMOSFETs (in other words, the 
poly in the 0.25-,um [and smaller] CMOS circuits must be dual doped). Such a 
change has several implications. First, additional complexity is introduced into 
the CMOS process flow (e.g., selective dual doping of the poly layer must be 
carried out instead of single doping, requiring additional masking layers to pennit 
such selective doping). Second, the p-dopant introduced (boron, B), can penetrate 
the gate oxide into the silicon substrate unless a sufficiently low them1al budget 
is used after this poly doping step (or unless the gate oxide is somehow made 
more resistant to B penetration). Such B penetration would cause unacceptable 
variations in the threshold voltage of the PMOSFETs. Third, B diffusion along 
the poly lines can counterdope the poly in other parts of the IC. Some of the 
issues involved with the use of dual-doped poly in deep-submicron res are 
discussed further in Chap. 3, as well as in Vol. 3, Chap. 5 of this series. 

1.2.4 Shallow Trench Isolation for Deep-Submlcron CMOS 
LOCOS isolation was developed in the early 1970s, and it remained the 
workhorse isolation structure for NMOS and CMOS ICs until these technologies 
reached the 0.35-,um generation (Fig. l-9a). However, for IC generations beyond 

p+poly 

p-well 
n-well 

Shallow Trench ls.olation 

Fig. 1-8 Schematic cross-section of a CMOS structure with STI and dual-doped poly. 
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Fig. 1-9 a) Semirecessed LOCOS isolation structure; b) Shallow trench isolation structure. 

0.35 Jim, shallow-trench isolation (STI) replaced LOCOS. The drawbacks that 
LOCOS could not overcome were the field oxide bird's beak (that encroaches 
into the active areas of the chip) and the non-planar topography that results from 
thermally growing the semi-recessed field oxide. 

Both of these problems are avoided by the use of STI (Fig. 1-8 and 1-9b). 
That is, in STI, trenches are etched and filled with oxide deposited by CVD to 
form the thick isolation oxide region. This method of forming the isolation oxide 
does not produce a bird's beak. In addition, by using CMP to planarize the 
surface in the course of forming this isolation oxide-structure, the wafer surface 
is flat at the conclusion of the STI-formation sequence. This eliminates the 
topography that exists at the conclusion of the LOCOS formation process. 
Chapter 9 covers the details of STI and CMP is discussed in Chap. 8. 

1.2.5 Silicon-On-Insulator (SOl) Technology 
CMOS technology has largely been built on so-called bulk-Si wafers. In such 
wafers the devices are isolated from one another by a combination of isolation 
structures at the silicon surface, and pn junctions in the bulk of the Si. However, 
latent current paths among devices may still be activated in the bulk regions by 
such phenomena as latchup or transient radiation events. Furthermore, parasitic 
circuit elements associated with the CMOS structure (such as source-to-substrate 
and drain-to-substrate capacitances) can become too large in CMOS structures 
built on bulk-Si wafers. As a result, the use of silicon-on-insulator wafers (SOl) 
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instead of bulk-Si wafers for some CMOS applications is being pursued. Device 
isolation and latchup control are simplified for SOl with fewer processing steps 
required. SOl technology is described in Chap. 11 

1.3 LIMITS TO CONVENTIONAL MOSFET SCALING 
Conventional scaling of MOSFETs, with some modifications to the device 
structures (as described in the previous sections) has allowed MOSFETs with 
gate dimensions to be reduced from 1 0-pm in the 1970s down to 0.1-pm. (Figure 

1-10 shows a SEM micrograph of 0.18-,um MOSFET transistors in typical logic 
structures.) Certain MOSFET structures were essentially just scaled (without 
undergoing any fundamental structural changes) as the minimum device 

dimension was reduced to about 0.1 -pm. These include: the gate-oxide thickness; 
the source/drain junction depth; and the gate length. 

However, below 0.1-pm, MOSFET devices built according to the structure 
described in this chapter (and depicted in Fig. 1-2), appear to run into some 
fundamental limits. These limits wouJd prevent further size reductions if we were 
restricted to using only such traditional scaling approaches. Table 1-2 (as 

postulated by Thompson et al.), catalogs these limits.4 Consequently, to enable 
MOSFETs to be scaled even further, new solutions will need to be developed, 
such as the use of high-k materials for gate dielectrics (see Chap. 4), and novel 
shallow, ultra-low-resistivity junctions (see Chap. 5). Other issues related to 
these limits also arise, and will be considered in the chapters of this book. For 
example, advanced lithography challenges will be covered in Chaps. 6 and 7, and 

Fig. 1·1 0 A SEM micrograph of 0.18-pm MOSFET transistors in logic structures. 
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Table 1-2 SCALING LIMITS OF CONVENTIONAL MOS DEVICES4 

FEATURE LIMIT REASON 

Oxide Thickness 2.0nm Leakage (lgate) 

Junction Depth 30nm Resistance (Rsoe) 

Channel Doping VT=0.25V Leakage (1011) 

SDE Under-Diffusion 15nm Resistance (Rinv> 

Channel Length 0.06 JlrTl Leakage (1011) 

Gate Length 0.10 pm Leakage (1011) 

alternative device architectures, such as Si:Ge technology and SOI CMOS will be 
discussed in Chaps. 10 and 11, respectively. Issues concerning ULSI interconnect 
issues are explored in Chaps. 12 to 16. A recent review by Hutchby et al., 
discusses the novel structures being considered to replace conventional 
MOSFETs that are still being used in ICs at the start of the decade of 2000.8 It 
describes how such nanoelectronic structures for memory, logic, and information 
processing architectures could possibly extend the time frame of the ITRS 
beyond CMOS. 
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Chapter 2 

300-mm SILICON WAFERS 

This chapter deals with 300-mm wafer technology, including the growth of 300-
mm Si crystals, 300-mm wafer specifications, and the economics of the 300-mm 
wafer industry. Readers wishing background information on material properties 
of silicon, general information on Si crystal growth and wafering can consult 
Silicon Processing for the VLSI Era- Vol. 1: Process Technology, 2nd Edition. 

2.1 300·mm SILICON WAFER GROWTH 
The fabrication of VLSI and ULSI takes place on Si substrates possessing very 
high crystalline perfection. The critical importance of utilizing single-crystal 
material for the transistor regions of microelectronic circuits was first recognized 
by Teal in 1949.1 He reasoned that polycrystalline material would exhibit 
inadequately short minority-carrier-lifetimes, due to the defects at the grain 
boundaries of the polycrystalline grains. Teal also pointed out the need to define 
the degree of chemical purity and crystal perfection, the uniformity of structure, 
and the chemical composition of the single-crystals when specifying starting 
material on which to fabricate semiconductor products. The method of obtaining 
such single-crystal Si for IC fabrication, involves several steps (Fig. 2-1 ): 

RAW MATERIAL (QUARTZITE> 

DISTILLATION AND REDUCTION 

POL VCRVSTALLINE SILICON 

CRYSTAL GROWTH 

t----oolllll .. ·--- -- GRIND, SAW,POLISH 

Fig. 2·1 Process sequence: From starting material to polished wafer. 

17 
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Fig. 2·2 The increase with time of CZ silicon crystal diameter and the percentage increase 

in wafer area with increase in wafer diameter. 

1. Raw material (e.g., quartzite, a type of sand), is refined by a complex, mul­
ti-stage process that produces electronic grade polysilicon, EGS (Fig. 2-1). 

2. This electronic grade polysilicon is used to grow single-crystal silicon by 
Czochralski (CZ) crystal growth or float-zone (FZ) crystal growth. 

In CZ growth, single-crystal ingots are pulled from molten silicon eontained 
in a crucible. Czochralski silicon is preferred for ULSI applications since it can 
withstand thermal stresses better than FZ material,2 and it is able to offer an 
internal gettering mechanism (not available with FZ crystals) that can remove 
unwanted impurities from the device structures on wafer surfaces. 

The simplicity of the CZ process and the relatively high-degree of crystal 
purity helped establish it as the dominant silicon-crystal-growing technology in 
the early years of the semiconductor industry. The development of dislocation­
free ingot growth and automatic diameter control in the late 1960s lead to a rapid 
growth in the sizes of ingot diameters and crystal melts. Further increases in 
charge size and diameters were driven by the economic advantages of even larger 
ingots. As shown in Fig. 2-2, by 1998 300-mm diameter crystals had become 
available, grown with 150-kg charges. Typical commercial ingots are grown 
0.5-2.5-m in length, and a 100-kg charge can grow an ingot roughly 1-m long 
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a) 

b) 

Fig. 2·3 a) 300-mm Si crystal after it has been removed from a 300-mm CZ puller; 

b) 300-mm ingot cooling on a materials-handling device. 

with a diameter of 200-mm. The driving function for going to larger wafer 

diameters is the increase in Si area available per wafer. Figure 2-2 also shows 

that the area of a 300-mm wafer is 2.25 times the area of a 200-mm wafer. Figure 

2-3b shows a 300-mm Si ingot mounted in a materials handling device. We will 

only concern ourselves in this section with the issues involving the growth of 

300-mm Si-crystals. 
The wafer manufacturing process for 300-mm wafers is not a straightforward 

extension or scale-up of 200-mm processes. Most tools needed to produce 200-

mm wafers, including crystal pullers, grinders, polishers, cleaners, and inspection 

stations are not capable of being cost-effectively utilized for 300-mm wafer 

production. In addition, the cost of growing 300-mm silicon crystals is the 

principle challenge facing technologists striving to match the 200-mm unit-area 

cost performance. That is, to be able to achieve the same yield of 300-mm wafers 

as is possible with 200-mm wafers, the size of the charges will have be increased 

from the 150-kg charge being used in 1998 for 200-mm wafers to 300-400 kg for 

300-mm wafers. The equipment used to pull crystals from such charges will also 

have to be able to rotate and lift the crystal while stirring and positioning the 
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Fig. 2·/4 a) Modern computer controlled CZ pullers. Larger silicon wafer sizes and the 
required manufacturing efficiency have driven crystal puller size. b) Schematic drawing 
of CZ puller. 

melt, doing this all the while without vibration, in a high-vacuum atmosphere, 
and at temperatures that exceed 1400°C. Figure 2-4 shows how the size of the 
crystal puller has to be increased with respect to the size of a 200-mm puller to 
make it possible to handle such larger charges. 

The charge must be held in a single-use, high-purity quartz crucible more than 
30 inches in diameter. Demands on the crucible increase significantly for a 300-
mm process, as the growth cycle time stretches to over 100 hours (-4 days). Any 
flaw that develops in the crucible during that multi-day crystal-growth time can 
cause a loss in atomic alignment of the crystal, making it unusable. 

Another important factor that impacts the cost of producing the wafer is the 
crystal pull speed (i.e., the longer it takes to pull the crystal, the higher the cost of 
producing the wafer). However, in growth chambers of identical design, this 
speed vpullrate is inversely proportional to the crystal diameter Dcrystal or, 
v pullrate-C 1/Dcrystal). The reason that the pull speed must be decreased as the 
diameter increases is that the crystal mass increases as the square of the ingot 
radius, while the surface area of the ingot (which radiates away the heat of 
fusion), is proportional to the diameter. Thus, a path toward reducing the cost of 
manufacturing larger diameter wafers is to develop new and innovative puller 
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designs that allow the heat to be removed more quickly than in a conventional 
puller (a project apparently being pursued by most wafer suppliers). 

Increasing the pull speed, however, is only one relatively small aspect of 
decreasing the cost of manufacturing large diameter wafers because there are 
many steps that comprise the entire growth cycle. (As shown in Fig. 2-5, by 
tripling the pull speed from 0.5 mm/min to 1.5 mm/min, the wafer production 
cost is reduced by only about 5%.) Two other significant factors that increase the 
cost of producing 300-mm wafers above the cost of producing 200-mm wafers 
are: 1) a 300-mrn wafer is 50-J.Lm (or 7%) thicker than a 200-rnm wafer; and 2) 

the back surface of a 300-mm wafer is polished, whereas the back surface of a 
200-mm wafer is not. The back-surface polishing process removes an additional 
10-20-J.Lm of silicon stock. In total, a 300-mm wafer therefore consumes about 
9% more Si-crystal per unit area than a 200-mm wafer, resulting in fewer wafers 
per unit-length of ingot. 

2.2 GROWN-IN CRYSTAL DEFECTS: 
CRYSTAL-ORIGINATED PARTICLES (COPs) and DISLOCATION LOOPS 
As the silicon crystal is being grown in the CZ growth process, several 
phenomena occur that produce defects in the as-grown crystal. Since these 
defects arise from the various aspects of the CZ crystal growth sequence 
(namely, solidification from the melt and cool-down to room temperature), they 
are termed grown-in defects. As the minimum device dimensions in ICs are 
scaled below 0.25-J.Lm, grown-in defects have been identified as a potential factor 
that reduces the performance characteristics and decreases the yields of CMOS 
ICs. The most significant of these grown-in defects are the so-called crystal­
originated defects (COPs). The COP defects have the form of voids in the Si 
lattice, and these voids are caused by agglomeration of supersaturated vacancies 
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Fig. 2-5 300-mm crystal-growth-cycle-time components. 
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that are introduced into the crystal as the liquid-phase-silicon solidifies. COPs 
cause two major problems when such voids intersect the wafer surface: 1) they 
degrade the integrity of thin gate-oxide films (001); and 2) they create leakage 
paths in the isolation structures of DRAMs. 3 In this section we describe the 
mechanisms that give rise to these COPs and provide details about the problems 
they cause in the devices fabricated on wafers containing such defects. Finally, 
we discuss measures that have been employed to mitigate their effects. 

Note that another form of defect is also prevalent in CZ Si wafers, namely 
oxygen precipitates. These defects, however, form during IC processing (instead 
of during the crystal growth process itself), and thus oxygen precipitates are not 
considered to be grown-in defects. However, their density in the wafer 
(number/cm3) and their size also strongly correlate with prior crystal growth 
conditions and subsequent heat treatments. 

It is believed that the grown-in defects described above (i.e., COPs - as well as 
their complementary counterparts, dislocation loops) arise from an agglomeration 
of intrinsic point-defects (namely, vacancies to form COPs and self-interstitials 
to form dislocation loops), during the cooling of the silicon ingots following the 
crystallization from the liquid phase. The formation of voids from the 
homogeneous nucleation (agglomeration) of supersaturated vacancies in silicon 
was first suggested by Voronkov in 1982.4 

Intrinsic point defects are incorporated into the silicon when it crystallizes. 
Estimates from computer simulation indicate that their thermodynamic 
equilibrium concentrations at the melting point of silicon (1412°C) are -lxl015 
cm-3 for vacancies, and about 20% less for seU-interstitials.5,6 As the crystal 
cools continually during CZ growth, the solubility of these intrinsic point-defects 
decreases, resulting in a condition of supersaturation. Intense recombination of 
the vacancies and interstitials occurs when the solidified crystal is cooling 
through the high-temperature range (i.e., from 1412°C to -1200°C). At the same 
time, some net out-diffusion of self-interstitials occurs from regions near the 
surface (outer circumference) of the Si ingot. That is, more self-interstitials out­
diffuse from the ingot surface than do vacancies because the self-interstitials 
diffuse 10 times faster than vacancies near the silicon melting-point temperature. 

Computer simulations further indicate that -1 0% of the original point-defects 
in both the vacancy- and interstitial-rich regions survive after the intense 
recombination events which occurred during the cooling through the high­
temperature range, but that these surviving point-defects still remain in 
supersaturation when the temperature of the ingot drops below -1200°C. Since 
the point-defects continue to diffuse rather rapidly at temperatures above 
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-1150°C, they can come out of solution either by further recombination events, 
or by agglomerating into clusters of vacancies or self-interstitials. The vacancies 
have been found to agglomerate into octohedral voids at about 1150-1180°C. As 
noted earlier, these voids formed by vacancy-agglomeration are called crystal­
originated particles (COPs).7,8 Supersaturated self-interstitials, on the other hand, 
can form large dislocation loops. CZ-silicon-crystals, however, are pulled under 
conditions where vacancies are the prevailing type of intrinsic point-defect, and 
as a result, self-interstitial-agglomerated dislocation loops do not occur in 
significant numbers in 200-mm Si wafers used in IC production. Thus, our 
discussion of grown-in defects is primruily focused on COPs. 

2.3 DETAILS OF THE FORMATION OF CRYSTAL ORIGINATED PARTICLES (COPS) 
In this section we provide additional information about the formation of COPs 

and the effects they have on IC devices. We begin with a more detailed 

discussion of how COPs are formed during the cooling of the Si ingot. 
The formation of COPs was studied by employing crystal-growth-halting-and­

quenching techniques. That is, during CZ-growth the crystal ingot pull-rate was 
abruptly halted, and the ingot temperature was quickly lowered (quenched) to 
some specific value. By doing this with a number of ingots and quenching to 
different temperatures, the defects formed during the cooling of the ingot from 
solidification to that temperature could be examined. Such studies indicated that 
the formation of COPs consists of two stages. In the first, voids are rapidly 
formed as the ingot cools through the narrow temperature range of 1150-1180°C. 
In the second, an oxide is formed on the inner surface of the voids during the 
cooling-down process following void formation (down to about 900°C). The 

resultant voids formed within the bulk have been identified by TEM studies as 
having a tetrahedral shape, and with sizes between 0.1- and 0.3-pm (100-300-
nm), Furthermore, their inner surfaces are covered with a thin oxide layer 
approximately -5-nm thick (Figs. 2-6 and 2-7).9 Such COPs are formed with 
densities between 105 to 107 cm-3.10 

It should be noted that before the nature of grown-in defects was well 
understood, COPs were identified in the literature under different names, 
depending on the technique that was used to delineate and detect them. These 
terms included: COPs, laser-scattering tomography defects (LSTDs), flow­
pattern defects (FPDs), and Secco etch-pit defects (SEPDs). However, by 
comparative observation, it was confirmed that they were in fact the same type of 
defect (namely COPs), that just appear under different guises (depending on the 

technique used to detect them). 
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Fig. 2-6 SEM of COPs as they appear on the surface of a Si wafer. Oxide layer at the 
void:crystal-interface is visible. 

In fact, the most common method used to make COPs visible with optical 

instruments when they intersect a wafer surface is to immerse bare silicon wafers 
in hot RCA-Clean SC-I solutions (e.g., 4 h@ 85°C). The SC-I solution etches Si 

slowly and isotropically, and this enlarges the lateral and vertical dimensions of 
any COPs that intersect the surface. They appear with the shapes shown in Figs. 
2-6 and 2-7.11 This shape enlargement also makes it possible for laser-based 
defect-detecting tools (which do not have as high a resolution capability as do 
TEMs- which can be used to image COPs directly), to detect the presence of any 
COPs as Localized Light scatterers (LLDs). By using this delineation technique, 
the entire wafer surface can be quickly mapped for the presence of COPs with 

Si02 

Si-SUB 

Fig. 2·7 Schematic representation of the octahedral structure of a COP defect. 
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an automated scanning surface inspection system (such as the KLA-Tencor 
Surfscan). 

2.3.1 The Radial Distribution ot Grown .. ln Detects on the Water Surlace 
As described previously, typical 200-mm wafers being used for ULSI today have 
a central vacancy-rich region surrounded by a self-interstitial-rich edge. These 
regions are separated by the vacancy/self-interstitial (VII) boundary that occurs at 
a critical value of a parameter, ~· defined as: 

v/G(r) = c;c; = 0.138 mm2fmin-K (2.1) 

where v is crystal pull rate (in mm/min), G(r) is the axial temperature gradient 
{i.e., G(r) = dT(r)/dr [in K/mm]} at the crystal/melt interface at a radial position 
(r) from the center of the ingot, and Tis the absolute temperature (in kelvins).12 

The axial temperature gradient, G(r), at the center of the crystal ingot is 
usually lower than at the ingot surface. In addition, v is the same across the 
crystal growth interface at a given pull rate. Thus, in conventional CZ crystal 
growth, the value of v/G(r) is highest at the radial center of the ingot and 
decreases continually toward the crystal-ingot edge. The wafer central-region 
inside the VII boundary is thus vacancy-rich, characterized by v/G{r) > c;c, while 
the edge-region outside the VII boundary is self-interstitial-rich, with v/G(r) < ~-

The concentration of the vacancies (Cv) and the self-interstitials (C1) at a 
given radial position, r, relative to those of the equilibrium levels of (Cyeq) and 
(C{q) at about 1200°C, after passing the intense recombination and out-diffusion 
regime between the melting-point and -I 200°C, are apparently exponentially 
proportional to the difference between v/G(r) and~. or: 

(Cy/Cyeq)r = exp {a [ v/G(r) - ~]} (2.2) 

(C1/C1eq)r = exp { ~ [~- v/G(r)]} (2.3) 

where .a and ~are not known at this time. The supersaturation of vacancies is 
highest at the radial center, and decreases radially from this value. Thus, more 
voids are formed at the central-region of the wafer. On the other band, high 
supersaturation of self-interstitials is present at the crystal peripheral (edge) 
region. But, because of out-diffusion of the self-interstitials to the crystal surface 
(a result of the fact that self-interstitials diffuse 10 times as fast as vacancies near 
the melting point of Si), high-supersaturation of self-interstitials occurs at some 
distance from the edge. 

In the v/G(r) ratio, the thermal gradient (G[r]) is controlled by the thermal 
environment in the hot-zone of the crystal puller, and by melt convection. With 
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an appropriately designed crystal-pul1er, the value of G(r) can thus, in theory, 
also be controlled. The pull rate v is much more easily controllable. Computer 
simulations of both the melt convection and the thermal distributions within the 
puller hot-zone have been extensively employed to modify the design of the 
crystal puller so that an optimum v/G(r) value can be obtained. The recent rapid 
progress in the field of simulating crystal-growth processes permit the bulk 
properties and process stability of the growth processes to be predicted with 
remarkable accuracy. This should help reduce R&D costs, a requisite for 
allowing wafer manufacturers to profitably develop the new generations of 
wafers being called for by the industry.13 

2.4 THE OXYGEN·STACKING·FAULT RING (OSF·RING) 
It is observed that when a typical, polished 200-mm CZ-grown wafer (as 
described above) is oxidized and then etched in HF and SC-1 to delineate the 
defects present at the wafer surface, it manifests a multi-ring defect structure. The 
central region of the wafer contains COPs. The COP-filled region is surrounded 
by a ring of oxidation-induced stacking faults, OSFs (i.e., which emerge after the 
wafer is subjected to a thermal oxidation step). This feature is also termed an 
OSF-ring (Fig. 2-8). The region of the wafer outside of the OSF-ring is an 
essentially defect-free region that contains a very low density of dislocation 
loops. This region extends to the edge of the wafer (Fig. 2-9).14 The origin of the 
COPs in the central region has already been described. Here we explain what is 
believed to be the cause of the OSF·ring. 

In the OSF-ring, the delineated defects are oxidation·induced stacking faults 
(OSFs). These stacking faults, however, arise from the presence of oxygen 
precipitates.15 The oxygen precipitates are the actual defects that exist in the as­
grown state of the ingot. But since these precipitates act as heterogeneous 
nucleation sites for the OSFs, the OSFs become the defects that are delineated by 
the SC-1 etch. Hence, this region is called the OSF-ring. An important aspect of 
the OSF-ring is that the ring-radius decreases with decreasing pull rate, until at a 
critical pu11-rate-value (that depends on thermal conditions), it disappears into the 
center of the crystal. The presence and radial location of an OSF-ring in CZ­
silicon corresponds qualitatively to the neutral (or boundary) region that 
separates the vacancy-rich- and self-interstitial-rich-regions of the ingot. 16 

(Sometimes anomalous oxygen precipitation is observed between the OSF-ring 
and the defect-free outer-region, as shown in Fig. 2-9, but we shall not consider 
this anomalous phenomenon here). 

The OSF-ring is thought to be a region in which vacancies are only in slight 
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Fig. 2-8 Schematic drawing of the ring regions. An OSF-region after oxidation separates 
the A-defect-rich region (dislocation loops) from the D-defect-rich region (COPs). 

excess over self-interstitials, so recombination proceeds over a longer period of 
time, since neither species is strongly dominant. This competition results in a 

lower vacancy supersaturation and a delay in the onset of nucleation. Smaller 
voids are formed and the final vacancy concentration in the region of the OSF­
ring is actually higher than inside the ring. These vacancies may provide the 
needed free volume for formation of the oxide precipitates that are observed at 
the center of the stacking faults in the OSF-ring region.l7 

2.5 MITIGATING THE EFFECTS OF COPS WITH THE USE OF 
POST-CRYSTAL-GROWTH ANNEALING 

As we noted previously, for ULSI circuits it is important that the wafer be free of 
grown-in defects and oxide precipitates in the surface and sub-surface device 
regions of the wafer. Typically, a high-temperature annealing step is performed 
on the wafers to out-diffuse the oxygen near the surface, so that the concentration 
of oxygen there drops below the solubility limit. Thus, oxygen precipitation can 
no longer occur in this region, and no oxide precipitates are formed. High­
temperature annealing processes have also been investigated as a method of 
annihilating the COPs near the wafer surface. That is, annealing at high 
temperatures (typically ;?: 1200°C) in an inert ambient (most commonly 
hydrogen, but also in argon) has been used to reduce the COP density near the 
wafer surface. Such hydrogen-annealed CZ-polished-wafers were introduced by 
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Fig. 2·9 a) Plane x-ray topograph of Cu-decorated CZ-Si wafer; b) Plane x-ray topograph 
of oxygen-precipitated CZ-Si wafer. The D-region, OSF ring, and defect-free regions are 
observed. c) Details of the defects delineated in each region. 

Toshiba Ceramics in 1986, and they have been commercially available under the 
name of Hi-W AFER.TM,I8 Other silicon wafer vendors have also offered 
annealed CZ-polished-wafers (annealed in other gases). It should be noted that it 
has been reported that the annealing must be carried out in an oxygen-free 
ambient, otherwise the annealing procedures do not produce optimal benefits.l9 

The mechanism thought to be responsible for reducing the COP density in 
hydrogen-annealed wafers is as follows: The inner surface of the COP void is 
covered with a thin oxide. Under high-temperature annealing in a hydrogen 
ambient, the hydrogen species diffuse into the Si. The oxide on the COP surfaces 
(in regions near the wafer surface) is decomposed by the reduction effect of 
hydrogen and oxygen. Eventually the COP surface becomes bare-Si and the 
surface atoms within the COP-void are mobile enough to reconstruct this surface 
and cause the void to shrink (by vacancy-diffusion into the Si bulk). As the 
process of void dissolution proceeds, the void is first transformed into a spherical 
structure from a regularly octahedron (because this decreases the surface free­
energy of the void during annealing).20 It has also been proposed that a heavily­
doped buried layer (created by high-energy implantation of a heavy boron dose) 
be incorporated into Hi-WAFERs. In that way, the benefits of a heavily-doped 
boron region in the substrate (as is available with p!p+ epitaxial wafers) can also 
be obtained with a Hi-WAFER, at a lower cost than that of such epi wafers.21 

Hydrogen annealing at 1150°C for several hours to reduce COP levels extends 
the usefulness of 200-mm polished wafers. However, it adds 15-20% to the wafer 
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cost, and according to some opinions, it will not be a feasible technique for 300-
mm wafers. 22 

In another report, wafers were annealed at 1300°C in an inert ambient for one 
hour. No observable COPs existed (i.e., at the wafer surface) after this 
annealing.23 It was reported in another study that very-good GOI was obtained 
using such wafers. However, these wafers also showed a very high concentration 
of oxide precipitates after the thermal processes used during the IC fabrication 
were carried out. The presence of these precipitates may give rise to excess 
leakage values in such products as high-density DRAMs. As a result, this report 
concluded that the high-temperature-annealing process needs further 
optimization. 24 

2.6 ELIMINATION OF COPS WITH "PERFECT SILICON" 
A special CZ-silicon-growth technique has been developed that eliminates COPs 
from silicon wafers by preventing their formation during the ingot growth 
process. Wafers obtained from ingots grown according to this technique are 
referred to as "perfect" silicon wafers, or "pure" silicon wafers.25 The idea 
behind this approach is to create growth conditions such that the concentrations 
of intrinsic point defects remain close to their quasi-equilibrium values all along 
the radius of the crystal-melt interface. In that way, the silicon is not super­
saturated with either vacancies or self-interstitials. Under these circumstances, 
regions will still exist that are either vacancy-rich, or self-interstitial-rich. But 
neither COPs nor dislocation loops can form (because even in those regions there 
is no supersaturation of the point-defect species which dominates in that region). 
The goal of the "perfect" silicon-growth-process is to the establish the conditions 
quantified by the following set of conditions: 

(2.14) 

The name "perfect silicon" was given to such point-defect-equilibrated silicon 
crystals because wafers from such crystals after immersion in a defect­
delineation etch exhibit neither a boundary between vacancy-rich/self-interstitial­
rich regions nor an OSF-ring. Instead, the wafer appears "perfect" or "pure." 
Specifically, a "perfect" silicon wafer will show negligible COP densities, so 
yield and performance of ULSI devices on such wafers will be enhanced to the 
levels exhibited by devices fabricated on epitaxial wafers. Growth processes and 
crystal pullers that can produce "perfect" silicon were being developed in 2000 to 
be able to produce 200-mm "perfect" silicon wafers in production quantities, and 
subsequently this effort is expected to be carried out for 300-mmwafers. 
However, there are some difficulties associated with this approach. The first is 
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that the hot-z~me in the crystal puller must be optimized so that it becomes poss­
ible to maintain the condition of v/G(r) = ~c along the whole length of the crystal. 
The second is that a relatively slow pull-speed is needed to maintain the v/G(r) = 
~c condition. The latter requirement is not favorable in tenns of the crystal yield. 

The ingot yield from a crystal puller is reduced by this method for two 
reasons. First, the slower pull-speed reduces the throughput of the puller. Second, 
because the ingot growth cycle becomes much longer, more time is allowed for a 
disruptive event to occur during the crystal growth time (which would render the 
ingot useless). Nevertheless, since the cost to produce "perfect" silicon wafers 
seems to be less than the cost of producing epitaxial wafers, there is still an 
incentive to pursue the development of "perfect" silicon growth processes. 

A report comparing the behavior of MOS-capacitor structures and pn-junction 
diodes fabricated on conventional polished CZ wafers, "perfect-silicon" CZ 
wafers, and pfp+-epitaxial wafers was published by Niwa.26 Junction leakage 
currents were smaller on the "perfect-silicon" and pfp+ -epitaxial wafers than on 
the conventional CZ wafers. GOI characteristics were also superior on the 
"perfect-silicon" and pfp+ -epitaxial wafers, and the "perfect-silicon" GOI results 
matched those obtained with the epitaxial wafers. 

2.7 MINIMZING COPS PERFOMANCE DEGRADATION WITH 
HIGH-PULL-SPEED SILICON 
Another approach that is being pursued to achieve wafer quality similar to 
"perfect-silicon" is to use a crystal pull-rate that is much faster than that used to 
pull a "perfect-silicon" ingot (three or four times as fast). With this faster pull­
rate, G(r) is increased to some extent as a result of the higher pull-rate. However, 
since v is much larger than in the "perfect-silicon" case, the overal1 v/G(r) value 
becomes substantially larger than the critical value ~c = 0.138 mm2/min-K. Thus, 
the crystal becomes completely vacancy-rich and the vacancy concentration at 
temperatures below 1200°C becomes much larger than the quasi-equilibrium 
value (i.e., the crystal becomes supersaturated with vacancies), or: 

v/G(r) >> ~. and Cy >> Cyeq (2.5) 

Nevertheless, due to the high pull rate, the crystal passes quickly through the 
1150-1180°C COP-forming temperature-range, so only COPs of smaller sizes 
and at a high density can be formed. Such small-sized voids near the wafer 
surface can be annihilated by post-growth wafer-annealing. Doping the ingot 
with nitrogen during crystal growth is another factor that contributes to the mini-
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Pulling Conditions 
Fig. 2-10 Size of COPs in a silicon wafer as a function of pulling conditions.28 

mization of void formation.27 Figure 2-10 shows how the size of COPs is decrea­
sed by combining fast-pull and nitrogen-doping of CZ-ingots.28 The fast-pull-ap­
proach offers potential advantages of high throughput and yield, and lower cost. 

The process of performing the CZ-ingot-growth process at a high pull-speed 
and simultaneously doping the ingot with nitrogen (to get small COPs) has been 
combined with hydrogen annealing of wafers obtained from such ingots. By 
using infra-red topography, the concentration of COPs near and at the wafer 
surface (i.e., a technique that can detect the presence of COPs within 20-,um of 
the surface),29 it was observed that the concentration of COPs decreases 
dramatically to depth of over 10-,um when such wafers are annealed in hydrogen 
at 1200°C .30 The GOI of these wafers annealed in hydrogen was also 
significantly improved (Fig. 2-11 ). 

Some concerns exist about the fast-pull CZ-Si growth processes. First, the 
relatively high vacancy concentrations remain in the wafer (which could cause 
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Fig. 2·11 Gate oxide integrity is best on wafers with small COP size ("C" breakdown 
mode indicates breakdown field of the gate oxide is> 10 MV/cm).3° 
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anomalous oxygen precipitation that degrades DRAM refresh time). Second, the 

formation of proper denuded zones during the high-temperature annealing steps 
is a question. For applications that require wafers without COPs that intersect the 

wafer surface, but which cannot afford to use "conventional" epitaxial wafers, a 

fast-pulled wafer with a thin epitaxial layer on it may be a possibility. Such 

wafers are termed epitaxy-optimized substrates (EOS), and they are described in 

Sect. 2.9. I. 

2.8 GETTERING FOR ULSI PROCESSES 
Unwanted crystalline defects and impurities can be introduced during silicon 
crystal growth or subsequent wafer fabrication processes. The presence of 
crystalline defects and impurities is undesirable because both can degrade device 
characteristics and overall yield. A detailed discussion of the degradation of 
VLSI device properties by extended crystalline defects (dislocations, stacking 

faults, and precipitates) can be found in Silicon Processing for the VLSI Era 
Vol.l, 2nd Ed. Chap. 2. The damaging effects by impurities are discussed here. 

The impurities that create problems are grouped into two categories: 1) 
impurities that participate in the process of nucleating extended crystalline 

defects (e.g., oxygen and carbon); and 2) other impurities that decorate pre­
existing extended crystalline defects (the latter being primarily metals, and 

include such elements as Cu, Ni, Au, and Fe). Such metallic impurities are highly 

mobile and diffuse long distances in the crystal at moderate process temperatures. 

Thus, there is a high probability they will migrate near extended defect sites, and 
be captured by them. Extended defects in device regions of the wafer which 

capture metal impurities give rise to larger leakage currents and lower breakdown 
voltages. 

Efforts undertaken to eliminate the effects of impurities and defects have 
involved four approaches:31 1) suppression of extended defect nucleation; 2) 
annihilation of existing extended defects in the device regions; 3) preventing 
device degrading impurities from being introduced into the wafer; and 4) 
preventing any remaining metallic impurities from being captured in the device 

regions. Technique 4) is referred to as gettering, which is a term originally used 
to describe the process in which an appropriate material (such as cesium), was 
used to getter (remove) the last traces of gas in vacuum tubes, so that the required 
high vacuums within the glass tubes could be achieved. 

By combining these four approaches, the product yield of ICs can be 
enhanced. That is, proper application of the first two approaches minimizes the 

number of extended defects that exist in the active regions, and the third reduces 
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the concentrations of the impurities introduced into the silicon. Gettering is then 
used to remove any of those impurities that still manage to be incorporated 
during crystal growth or processing. Thus, gettering reduces the probability of 
decorating any extended defects formed in the device regions with metallic 
impurities. 

Methods used to suppress extended defect nucleation include: a) control of the 
thermal process conditions during wafer fabrication that lead to excess thermal­
stress and resultant dislocations; and b) creation of oxygen denuded zones at the 
wafer surface regions in which active devices are fabricated. The latter procedure 
eliminates oxygen precipitates in these device regions. Annihilation of pre­
existing or process-induced extended defects such as stacking faults, is achieved 
by using various techniques, including elevated temperatures (>1200°C)32 and 
the addition of HCI to the growth ambient33 during the growth of Si02. 

The use of technique 3 ), namely the control of unwanted impurities 
(especially metals), involves identification and removal of the sources of 
contamination. Such approaches entail the thorough characterization of the 
material and processing equipment used to fabricate devices. Some examples of 
the contaminant sources that have been identified include: a) stainless steel 
fixtures in ion-implant machines that ended up being sputtered during the ion­
implant process;34 b) impurities originating from the sputtering of chamber walls 
and fixtures of reactive ion etching systems;35 c) the diffusion of heavy metals 
from the heater coils through the fused silica walls of diffusion furnaces; and d) 
the release of transition metals (e.g., Fe and Ti) by the SiC-coated susceptors of 
(batch) epitaxial reactors. 

A variety of procedures have been implemented to reduce the level of metal 
contamination arising from these sources. Stainless steel parts (which may 
release metal atoms as a result of sputtering in ion implanters and reactive-ion 
etchers) have been replaced with parts made from materials which produce less 
degradation if they are incorporated into Si than do Fe or Cr. Such materials 
include aluminum, silicon, and carbon. Suggested procedures to decrease 
contamination by sources of heavy metals have included the following: 1) 

reducing process temperatures (since quartz tubes become increasingly 
permeable to the metal atoms of the furnace heating coils as the temperature 
increases); 2) subjecting the furnace tubes to periodic high-temperature HCl 
cleaning; and 3) use of double-wall furnace tubes (with HCl or inert gas flowing 
in the space between the inner and outer tubes). Contamination from epitaxial 
susceptors can be reduced by performing the epitaxy process at lower 
temperatures and reduced pressures, and by in situ cleaning of the wafers prior to 
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Fig. 2-12 Four stages of impurity gettering in silicon. 
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initiating epitaxial growth. The use of cassette-to-cassette operations in 
transporting of wafers has reduced the possibility of contamination due to manual 
handling. Use of vacuum wands is now mandated if automatic wafer handling 
fails or is not yet fully implemented. 

2.8.1 Basic Genering Principles 
The mechanism of gettering removes transition metal impurities from device 
regions by four steps (Fig. 2-12): 

1. The metal impurities to be gettered are released into solid solution from 
any stable-precipitate-form they have assumed; 

2. They then diffuse through the silicon lattice; 

3. They are "captured" at a position away from the device regions by 
either: a) the formation of chemical pairs (e.g. , Fe-B pairs) with other 
impurities (e.g. , boron) present in the crystal; or b) by deliberately created 
extended defects (dislocations or precipitates); 
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4. The metal impurities are prevented from being re-released into the wafer 
during subsequent heat treatments. 

In general, the transition-metal impurities are initially considered to rapidly 
disperse themselves uniformly throughout the wafer. This assumption is based on 
their high diffusi vity and long diffusion lengths at typical processing 
temperatures (see Vol. 1, 2"d Ed., Chap. 2). 

Gettering processes are divided into two categories: extrinsic and intrinsic. 
Extrinsic gettering involves the use of external means to create damage or stress 
on the surface of the silicon wafer that leads to the creation of the extended 
defects or chemically reactive sites at which the mobile impurities are captured. 
Normally such capturing sites are generated on the backside of the wafer, 
although front-side extrinsic gettering has also been explored. Extrinsic gettering 
can be performed prior to the first oxidation step (pre-oxidation gettering), or 
concurrently with the remainder of the fabrication steps (gettering during [or 
subsequent to] junction formation). Intrinsic gettering involves the localization of 
impurities at extended defects or regions of high concentration of electrical 
impurities (such as boron) which exist within the bulk material of the silicon 
wafer, and whose origin is due to an "intrinsic" property of the starting wafer, 
such as its oxygen or boron content acquired during CZ crystal growth. 

The gettering of gold atoms in silicon by phosphorus diffusion is described, as 
this process serves to illustrate the basic mechanism of (extrinsic) gettering. A 
known concentration of gold atoms (e.g., lxl014/cm3) is first diffused uniformly 
throughout a group of silicon wafers. Phosphorus diffusions at 900°C are then 
carried out in an attempt to getter the gold. These diffusions produce surface 
regions having high concentrations of P (1 xi019_1xi02lfcm3). After the P 
diffusions are completed, the gettering efficiency of the procedure is measured. It 
is observed that with increasing surface concentration of P, a strongly decreasing 
concentration of gold in the silicon bulk occurs. At P concentrations of 1021 

atoms/cm3, the gold concentration is decreased below the detection limit. Further 
investigations show that the gold has diffused into the phosphorus-containing 
layers in the silicon. 

A model offered by some investigators describes the kinetics of this 
gettering process according to the following steps:3 6 a) P diffusion is 
accompanied by the generation of phosphorus-vacancy complexes and/or misfit 
dislocations which become possible capture sites (sinks) for the gold atoms; b) 
during the P-diffusion step the highly mobile gold atoms also diffuse long 
distances in the wafer; c) the gold is captured at the phosphorus-vacancy or 
dislocation sites, and is thus removed from solution (this maintains a favorable 
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concentration gradient of gold in solution toward the phosphorus-rich zones); and 
d) once a gold atom is captured, the electrostatic interaction energy with the 
capture site is so high that subsequent heat treatment does not release it back into 
the wafer. Sufficient phosphorus must be deposited to create enough capture sites 
to getter the gold present in the wafer. 

Diffused phosphorus layers (and other backside gettering methods) are also 
effective in shrinking OISFs. Oxidation-induced stacking-faults are regions of 
excess point defects (i.e., Si self-interstitials). Diffused P-layers shrink them for 
reasons still being argued (i.e., either vacancies are injected, which shrinks the 
OISFs, or the supersaturated P-concentration causes precipitation to begin and 
the resulting dislocation loops form sites to soak up the interstitials). 

2.8.2 Extrinsic Generlng 
Historically, gettering of mobile metallic impurities has been accomplished by 
extrinsic gettering, in which the wafer backside is subjected to a process that 
creates damage or stress, and subsequently traps mobile impurities. A number of 
wafer backside treatments have been developed for this purpose. Mechanical 
damage and polysilicon deposition are the two used most widely. 

Mechanical damage by abrasion, grooving, or sandblasting have all been 
used to create stress fields at the backside of wafers. During subsequent 
annealing steps, dislocations which relieve these stresses are generated. The 
dislocations then serve as gettering sites. 

A layer of polysilicon deposited on the wafer backside (1.2- 1.5-,um thick) is 
another extrinsic gettering technique that has been developed (Fig. 2-13). 37 Start-
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Fig. 2·13 Cross-sectional TEM micrographs of: a) as-deposited poly-Si, then wet 
oxidized at 1150°C for; b) 100 min; c) 765 min, and; d) 1300 min.38 
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ing wafers up to 200-m.m in diameter can be purchased with such a layer already 
deposited. (However, as we will see, such backside deposition is not compatible 
with 300-mmwafers.) The grain boundaries, and high degree of lattice disorder in 
polysilicon act as sinks for mobile impurities. 

Unfortunately, extrinsic gettering techniques suffer from a variety of 
limitations. The primary general limitation of extrinsic gettering procedures is 
their inherent lack of stability, especially at high temperatures up to 1250°C for 
bipolar structures. Such instability manifests itself as the dissolution of gettered 
metal back into the wafer, and the annealing out of dislocations as the wafer 
undergoes a number of high-temperature steps. Upon being annealed out, 
dislocations can no longer trap newly introduced impurities, nor recapture the 
impurities released back into the wafer from getter sites. This limitation is one 
reason why extensive investigation of intrinsic gettering as a complementary 
gettering procedure has been undertaken, and why it is being increasingly 
implemented into ULSI fabrication sequences. 

For 300-mm wafers, a double-sided-polishing (DSP) standard has been 
adopted. By polishing the wafer backside of the wafer (as well as the frontside), 
inspection of the entire wafer surface for the presence of particles can be 
achieved (i .e., small particles cannot be detected on the rough back-surface of a 
wafer). However, since the backside layer treatments of a wafer for the purposes 
of external gettering would have to be carried out after the DSP steps, it will no 
longer be possible to use them for 300-mm wafers. Hence, 300-mm wafers will 
have to rely on internal gettering processes. 

2.8.3 Intrinsic Gellering 
Intrinsic gettering is based on the principle that under proper conditions, fast­
diffusing impurities are captured at sites existing within the interior of silicon 
wafer, away from the device regions near the surface. Two mechanisms are 
employed to implement internal gettering: 

Gettering at Oxygen Precipitates: Supersaturated oxygen in silicon wafers 
will precipitate out of solution and form clusters within the wafer during 
thermal processing. The stresses that result as these clusters grow into larger 
precipitates can be relieved by punching out dislocation loops (or by 
emitting Si-self interstitials that agglomerate to form stacking faults and 
dislocation loops). These dislocations become sites at which unwanted 
impurities can be trapped and localized. 36 In an effectively designed 
intrinsic gettering process, these precipitates are only allowed to form in the 
bulk regions of the wafer. They are prevented from forming in the active 
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Fig. 2·14 SEM micrograph of a pn junction created by a 450°C anneal for 70 hr in 
denuded-zoned-Si with SiOx precipitates formed by thennal treatment.40 

device regions by reducing the oxygen concentrations to levels below the 
threshold required for precipitation (denuded zone formation). In this way, 
unwanted impurities are localized (gettered) only in regions not containing 
active devices (Fig. 2-14). 

Gettering by Formation of Impurity Pairs: In this technique some types of 
metallic impurities are immobilized by chemically pairing them with other 
impurities deliberately introduced into the Si for this purpose. For example, 
Fe appears to form immobile Fe-B pairs. Thus, if regions of high B 
concentration are present in the interior of a wafer, migrating Fe atoms pair 
with a B atom and become immobilized at that location. Silicon wafers with 
a high bulk-concentration of B, topped with a lightly doped (e.g., 1xi016 
cm-3) thin epitaxial layer of Si (e.g., 3-,um-thick) can be used for this 
purpose. In fact, such silicon wafers have been historically used to control 
latchup in CMOS. Only recently has it been discovered that they are also 
very effective at gettering Fe through Fe-B pair formation, as described 
above. Recent reports indicate that a heavily doped region of B, created by a 
high-energy ion-implant process may be as effective in gettering Fe in 
wafers without an epi layer. If this claim is borne out, it may provide a less 
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expensive way of obtaining the benefits of gettering and latchup protection 
offered by the heavily doped boron region in the Si with an epi layer. 

The advantages of intrinsic gettering over extrinsic gettering include the 
following: a) the technique may be employed without any external treatment of 
the wafer other than heating; b) the volume of the wafer provides a sink during 
intrinsic gettering that is roughly two orders of magnitude larger than the volume 
of the gettering region on the wafer backside; and c) the gettering region in the 
bulk is much closer to the device regions than the backside of the wafer. 39 The 
distance required for impurities to diffuse from the circuit regions to the sinks is 
therefore 25-50 times shorter. Thus, intrinsic gettering allows diffusion cycles 
which are significantly shorter than those required for extrinsic gettering to 
remove the same contamination. 

2.8.4 Gettering with Oxygen Precipitates 
The first requirement for successfully implementing oxygen precipitate gettering 
techniques is to have appropriate oxygen concentration levels in the starting Si 
(i.e., 15-19 ppma). The lower limit of this range is somewhat above the threshold 
concentration of oxygen required for precipitation (-6x1Q17 atoms/cm3 = 12 
ppma). Precipitation does not occur at a measurable rate for concentrations below 
the 12 ppma levet.40 Wafers from CZ-grown ingots, however, normally exceed 
this lower limit, with the oxygen being incorporated during crystal growth by 
erosion of the Si02 crucible. On the other hand, if oxygen concentrations exceed 
19 ppma, too high a density of precipitates is formed. This may contribute to both 
wafer warpage and dislocation generation in the vicinity of the active devices 
(Fig. 2-15).41 .42 

Assume that the wafers contain appropriate concentrations of oxygen, and that 
the oxygen is uniformly distributed across the wafer diameter. The wafers can 
then be subjected to a series of temperature cycles to achieve intrinsic gettering 
(Fig. 2-16). A high-low-high sequence of such steps is then: 

Step 1. Denuded Zone Formation- a high-temperature step produces a 
region of reduced oxygen concentration near the wafer surface; 

Step 2. Nucleation of SiOx Clusters - a lower-temperature step causes 
homogeneously nucleation of SiOx precipitation sites; 

Step 3. Precipitate Growth and Gettering -a high-temperature step grows 
the SiOx nuclei formed in Step 2 into larger oxide precipitates. The result 
of their growth is the formation of dislocation loops, which function as the 
desired gettering sites. 
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Fig. 2·15 a) Dependence of wafer warpage on bulk microdefect size; b) Wafer warpage as 

a function of bulk-microdefect-density .42 c) Effect of Initial Oxygen content of the wafer 

on warpage. 

In Step 1, a region near the surface containing less oxygen than is required to 
form precipitates (denuded zone) is created. Thus, such precipitates or their 
punched out dislocation loops (which could intersect active device junctions or 
become decorated with impurities near device surfaces), are prevented from 
forming. Denuded zones are established by subjecting wafers to a high temper­
ature step.44,45,46 The oxygen near the top and bottom wafer surfaces thus diff­
uses out, reducing its concentration near the surface to about the solubility level 

Precipitation 
u 

Nucleation 

500L-------------------------------~----
Time 

Fig. 2-16 Example of a thermal cycle to form the denuded zone.48 
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Fig. 2-17 Effect of initial oxygen concentration on the denuded zone depth .43 

at that temperature. Denuded zones needed for a ULSI process must have a depth 
exceeding the deepest junction plus its surrounding space-charge region. Since 
the depletion region thickness depends on the wafer resistivity and the maximum 
operating voltage of the device, different devices made on the same substrate 
resistivity may need different denuded zone depths. Therefore, an important 
question that must be answered is: What is the shallowest denuded zone depth 
that the design and process can tolerate? There is no real shortcut to determining 
this information. Functional circuits must be fabricated on wafers containing a 
variety of initial oxygen levels. These circuits must be tested, and then cleaved 
and etched to determine the denuded zone depth and precipitate densities. 
Temperature cycles of 1100- 1200°C for 30- 240 min reportedly create denuded 
zones 1 0- 40-,um deep. Figure 2-17 shows the outdiffusion depth for various 
temperatures and initial oxygen concentrations. Nitrogen and argon are typically 
suggested as appropriate ambient gases. However, it has been recommended that 
to avoid pitting, a thin oxide layer be grown before subjecting wafers to the high 
denuding temperature cycle (~ l200°C) in these inert gases.47 

In Step 2, a lower temperature cycle (600- 800°C) is next used to cause 
interstitial oxygen in the wafer bulk to form the nuclei required for the 
subsequent precipitation and gettering events of Step 3. The supersaturated 
(interstitial) oxygen can diffuse and homogeneously nucleate into small clusters 
if wafers are subjected to temperatures between 650-800°C for prolonged 
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periods (e.g., 4-64 hrs). Note that above 950°C, homogeneous nucleation appears 
to be negligible. Thus, the first temperature step on starting wafers (the denuding 
step) should be carried out a temperatures greater than 950°C, to prevent 
formation of clusters near wafer surfaces during this initial heat treatment. 

A large number of relatively small oxygen clusters are formed by this step. 
This number, for a fixed temperature and time, depends on the oxygen content 
and increases with initial oxygen concentration. Since the oxygen content of the 
starting wafers is one important parameter that determines the density of oxygen 
clusters, it is crucial that this concentration be controlled in CZ silicon. Figure 2-

18 shows the nucleation rate and final radius of the clusters that are created at 
800°C for an initial oxygen content of 15 ppma.47 If nucleation cycles are carried 
out at the lower end of the temperature range ( -650°C), significantly longer 
annealing times are required to achieve a sufficient concentration of adequately 
sized clusters (16-64 hr). To enable an initial 650°C temperature to be used for 
this step, and yet allow a reduction in the overall nucleation cycle time, a 
ramping up of the temperature during Step 2 has been suggested.42,49 

The rate of cluster formation can be enhanced by this procedure if the rate of 
change of the critical size, r 0 , with temperature, is smaller than the rate of growth 
of the clusters during annealing. That is, by the time a growing cluster reaches a 
higher temperature, it will have grown fast enough that its size exceeds the 

required r0 at that temperature. 
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Fig. 2-18 Nucleation rate for oxygen precipitates. The curve is the expected rale of 
precipitate formation at 880°C.47 
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The time to grow the clusters into precipitates that would be large enough to 
form the desired dislocations in the bulk is prohibitively long over the range of 
temperatures of Step 2. Thus, once the clusters have grown to a size where they 
exceed the r0 of a higher temperature step, a third thermal cycle at that 
temperature can be used to grow the clusters into larger precipitates in a shorter 
time. If a temperature-ramping technique during the nucleation cycle is used, the 
final temperature can be that called for by Step 3. 

In Step 3, wafers are heated to high temperatures (900-1250°C) for extended 
periods (4-16 hrs). At these temperatures, oxygen clusters of a sufficient size 
(i.e., > r0 ) which were formed during Step 2, will grow (e.g., from 3-5-nm to 
-50-100-nm in radius). Such growth is caused by diffusion of interstitial oxygen 
in the bulk to the SiOx clusters, and reaction with silicon on the precipitate 
surface. For each Si02 molecule thus formed, a Si-self-interstitial is produced to 
accommodate the volume expansion. The large volume-change associated with 
the precipitation is not completely relieved by the emission of self-interstitials, 
and the precipitate builds up a strain field that can punch out prismatic 
dislocation loops (Fig. 2-19).50 

The self-interstitials emitted by the precipitate can also form dislocation loops 
as discussed in the section on Bulk Defects in Vol.l, Ch. 2. The dislocation loops 
contain an extrinsic stacking fault that grows by absorbing the self-interstitials 
emitted by the growing precipitate. The dislocations formed from both 
mechanisms act as the gettering sites which can trap fast diffusing impurities. 

The ultimate size of the precipitates apparently also plays a role in the 
warpage resistance of the wafers. Kishino42 shows that wafer warpage increases 
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Fig. 2-19 a) Image of the core of a dislocation in Si obtained by high resolution TEM 
depicts an extra plane of atoms that terminates at the core of the dislocation. A precipitate 
is at the core.24 (©1985 IEEE); b) Dislocation loops generated in Si due to prismatic 

punching by Si02 particles.25 
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Fig. 2-20 Yield strength of Si showing the influence of oxygen precipitates.42 

with increasing precipitate size (Fig. 2-20). These data, and that of others,51,52 
suggests that Step 3 heat cycles that lead to precipitates larger than 200-nm in 
size can negatively impact production yield. Several reports have, in fact, 
indicated that the best wafers are those in which the precipitation occurs slowly 
and uniformly throughout the wafer (especially with good radial uniformity), and 
which results in small precipitates with attached precipitation defect 
complexes.53,54 The concern for wafer strength has lead most users of internal 
gettering away from materials with high oxygen levels (e.g., > 19 ppma), to 
material containing medium levels of oxygen (e.g., 15-19 ppma). 

2.8.5 Summary ol Getterlng 
Effective gettering is required to produce high-yielding ULSI. We have described 
a variety of gettering techniques, both extrinsic and intrinsic. In practice, more 
than one gettering mechanism has been simultaneously exploited in a wafer 
during fabrication. That is, the approach to gettering has been to deliberately 
implement more than one technique. An extrinsic, backside technique and an 
intrinsic gettering process were employed concurrently. Since typical CZ wafers 
contain oxygen in the appropriate range of 15-19 ppma, it is likely that many 
early IC processes had inadvertently benefited from intrinsic gettering. However, 
as low-temperature processes, and/or RTP, become more extensively utilized, 
and especially when 300-mm wafers are used, the use of intrinsic gettering can 
no longer be left to chance. The reduced thennal cycles in some cases, and the 
inability to use extrinsic gettering with 300-mm wafers will demand use of a 
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gettering technique which allows the placement of gettering sinks in the wafer 
bulk (and closer to the device regions). The intrinsic gettering method, however, 
does require the strict control of a number of oxygen-related processes, and this 
can be a complex task. 

2.9 STATUS OF SILICON WAFER TECHNOLOGY IN 2000 AND FUTURE TRENDS 

By the year 2000, most 200-mm wafers being used for ULSI IC fabrication were 
either: 1) conventional lightly-doped polished CZ wafers (i.e., which exhibit a 
grown-in defect distribution characterized by central vacancy-rich region 
surrounded with an OSF-ring); or 2) conventional heavily p-doped CZ-silicon­
substrate-wafers covered with a lightly-p-doped epitaxial layer. Some of the 
polished wafers are subjected to a post-growth high-temperature annealing step 
in hydrogen or argon to decrease the density of COPs at the wafer surface (see 
Sect. 2.5). The polished-CZ-wafers rely on both external gettering methods (e.g., 
backside polysilicon) and internal gettering methods which require the presence 
of oxide precipitates to establish gettering sites in the bulk of the wafer. The p­
epitaxialfp+ -wafers also employ these two gettering techniques, but are able to 
rely on the gettering capability of the heavily doped p+ substrate as an additional 
gettering mechanjsm (especially for such impurities as Fe and Cu). The polished­
CZ-wafers usually use a deliberate process step (or steps), to create a zone near 
the surface denuded of oxygen (i.e., a denuded zone), to prevent oxide 
precipitates from forming in the device regions. Epitaxial wafers do not need to 
establish a separate denuded zone, as oxygen is not incorporated into the 
epitaxial layer during the epi deposition step (and thus such wafers automatically 
have a denuded device region). 

As devices are being scaled below 0.18-.um and the wafer sizes are increasing 
to 300-mm in size, a new set of wafers types with respect to: 1) the grown-in 
defect characteristics they exhibit; 2) the gettering methods they employ; and 3) 
the denuded zones they possess, will be used. Let us examine each of these 
characteristics. 

There appear to be four types of wafers that will be offered for processes 
below 0.18-,um and 300-mm wafers; 1) "perfect-silicon" wafers; 2) fast-pulled 
wafers; 3) epitaxy-optimized substrate wafers (EOS); and 4) "conventional" 
epitaxial wafers. The "perfect-silicon" wafers are described in Sect. 2.5. The fast­
pulled wafers are described in Sect. 2.7. The EOS wafers are described in Sect. 
2.9.1. We compare the advantages and djsadvantages of these four types of 
"new" wafers in Sect. 2. 9 .2. 
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2.9.1 Epitaxy-Optimized-Substrate (EOSJ Wafers 
Epitaxy-optimized-substrate (EOS) wafers typically use a fast-pulled, lightly-p­
doped wafer as the substrate, and cover it with a medium-p-doped, epitaxial layer 
that is thinner than those used in conventional epitaxial wafers The epitaxial layer 
in EOS wafers is not deposited thick enough so that it contains the entire device 
region. Its role instead, is merely to cover the COPs so that they do not degrade 
the isolation leakage behavior of DRAMs (and also not degrade the GOI of thin 
gate oxides). As noted, the COPs created in the fast-pulled substrate (i.e., a 
silicon crystal which may also be doped with nitrogen) are small and are formed 
with high density. 

A thin ( -0.5 ,urn thick), medium-p-doped epitaxial Si layer is thus deposited 
on a lightly-doped substrate. COPs are not formed in epitaxial layers because the 
epitaxial deposition temperature is much lower than the temperature encountered 
by the solidifying Si crystal in CZ growth. Thus, the vacancies created during the 
epitaxial process are in much lower concentrations (too low, in fact, to allow 
them to aggregate and form COP voids). In addition, it has also been 
demonstrated that the small COPs that are formed in the fast-pulled silicon which 
are covered with such a 0.5-,um-thick epitaxial layer are no longer detected with 
a surface scanning inspection system after an SC-1 delineation etch. 55,56 In fact, 
more thorough experimental data indicates that substrate COPs are still present 
after epitaxial deposition, but their morphology is radically changed. Their 
dimensions significantly decrease after being covered by a thin epitaxial layer 
(their thickness is around 2-nm, compared to 13-nm before the epi deposition), 
with no dependence on epi thickness detected for epi layers from 0.5 to 3.0-,um 
thick. Data also show a 100% GOI yield for epi layers only 0.5-,um thick. Thus, 
on such EOS wafers, the effects of COPs is dramatically reduced with the use of 
a fast-pull crystal growth process and the deposition of a very thin epitaxial layer. 

Note that since these EOS wafers start with a lightly p-doped Si substrate, for 
some applications a heavily doped p·type buried layer (fonned with high-energy 
ion implantation) may also be implemented. This type of buried layer would 
allow the latchup and gettering benefits of the heavily doped p+-substrate 
(present in ''conventional" epitaxial wafers) to be obtained on EOS wafers as 
well. EOS-type wafers are being offered commercially under such names as: 
fLASH® (Wacker Siltronic AG), and Epi-II® (MEMC). 

2.9.2 Comparison ol Grown-In-Defect Characteristics of the "New" Wafers 
The four "new" types of wafers for near-future generations of ULSI circuits and 
300-mm can now be compared, especially with respect to the tradeoffs among 

UMC 1334
UMC v. AICP



300-mm SILICON WAFERS 47 

them involving low-grown-in defect densities, reliability of devices fabricated on 
each type, and cost: 

1. "Perfect-silicon" wafers are beginning to be offered for mainstream 
production applications. However, the production of "perfect-silicon" 
wafers in large quantities presents some serious problems for the wafer 
manufacturers with respect to developing a cost-effective manufacturing 
process. That is, the pull-rate required to ensure "perfect-silicon" is slow, 
and this negatively impacts the throughput of the ingots that can be 
produced by an (expensive) crystal puller. Furthermore, the ingots must 
remain within the hot-zone of the puJJer for much longer periods of time, 
which increase the likelihood that a growth-disturbing event will occur 
during the growth cycle. This will further reduce the yield of acceptable 
ingots produced by a puller. Finally, a "perfect-silicon" growth-process 
must be developed for 300-mm wafers, which itself is a costly undertaking. 
In summary, the overall cost of "perfect-silicon" wafers for 300-mm wafer 
sizes may tum out to exceed the cost of even EOS wafers. 

2. The fast-pulled (and perhaps also nitrogen-doped) wafers possess small­
sized COPs, present in high densities. However, it has been demonstrated 
that the presence of COPs no longer degrades the GOI of oxides when the 
oxide thickness is smaller than 6.5-nm. As an example, it was reported that 
for MOSFETs fabricated with gate-oxides of 5-nm thickness, almost no 
COP failures were detected, independent of the size and density of the 
COPs in different crystals. 57 As a result, the use of fast-pulled wafers may 
be acceptable for many logic ICs, despite presence of the COPs (provided 
such circuit applications do not require the extremely low isolation leakage 
levels required by other products, such as DRAMs). Thus, such wafers 
might find use for a wide variety of CMOS IC circuit applications that use 
gate-oxide thicknesses of less than 6.5-nm-thick, built on 300-mm wafers. 
Of course, for some applications (such as 256-MB [and larger] DRAMS), 
the presence of a high-density of COPs might be the potential cause of 
such high leakage currents that this type of wafer would not be a suitable 
choice for them. 

3. As described above, the EOS wafers use a lightly doped, fast-pulled 
substrate. Manufacturing such substrates can be achieved with higher 
throughput, and with a much-Jess-intensive process-development-effort 
than will be required for developing a "perfect-silicon" process for 300-
mm wafers. In addition, the throughput and yield for such wafers will be 
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significantly greater than for "perfect-silicon" wafers. Finally, the cost of 
producing such thin epitaxial layers is significantly lower than that to 
produce the thicker epitaxial layers used in "conventional'' epitaxial-Si­
wafers (up to 15-,um thick). That is, the production cost of depositing the 
epitaxial layer on "conventional" epitaxial wafer is a significant part of the 
overall wafer cost. It is possible that when all of the factors that go into the 
cost of producing 300-mm "perfect-silicon" wafers are compared to those 
that go into the cost of producing EOS wafers, that the EOS production 
costs wi 11 be lower. 

4. "Conventional" epitaxial wafers will also probably continue to be used 
in 300-mm wafers, for a number of reasons. First, the p+-substrate used in 
such wafers may provide latchup and gettering advantages for some circuit 
that may not be possible to achieve with either "perfect-silicon" or EOS 
wafers. The highly doped boron substrate enhances the formation of oxide 
precipitates as well as providing additional solubility gettering for impurity 
contamination. Second, a significant reduction in the epitaxial-to-polished 
wafer price-ratio is expected for 300-mm wafers, compared to that which 
existed for smaller diameter wafers. Finally, it has been observed that the 
COP density in highly-p-doped wafers (2xt019 cm-3) is very low,58 and 
that this contributes to the excellent GOI of gate oxides fabricated on pfp+ 

epitaxial wafers. Thus, despite the fact that such "conventional" epitaxial 
wafers will likely cost more than the other wafer types, they may still be 
chosen for some circuits built on 300-mm wafers. 

2.9.3 Getterlng Methods and Denuded Zone Formation Techniques 
Employed with the "New" Wafers 
As noted in Sect. 2.8.3, external gettering processes based on backside wafer 
treatments are not compatible with the double-sided-polishing standard adopted 
for 300-mm wafers. Consequently, 300-mm wafers will have to rely on internal 
gettering processes. However, gettering sinks are even more critical today, when 
device fabrication increasingly uses copper interconnects (which could 
potentially introduce a very fast diffusing impurity in both the device region of 
the IC and into the IC manufacturing process lines). Let us therefore now discuss 
the forms of intrinsic gettering that will be available with the "new" wafers 
described earlier. 

In the "new" wafers in which the substrate background doping is low, the 
intrinsic gettering capability will have to rely on gettering produced with the 
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assistance of oxide precipitates in the bulk. In the "conventional" epitaxial 
wafers, the substrate is heavily-p-doped with boron. The formation of oxide 
precipitates is significantly enhanced by the heavy boron doping (allowing a 
sufficient number of oxide precipitates to be formed, even if the oxygen content 
in the silicon is low),59,60 and some additional solubility gettering will occur due 
to the heavily-doped substrate that does not occur in the wafers with lightly­
doped substrates. Hence, gettering will, in general, be more effective in wafers 
that have the more heavily-doped substrates (and in particular for gettering Fe). 
Nevertheless, in one report, it was indicated that equally effective gettering can 
be obtained in both the lightly-doped and heavily-doped substrates, provided that 
the oxygen concentration in the lightly doped substrates exceeds 7x1Q17 cm-3.61 
By co-doping the Si with nitrogen during crystal growth, the oxide precipitate 
densities can, however, be significantly increased. Such nitrogen doping also acts 
to reduce COP sizes, as noted earlier. 

Thus, to enable the use of such lower-cost "new" wafers which have a lightly­
doped substrate, adequate gettering capability must be exhibited with such a 
substrate. To ensure that sufficient gettering capability is available, either one of 
two approaches is being followed: 1) the wafers are being doped with nitrogen to 
enhance the number of oxygen precipitate nucleation sites; or 2) an RTP process 
that manipulates the excess-vacancy-profile throughout the wafer is employed, as 
this allows the density of oxygen precipitate nucleation sites to be controlled. 

As described in Sect. 2.8.4, part of the gettering process involves forming a 
denuded zone that extends from the wafer surface to a depth that exceeds the 
region in which device structures are formed. That is, the denuded zone is a 
region that is devoid of oxygen precipitates. In the "new" wafers, such denuded 
zones must also exist. In the case of "conventional" epitaxial wafers, the epitaxial 
layer is a denuded zone because there is no oxygen incorporated into the epitaxial 
layer as it is deposited. Hence, no oxygen precipitation will occur within the 
"thick" epitaxial layer of "conventional" epitaxial wafers. For the other three 
"new" wafer types, the denuded zone is typically formed as in conventional 
polished wafers with high-temperature annealing steps (> 1 000°C) to out-diffuse 
oxygen from the wafer near the surface (including the EOS wafers, in which the 
epitaxial layer is so thin that it does not extend deep enough to encompass the 
entire device region). It has been postulated that due to radical reductions in the 
total thermal budgets, the "conventional" methods of forming adequate denuded 
zones may no longer be cost effective. 
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2.9.3.1 Magic DeNuded Zones™: A novel way of producing the denuded zone 
has recently been introduced by MEMC called the Magic Denuded Zone 
(MDZ).TM,62,63 In this method the denuded zone (and the oxide precipitates 
within the bulk region of the wafer) are formed with the assistance of vacancy­
concentration profiles that are introduced into the wafer with a Rapid Thermal 
Process (RTP) prior to the development of the oxygen precipitates in subsequent 
heat treatments. (Oxygen diffusion rates are much slower than vacancy diffusion 
rates in silicon.) The patented MDZ process creates a vacancy-concentration 
depth-profile that effectively pre-programs the oxide-precipitate-density in the 
bulk of the wafer, as well as the depth of the oxide-precipitate-free-zone to ideal 
targets. In late-2000 MEMC licensed this technology to Wacker Siltronic AG, 
another vendor of Si wafers, in a cross-licensing agreement involving a number 
of patents. 

The physics of the Magic Denuded Zone concept is as follows: An otherwise 
perfect silicon crystal at any temperature above 0 K (e.g., room temperature) 
nevertheless contains an equilibrium-concentration of point defects, namely 
vacancies and interstitials. (For more details see Vol.l, Chap. 2, 2nd Ed.) The 
higher the equilibrium temperature, the higher are these concentrations. Consider 
a region in a bulk-silicon-crystal (i.e., far from any surface). If the crystal is 
heated above room temperature, thermal generation will create equal numbers of 
additional (or excess) vacancies and interstitials (vacancy-interstitial pairs). As 
long as the silicon is kept at an elevated temperature, such higher equilibrium­
concentrations of point-defects will be sustained. However, if the silicon is 
returned to room temperature, the excess vacancies and interstitials will 
annihilate each other by a reverse process, i.e., recombination. Such 
recombination of excess point-defects will continue until the room-temperature 
equilibrium concentrations are restored. 

The events that take place when a Si-crystal wafer is heated differ dramat­
ically from when a region deep within the bulk of a Si-crystal is heated, due to 
the presence of surfaces relatively close to any point within the silicon wafer. The 
proximity to such surfaces radically alters the relative concentration of vacancies 
and interstitials in the heated wafer. This alteration in the relative concentrations 
of the two point defect types occurs for two reasons: 1) interstitials are about 10 
times as mobile as vacancies; and 2) when either an interstitial or vacancy arrives 
at the surface, it is quickly annihilated. That is, when an interstitial arrives at a 
surface, it will quickly occupy one of the plentiful (vacant) surface lattice sites. 
Likewise, a vacancy moving onto a lattice site is really just a silicon atom 
moving from one filled site to an adjacent empty one. Since interstitials can move 
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more quickly to any nearby surfaces, most vacancies trail behind. (Note that 
since thermal generation of interstitial-vacancy pairs is a continuous process, 
some vacancies are always able to recombine with interstitials. But, since the 
new interstitials also migrate more rapidly to the surfaces, there are always fewer 
interstitials within the bulk of a wafer than vacancies.) In other words, because of 
the inequality in point-defect mobility, and the presence of nearby surfaces, a net 
steady-state excess-vacancy-concentration will exist within a heated silicon 
wafer. The length of time from when a silicon wafer is heated to when the 
concentration values of interstitials and vacancies reaches their new, steady-state 
values is very fast - on the order of a few seconds. 

If the wafer temperature is reduced to a value below its initial heated 
temperature (but to a value still higher than room temperature), the concentration 
of excess vacancies in the silicon will also eventually decrease to a new, lower, 
steady-state value. However, the process by which this reduction takes place in a 
wafer is a combination of: 1) recombination; and 2) the diffusion of vacancies to 
the surfaces from locations of higher concentration deep within the wafer. 

The diffusion of vacancies is also dependent on temperature. At temperatures 
in the vicinity of 1000°C the vacancies can diffuse rapidly to the surfaces of the 
wafer (but of course, more slowly than the interstitials), but at room temperature 
the vacancy diffusion is so slow that the vacancies can be considered essentially 
immobile. Thus, if a heated wafer is rapidly cooled to room temperature, the 
concentration profile of excess vacancies within the wafer is "quenched in." In 
addition, by controlling the intermediate wafer temperature (and the time during 
which the wafer is kept at that intermediate temperature), the concentration of 
vacancies that will be "quenched in" at the surface can also be controlled. 

MEMC has invented the MDZ process that uses RTP to produce vacancy­
concentration-profiles within a wafer that are well-suited for internal gettering 
techniques. That is, it is known that the rate and oxygen concentration 
dependence of oxygen clustering can be substantially modified and controlled by 
the concentration of vacancies present (as was learned from studies of the oxide 
precipitate formation in the OSF-ring region of the wafer as was described in 
Sect. 2.3.2). MEMC determined that in regions of the silicon containing high 
concentrations of "quenched in" vacancies, the rate of formation of oxide nuclei 
is dramatically increased, whereas in regions where the concentrations are lower, 
the oxide nuclei formation rate is much slower. Thus, by creating a profile in 
which vacancies deep in the wafer bulk are high jn concentration, the number of 
oxide precipitates that form there will also be high. Near the surface (and to the 
desired depth), the vacancy concentration is tailored to be much lower. Thus, in 
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such near-surface regions oxide precipitate formation essentially does not occur, 
even in the presence of relatively high concentrations of oxygen. Thus, a "true 
denuded zone" near the silicon surface can be produced with a short RTP process 
after the wafers are formed - instead of with a long, high-temperature process for 
out-diffusing the oxygen (and which MEMC argues is not a "true denuded zone" 
because some oxygen nuclei may still remain from the time the oxygen 
concentration was high enough to have allowed them to form). On the other 
hand, in Si wafer regions below the denuded zone at the surface, a high number 
of oxygen precipitates forms, permitting an effective internal gettering scheme to 
be implemented. No special processing of the silicon during ingot growth (such 
as nitrogen doping during ingot growth) is necessary with this method. 

By using the MDZ process, the density of oxide-precipitates and their depth 
distribution are completely decoupled from the oxygen and crystal growth influ­
ences and details of the IC thermal processes. The precipitation performance is 
completely controlled by the engineered vacancy-concentration-profile. In 
addition, the denuded-zone-depth and bulk-oxygen-precipitate-density may be 
engineered independently of one another by this technique. The denuded zone is 
also formed without the requirement of oxygen out-diffusion. The entire MDZ 
process is accomplished in less than one minute, and is therefore much faster if 
compared to the average oxygen diffusion process (that takes several hours). 

MDZ provides internal gettering that is nearly independent of initial oxygen 
concentration, wafer position along the ingot, and thermal history effects. Since 
the MDZ process is also independent of the crystal growth-process, accurate 
MDZ performance may be achieved on any type of wafer. This means that the 
oxygen precipitation process is effectively decoupled from the crystal-growth­
related intrinsic-point-defect issues. 

2.10 FROM INGOT TO FINISHED WAFER: SLICING, ETCHING, and POLISHING 
After a single crystal ingot has been grown, a complex sequence of shaping and 
polishing steps are performed to produce starting material suitable for fabricating 
semiconductor devices (wafers).65,74 The wafering process for 300-mm wafers 
has been modified to some degree compared to ones used for previous wafer 
generations. We will emphasize those differences in this section. Figure 2-21 
shows a flow chart depicting a generic 300-mm wafer shaping process. Figure 2-
22 also illustrates this wafering procedure, which includes the steps covered next. 

2.1 0.1 Ingot Evaluation 
The grown single crystal ingot undergoes routine evaluation of resistivity, 
impurity content, crystal perfection, size, and weight. Sections of the ingot that 
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are crystallographically defective, irregularly shaped, or undersized, are cut off 
and discarded (as are the seed and butt [or tang] ends). Loss of the ingot material 
may approach 50% at this point. 

2.1 0.2 Ingot Surface Grinding 
Since ingots do not grow perfectly round, nor with sufficiently uniform 

diameters, they must shaped to the desired form and dimension. Thus, ingots are 
deliberately grown larger than the final desired wafer diameter and a grinding 
operation removes the excess material to reduce as-grown crystals to a 
cylindrical shape of precise diameter. (Exact diameter dimensions are required to 
make wafers compatible with automated handling procedures.) Since silicon is a 
hard, brittle material (registering 72.6 on the Rockwell "A" hardness scale), 
grinding machines with diamond wheels are used to perform this cylindrical 
shaping process. The grinding step is followed by an etch step that removes the 
grinding work-damage. The ingot diameter is reduced 0.25-1.0-cm by the 
grinding and etch steps. 

2.1 0.3 Grinding Flats or Notches on the Ingot for Orientation Purposes 
For wafers up to 150 mm, flats are used for aligning and crystal orientation. For 
larger wafers ~ 200 mrn, notches are predominantly used (see Fig. 2-23). For 
300-mm wafers, notches are used exclusively. These features are next ground 
along the length of the ingot. The largest flat, called the primary flat, is usually 
positioned relative to a specific crystal direction. (The primary flat orientation is 
found by using X-rays to produce a Laue photograph.) The primary flat is used 
for several purposes. Automated wafer hand]jng equipment utilizes the primary 
flat to obtain correct alignment, and in addition, devices on the wafer can be 
oriented to specific crystal directions with this flat as a reference. Smaller flats 
are called secondary flats, and they are utilized to identify the orientation and 
conductivity type of the wafer. Since automated equipment relies on the flats for 
correct operation, the flat dimensions must be precisely machined. For example, 
the flat or notch is placed perpendicular to a <11 0> direction on a (1 00) wafer. 

2.1 0.4 Sawing the Ingot into Slices (Wafers) 
The sawing operation66,74 that produces silicon slices from the shaped ingot also 
defines the surface orientation, thickness, taper, and warp of the slice. The ingot 
is rigidly mounted to maintain exact crystallographic orientation during the 
sawing process. Wafers of <100> orientation are normally cut "on orientation" 
(e.g., within± 0.5°). 
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Ingot Surface Grinding, 
Orientation Flattening or Notching 

Edge Polishing 

Epitaxy 

Fig. 2-21 Flow chart depicting the steps involved in wafer preparation starting with a 

whole Si ingot. 

Wafer thickness is primarily set by the sawing operation, although some 
material is also removed by subsequent operations (e.g., for a 200-mm wafer of 
final 725-J.lm thickness, a total of -1250 -,urn of ingot silicon is needed: 725-,um 
final wafer thickness; 400-,um for kerf loss during sawing; 50-,um lapping loss; 
50-J.lm etching loss; 25-,um polishing loss. Thus, about 8, 200-mm wafers per 
linear em of ingot can be produced. As wafers get larger they must be thicker 
(Table 2-1) to allow them to withstand thermal processes (e.g., epitaxy and 
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oxidation) and handling during fabrication. Thus, fewer wafers per unit length of 
ingot are possible than for smaller wafers. 

The most common mode of slicing has been inner diameter (ID) slicing (Fig. 
2-24) using stainless steel blades with diamond particles bonded to their edges.74 
Continuous monitoring with blade-deflection sensors is required to assure that 
slices are sawn adequately free of bow, taper, work damage, and saw marks. 
Cutting speeds are in the neighborhood of 0.05 em/sec. Since one slice is cut at a 

time by the saw, this is a relatively slow process. 
Wafers with 300-mm diameters are sawn with slurry-coated wires instead of 

inner-diameter saws. More slices per inch of ingot are possible due to smaller 
kerf loss (kerf loss is reduced by approximately 30% compared to the ID saw).67 
In addition, wire sawing enables the silicon slicing to be carried out at higher 
throughput and superior mechanical properties, such as reduced bow and warp. 
Figure 2-25 shows a schematic of multiple-wire saw. In this arrangement, 
parallel, equally spaced and properly tensioned stainless steel wires spun across 
two pulleys are part of single stainless-steel wire winding through a complex set 
of pulleys. Cutting of multiple slices results when the ingot is pressed against the 
traveling wires under injection of slurry. Although the cutting rate is much 

slower than the ID saw (the ordinary ID saw has a 80-100 times higher sawing 
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Fig. 2-22 Graphical depiction of the steps in the wafering process. 
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{ 111} n- TYPE {m} p-TYPE 

I PRIMARY 
f'I.AT 

SECONDARY 
FLAT 

b) NOTCH 

{ 100} n - TYPE {100} p- TYPE > 200 mm wafers 
Fig. 2-23 a) Identifying flats on a silicon wafer; b) Notched wafers. 

rate), as many as 300 slices can be produced simultaneously. Since slicing by the 
multi-wire saw is actually the result of low speed grinding action by the slurry, 
improved bow, warp, TTV, and taper are much more easily obtained than with 
the ID saw. 

2.1 0.5 Laser Marking the Waters 
A technique using a laser to create an alphanumeric (or bar code) identification 
mark on the front of the wafer near the primary flat or notch (Fig. 2-26) is then 
employed. Laser marking according to SEMI68 Std. M 1.8, specifies an 18 
character field to identify the wafer manufacturer, conductivity type, resistivity, 
flatness, wafer number, and device type. This allows each wafer to be identified. 
Wafer traceability, correlation of device characteristics produced on a wafer with 
the wafer properties, and the ability to prevent in-process rejected wafers from 
being re-inserted into the fab line are all benefits of utilizing wafer marking. 
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Coolant 

Crystal Ingot 

Silicon Ingot 

Ceramic Support 

Diamond Coati ng 

Fig. 2·24 ID saw geometry.66 

Automatic code readers at various stages of processing can also track wafers and 
provide data on wafer movement in the fab.69,70 

2.1 0.6 Lapping and Grinding the Waters 
The thickness of the as-sawn slices is sufficiently variable that a lapping and 
grinding step is next employed to bring all slices to within the specified thickness 

Crystal Ingot 

Fig. 2-25 Wire sawing an ingot to produce wafers. 
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a> b) 

IDENTIFICATION NUMBER 

VENDOR 
IDENTIFICATION I RESISTIVITY ,---L, IDENTIFICATION 

123Y5678A811·881FS 

DOPANT SPECIES I I 
CRYSTAL GROWTH ORIENTATION 

c) CHECK CHARACTERS ----' 

Fig. 2·26 a) SEM of letter "A" marked on wafer after it appears as marked on lapped 
wafer (left), after wafer has been etched (center), and after polishing. Courtesy of Wacker 
Siltronic; b) SEMI specification for marking vendor codes on wafers. Dimensions are 
specified along flat on wafer; c) SEMI specifications for 18-character vendor code. SEMI 
standard, used with permission. 

tolerance. The lapping takes place between two counter-rotating cast-iron plates 
in the presence of an abrasive slurry, usually a mixture of micron-sized alumina 
or silicon carbide particles suspended in a solution. This step also serves to 
reduce bow and warp, and to increase slice flatness. Both sides of the slice are 
lapped using a mixture of AI20 3 and glycerine, and a succession of increasingly 
finer polishing grits is used in multiple lapping steps. This process can achieve 
flatness uniformities of 2-,um. 

2.10.7 Removal of Surface Mechanical Damage by Chemical Etching 
The work damage and contamination caused by the previous mechanical 
grinding, sawing, and lapping steps must be removed. This is done by chemically 
etching away the resultant damaged and contaminated layer.71 The wet etch 
procedure for this step typically utilizes an etchant solution of hydrofluoric (HF) 

and nitric (HN03) acid (with modifiers such as acetic acid) to attack the silicon. 
The surface material removal is the result of two-step reactions. The Si surface is 
first oxidized by the nitric acid to form silicon oxide, and this oxide removed by 
the HF. A relatively non-porous and clean wafer backside is also produced by 
this step. Note that etching of the wafer may be repeated after the subsequent 
operation of edge rounding. 
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2.10.8 Rounding the Wafer Edge (and Notch) 
The edges of the silicon slices are then shaped (rounded) as shown in Fig. 2-27. 
Edge rounding substantially reduces the incidence of chipping during normal 
wafer handling, and helps minimize film buildup on the edge of the wafer during 
photoresist and epitaxial processes. (Edge-chip defect sites are known to nucleate 
plastic deformation [or slip] during subsequent thermal processing steps).72 The 
shape of the rounded edge profile usually follows an industry standard (i.e., 
SEMI standard) in which the edge profile fits within the boundary of a standard 
template. 

2.1 0.9 Edge Polishing of the Wafers 
Particle contamination reduces yield. In advanced, submicron IC processing 
some of the major sources of particles are the process equipment and the wafer 
itself. Defects found on the wafers during the device fabrication sequence are 
often caused by tiny chips of silicon from the wafer, or by particles removed 
from the process equipment. This abrasive effect is caused by the contact of the 
silicon wafer with the process equipment, and can be influenced by the 
smoothness of the contact area, primarily the wafers edge. 

Wafer edges of as-sawn wafers are sharp and prone to chipping (Fig 2-27a). 
As a result, after sawing, wafers are generally subjected to a grinding process that 
rounds the wafer edge (with much of the edge-grinding damage being later 
removed during the wafer-surface etching process). This results in a wafer edge 
that is rounded, but is not perfectly smooth, as shown in Fig. 2-27b.64 Such 
relatively rough edges still produce enough particles to reduce the yield of ICs, 
when compared to the yields obtained when these edges are polished after the 
edge has been etched to remove the grinding damage. That is, after edge­
polishing the wafer edge is perfectly smooth, as shown in Fig. 2-27c, and 
indications are that the defect density on wafers is reduced if their edges are so 
polished. For the future generations of ICs that will produced on 300-mm wafers, 
the benefit of edge-polishing should be even more pronounced. That is, the 
wafer-edge area increases with increasing wafer radius and thickness. In addition, 
it appears that other particle sources on the wafer topography (such as the notch 
and deep laser scribe marks), must also be polished (or in some other way 
smoothed) to further reduce defect density. 

2.1 0.1 o Chemical-Mechanical Polishing olthe Waters 
A chemical-mechanical polishing71 step is used to produce the highly reflective, 

scratch- and damage-free surface on one or both sides of the wafer. This is 
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Fig. 2-27 a) Wafer edge-rounding process; b) Edge-rounded wafer; c) Non-edge rounded 
wafer; d) Mechanical strength of edge-rounded vs. non-edge-rounded wafers; e) Edge­
rounded, but non-polished wafer; f) Edge-rounded, polished wafer. 

accomplished by mounting unpolished slices onto a carrier, and then putting 
them on a polishing machine. There, a powered platen drives an appropriate 
polishing pad material across the wafer surface. A colloidal silica slurry of 
sodium hydroxide and fine ( -10-nm) Si02 particles is dripped onto the table. The 
frictional heat of the sliding mounted wafers causes the sodium hydroxide to 
oxidize the Si (i.e., the chemical part of the process). The oxide is then abraded 
away by the silica particles (i.e., the mechanical part). Figure 2-28 shows the 
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wafer thickness and surface roughness changes as it undergoes the various 
grinding, lapping and polishing processes. 

For 300-mm wafers, double-sided-polishing will be standard (instead of the 
single-sided-polishing used up to the 200-mm wafer sizes). Double-sided 
polishing (CMP on both the front and back surfaces simultaneously) has been 
found to result in superior flatness than single-sided polishing. 

The wafer preparation via mechanical methods (i.e., grinding, CMP, etc.) has 
its limits in the degree of flatness that can be obtained. To supplement and fine 
tune the local lithography for further improvement in local flatness, tools that can 
carry out such processes as plasma-assisted chemical etching (PACE) have been 
developed.73 Such a tool employs a spatially confined plasma with a scanning 
mechanism to allow material removal to be controlled as desired over the wafer 
surface. The PACE utilizes low-energy ions (i.e., << 1 e V), instead of the 
energetic ions that are employed in reactive-ion-etching. Therefore, PACE 
produces minimum or no subsurface damage. 

2.1 0.11 Cleaning the Wafers 
Following the polishing cycle (in which a layer of silicon about 25-JLm-thick is 
removed) the wafers are subjected to series of chemical dips and rinses to remove 
the polish slurry. A cleaning process concludes this step. This is a very important 
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After Edge Rounding 914 Jlm 

12.5 Jlnl 

After Lapping 814 Jim 

After Etch 750 jlm 

Virtually Defect Free 

AfterCMP 725 IJ.m 

Fig. 2-28 Wafer thickness and surface roughness changes during grinding and polishing. 
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step as the silicon wafer must be free of contamination before it is shipped to the 
device fabrication facility. Chemical cleaning is effective in removing 
contaminants from the wafer surface. The "RCA Clean" (see Vol. 1, Chap. 5) is 
widely used to clean the wafer before shipping. 

2.10.12 Depositing Epitaxial Silicon Layers on the Wafers 
Epitaxial layers are required for some ULSI process technologies. Wafer 
manufacturers are now supplying silicon wafers with a variety of epitaxial layers 
for CMOS ULSI technologies. Another option being offered is a layer of 
polysilicon or mechanical damage on the backside of the wafers for extrinsic 
gettering purposes. 

2.1 0.13 Shipping 300-mm Waters: lis Impact 
on the Evolution ol Wafer Shipping Boxes 
An inspection, followed by packing in a particle-free package finishes the 
wafering sequence. The box used to ship 300-mm wafers is called a front­

opening shipping box (FOSB, pronounced fos-bee). FOSBs cost approximately 
I 0 times as much as the boxes that are used to ship 200-mm wafers. The main 
reason for this cost discrepancy is that the 300-mm wafer is more susceptible to 
breakage because it is proportionately thinner than previous diameters. 
Consequently, the shipping package must provide more protection. In addition, 
the FOSB must be more rigid in order to interface with automated load ports. 

Since the cost is so high, it must be possible to re-use the FOSB. In fact, as 
shown in Fig. 2-29, if the FOSB is used only once, the cost per wafer to use it is 
-$15, whereas if it is reused 10 times, the cost per wafer drops to -$7. Neverthe-
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Fig, 2·29 The cost/reuse of a FOSB levels off at $7/wafer. 
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less, the overall cost of the box to ship the wafer is at least 55% higher for 300-

mm wafers than for 200-mm wafers. 

One topic being discussed concerns the issue of FOSB ownership. One 

proposal before the SEMI 300-mm Wafer Shipping Box Taskforce is that 

manufacturers become owners of the FOSB. That is, since device manufacturers 

want a guarantee of wafer cleanliness, the best way to supply this is to maintain 

completely control the FOSB history. Ownership of the FOSB makes this 

possible. The protocol for using the FOSB is to remove the wafers upon 

receiving them from the wafer supplier, to then seal the FOSB in a polypropylene 

bag and ship it back to the wafer producer. The FOSB is like a wafer. Once it 

gets contaminated, it becomes hard, or impossible to clean. 

2.11 SPECIFICATIONS OF SILICON WAFERS FOR VLSI 
There are many properties that a wafer must exhibit (Table 2-2) in order to be an 

appropriate starting substrate for the fabrication of VLSI and ULSI. Table 2-3 

provides some typical specification ranges for 125-, 150-, and 200-mm diameter 

CZ wafers. Figure 2-30 graphically summarizes the qualitative characteristics 

desired in 200-mm device quality Si wafers for ULSI circuits.75 The semi­

conductor industry has seen quality improvements in Si crystals grown by the CZ 

technique continually over the years. In today's emerging sub-0.13-J.Lm IC manu-

Table 2-2. COMPARISON OF MATERIAL PROPERTIES AND 
REQUIREMENTS FOR VLSI AND ULSI 

Property Czochralski Float Zone Requirements 
for ULSJ 

Resistivity (phosphorus) n-type (ohm-em) 1-50 1-300 and up 5-50 and up 
Resistivity (antimony) n-type (ohm-em) 0.005- 10 0.001-0.02 
Resistivity (boron) p-type (ohm-em) 0.005-50 1-300 5-50 and up 

Resistivity gradient (four point probe)(%) 5-10 20 < 1 
Minority carrier lifetime (J.ls) 30-300 50-500 300-1000 
Oxygen (ppma) 5-25 Not detected Uniform and 

controlled 

Carbon (ppma) 1-5 0.1-1 <0.1 
Dislocation (before processing) (per cm2) ~500 ~500 ~1 

Diameter (mm) up to 300 up to 100 up to 300 

Wafer bow (J.lm) ~25 ~25 <5 

Wafer taper (J.lm) ~ 15 ~ 15 <5 
Surface flatness (J.lm) ~5 ~5 <1 
Heavy-metal impurities (ppba) ~1 ~0.01 < 0.001 

UMC 1334
UMC v. AICP



64 SILICON PROCESSING FOR THE VLSI ERA -VOLUME IV 

TABLE 2-3 SPECIFICATIONS FOR SINGLE-CRYSTAL SILICON WAFERS 

Parameter 150mm 200mm 300mm 

Diameter (mm) 150 ± 0.2 200± 0.2 300 ± 0.1 

Thickness (.urn) 675 ± 25 725 ± 20 775 ± 25 

Primary flat length (mm) 55-60 notch notch 

Oxygen content (ASTM '79) (ppma) ~23 ±2 ~ 22 ± 1.5 

Flatness (.urn) (GTIR) l.5 1.5 1.5 
Site Flatness (.urn) (SFQD) ± 0.17 (1998) ±0.12(2001) 

Surface orientation (100) (100) (100) 

facturing, 200-mm and 300-mm wafers must meet ever tightening wafer quality 
requirements in tenns of the crystalline defects, heavy-metal impurities, oxygen 
level, oxygen radial unifonnity, minority-carrier lifetimes, particles, and flatness. 

Note that these specifications have also become tighter with increasing wafer 
size due to automatic wafer handling and photolithographic requirements. ADE 
Corporation is the major supplier of tools used to measure many of these 
specifications. While 300-mm wafers are just being introduced into full-scale IC 
production, the required quality as updated in the 1999 Technology Roadmap for 
Semiconductors (Table 2-4, p. 69) will be met by further developing and refining 
crystal growth technology being applied and developed for 200-mm wafers, 
particularly as it is applied to point-defect and secondary-defect control, and the 
control of oxygen. 

Some questions have arisen, however, about whether some aspects of wafer 
"goodness" may be specified too tightly, especially with respect to contaminant 
levels in the silicon. That is, it may be necessary to balance "best wafer possible" 
against the cost of ownership opportunity of not driving silicon requirements to 
the detection limit, but to some less stringent value consistent with achieving 
high yield. This issue is important, as the cost of a 300-mm wafer is projected to 
account for as much as 30% of the total IC wafer processing cost.76 

There has been a variety of data in the literature to support such a view.77 One 
example, described earlier, is that the specification on the limits of COPS and 
metals may be relaxed for device technologies in which thinner gate dielectrics 
are employed. For example, at gate-oxide thicknesses of 5-nm or less, the 
influence of COPS on gate-oxide-integrity (GOI) has been found to become 
negligible for CZ polished wafers.78 (On the other hand, at the 0.1-pm node, the 
device features will approach the size of the void diameters, and this might cause 
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Fig. 2-30 Silicon wafer structure required for ULSI.65 

shorts, e .g., between adjacent trench capacitors in a DRAM.) Furthermore, gate 
oxidation is generally performed after a number of prior thermal processes which 
typically annihilate near-surface COPs, thereby reducing whatever residual 
influence these defects may have on the GOI. In addition, in epitaxial material, 
the COPs are covered up to a depth beyond -100 nm, essentially negating their 
influence. Accordingly, the necessity of using "perfect-silicon" (while being a 
remarkable scientific achievement, see Sect. 2.6), apparently needs to be 
reassessed for future generations of ICs from a cost-of-ownership perspective. 

The implications of thin-gate-oxides for the specification of the metal levels in 
the Si wafer are based on the paradoxical fact that the integrity of thinner gate 
oxides may be less compromised by metals than is the integrity of thicker 
oxides.79 A second reason that the maximum allowed levels of metal in the silicon 
may be allowed to be increased is that cleaning technologies have been improving, 
allowing the incoming critical metal level specifications to be somewhat higher 
than those now in use. This is because the improved cleaning processes drive the 
initial levels of metal down to an operational level that is an order of magnitude 
smaller than the initial level. 

The utilization of multiple-well structures fabricated by ion-implantation in 
effect decouples the MOSFETs from the original silicon material characteristics. 
This reduces the sensitivity of these devices to the initial resistivity- and 
uniformity-tolerance of both CZ polished! and epitaxial wafers. Whereas the 
nominal substrate doping for epitaxial wafers is typically in the range of -5-10 
m.O-cm (to ensure latch-up control), shallow-trench-isolation (STI) is rendering 
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classical concerns for latch-up, such as n+ -p+ spacing moot. Accordingly, 
resistivity ranges ~20% may be acceptable, also favorably impacting CoO. 

Internal gettering (IG) in CZ-polished-Si wafers will still be required to remove 
deleterious metallic contaminants inadvertently introduced during IC processing. 
A ±2 ppma variation in bulk oxygen concentration in the range -18-31 ppma (old 
ASTM standard) may be sufficient to ensure stringent bulk defect control with an 
acceptable homogeneous IG capability. Adequate wafer strength and resistance to 
warpage, along with denuded-zone width control, is also required. The utilization 
of heavily-boron-doped substrates for epitaxial wafers also offers an effective IG 
capability, especially for gettering Fe. 

In summary, it appears that calling for further reduction of various 
contaminants and defects in Si wafers (and the continued drive to reduce certain 
other wafer specifications) may not necessarily be required to ensure continued 
improvements in IC performance. 

2.12 THE ECONOMICS OF SILICON WAFERS 

As discussed earlier, the size of silicon wafers lilas been continuously increasing. 
The motivation for using larger wafers is economic, and here we discuss this 
issue. The economic benefits of larger wafers are gained from the additional 
silicon area they provide (Fig. 2-31). If the manufacturing cost per wafer remains 
constant (or if its percentage increase is smaller than the percentage increase in 
silicon area) a reduction in the manufacturing cost per chip may be possible. 

Let us address the issue of the silicon wafer costs. We see from Fig. 2-32 that 
the cost per square inch of silicon on a given wafer size is highest when the new 
wafer size is first introduced, but then drops with time.80 For 125-mm prime 

Area 

Diameter Increase Percentage Area Increase Diameter (Sq. Inches) 

2" ~ 3" 125% 2 1nch 3.1 

3" -t 100 mm 78% 3 1nch 7.1 

100 mm ~ 125 mm 56% 100mm 12.6 

125 mrn -t 150 mm 44% 
125mm 19.6 

150mm 28.3 
150 mm -t 200 mm 78% 200mm 50.2 
200 mm _, 300 mm 125% 300mm 109.5 

Fig. 2·31 The increase in silicon wafer area with increasing wafer diameter. 
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device wafers t~e minimum silicon cost reached -$1/in2. For each succeeding 
wafer size the minimum cost/in2 is expected to be 1.4x the cost of the previous 
generation. Thus, for 200-mm wafers the silicon cost is $2/in2, resulting in the 
minimum cost of prime bulk CZ wafers of this size being $80-$100. The cost of 
300-mm wafers is expected to eventually decline to somewhere above $3/in2, 
with a single bulk-CZ wafer thus eventually costing $350-$400. In 1998, the cost 
of prime 300- mm wafers was -$1000. Note that adding an epitaxial layer to the 
wafer approximately doubles the wafer cost, and the cost of 200-mm epi wafers 
in 1998 was $150-$180. 

The cost/in2 increases with wafer size for a number reasons. First, larger 
wafers are thicker, meaning fewer wafers per em of ingot length are produced. 
Second, a smaller percentage of the electronic-grade polysilicon (EGS) ends up 
in prime wafers. (For 150-mm wafers this percentage was 30%, for 200-mm 
wafers it dropped to 17%, and for 300 mm wafers it is expected to be only 
-10%.81) Third, wafer specs are tighter for each generation, reducing the "sweet 
spot" in the middle of the ingot that yields prime wafers. Finally, epi may be 
required for DRAM production on 300-mm wafers, which will create a steep rise 
in average price of prime wafers. 

Note that the consumption of wafers of a given size also varies with time (see 
Fig. 2-33), and each new wafer size remains in production for about 24 years.82 
For example, production of 150-mm wafers began in the latel970s, and their 
consumption rate peaked in 1997. Their use in production is expected to be 
phased out by about 2010. Next, 200-mm wafers were first introduced in 1988, 
and they are expected to reach their peak consumption rate sometime between 
2005 and 2010 (depending on the rate of ramp up of the new 300-mm wafer 
generation).72 By 1998, however, full-scale-production IC factories using 300-
mm wafers were not yet running. As a result, well-designed 200-mm equipment 
is predicted to have a long working life before it is made obsolete by future 
wafer-fabs running larger wafer sizes. 

The worldwide consumption of single-crystal silicon has been growing at 
15-20% per year. In 1992, about 1. 9 billion in2 of silicon were sold. By 1994 this 
number was 2.7 billion in2, and by 1999 it had increased to -4.5 billion in2. In 
1994 this translated to a total production of about 100 million wafers. These sales 
generated an income of $5.9 billion US in 1999.83•84 There are a relatively large 
number of silicon wafer suppliers. In the late 1990's the largest were Shin-Etsu 
Handotai (SEH: Japanese), MEMC (German); Wacker-Siltronic (German); 
Sumitomo-Sitix (Japanese); Mitsubishi Materials Silicon (Japanese); and 
Komatsu (Japanese). 
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Fig. 2·32 a) Actual wafer pricing cycle by wafer diameter. Reprinted with permission of 
Semiconductor International.70 b) Photograph of a 300-rnm wafer. Courtesy ofMEMC. 

The silicon wafer industry historically funded its R&D and capacity 
expansion for the next generation, large-diameter wafer through the profits and 
cash flow from the previous-generation wafers. However, in the 2000-year 
timeframe the industry was being asked to fund the 200-mm and the 300-mm 
generation at the same time. According to the Rose Associates this is 

unprecedented, especiaJiy in an industry that lost nearly $1 billion in 1998 on 
sales. 85 These losses resulted from the semiconductor industry downturn, the 

Asian financial crisis, and excess silicon wafer capacity that combined to cause 
the average selling price of silicon wafers to fall by 36% over the three year 
period ending in rnid-1999. This caused the industry to focus on cost reduction 
for survival. While losses in 1999 narrowed, and profitability returned in 2000, 
the profit outlook was stilJ uncertain. Unless the profitability continues to 
improve, the funding for 300-mm development will compete with the economics 
of 200-mm growth and capability requirements. 

One possible scenario will be that there will be a shortage of wafers in 
the 2000 timeframe, especially 300-mm wafers. One vehicle for alleviating this 
shortage is to use reclaimed wafers, especially for the role of test wafers used in 
process development applications. That is, during the development and marathon 
testing of wafer-manufacturing tools, reclaim wafers provide an excellent 
opportunity to re-use materials. While the maturation of 200-mm processes has 
greatly reduced the need for test wafers, their use will increase as the 300-mm 
processes enter the mainstream manufacturing arena. The price of 300-mm 

UMC 1334
UMC v. AICP



-.... t: -

100,000 

10,000 

1,000 

100 

10 

0 

Total Wafer Area Trend 

1976-2025: 10% CAGR 

~ \)QO/C 

0 
<0 
(J) 

r ..... 
·-t )30/o 

1!/lf'~~--­
\\) . 

U'l 
<0 
m 

0 ,.._ 
m 

on ,.._ 
m 

125 mm 
+ 

lSOmm .. .-·-· 
..... -.... 

0 1.() 
<0 <0 
0> 0> 

300-mm SIT..! CON WAFERS 69 

200mm ................... 

0 
m 
0> 

. -­............. 

You Are Here 
1998 

It') 0 
(J) 0 
(J) 0 

(\J 

Yenr 

It') 

8 
(\1 

450mm 
.... ..... 

0 --0 
N 

····· 
........ .... ~ 

II) 

0 
(\1 

0 II) 
(\1 
0 

(\J 
0 

N C\j 

Fig. 2-33 The 24-year single-diameter cycle of silicon wafers. 82 

Selected near-term general dlaracteri&tics and polished wafer requirements f or si licon• 

TABLE 2·4 D • Solutions exist a Solutions being pursued • " No known solutions 

Year 1999 2000 2001 2002 2003 2004 2005 

Technology node (nm) 180 130 100 

Wafer diameter (mm) • 200 300" 300 300 300 300 300 

De lined llm1t values 

Edge exclus•on (mm) 2 

Front surface part1cle and COP SIZe (nm) ~90 <!:825 

PartiCles and COPs (cm-1r · · $0.13 $0.12 

Particles and COPs (#lwt) • • • S38 S84 

C11hcat surtace metals (atlcm1) S1.8x10'0 Sl.4x10'0 

S1te llallless (mm) :S180 Sl~ 

Oxygen (cenler pomt value t2.0 ppma) 1~31 18-31 18-31 18-31 18-31 18-31 18-31 

Total bulk Fe (at/emf) SlJ1010 <1xt0'0 <lxiO'• <b1010 <lx1010 <lx10'0 <lxto•• 

OSfs DRAM (cm-1) s-4.4 Sl9 S3.4 :S28 :S25 :S22 :S1 9 

OSFs MPU (cm·1) S31 S25 Sl.9 S15 S1 4 :Sll ~1 0 

Recombination 11tet1me (~m) :S305 s350 S350 ~350 S3~0 :S350 :S350 

• S.Onll•cant oaps 1n meltoiOgy aM wa!et manulaclunno cqu•pment need 10 be clOsed on 200mm. esoee~liy lot 1ne 180nm and 130mn nOtles 
• • VJiues ate lor 300mm. allhouoh 200mtn Will be the dommanl walet drame1er 

• • · Tht 101al allowable, llont·surl~cc. IOQ~I·scanenng detect oens•ly rs the sum of crystal OriO•n~ted pels (COPs} a11o paniCles 
• The C()mplele Table 34A m lht 1999 lntemattonal Tecflno~y RoadiFidp tor StmiCOndUCtOts mctudes Olhtr parameters and 16QUifetnenls for epotax~al an<l SOiwatets 
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reclaim wafers is about 60% of the price of virgin wafers. Reclaim wafers in 
2000 represented about 10% of the 300-mm market. 86 
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Chapter 3 

GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 

Thermally grown films of silicon dioxide (Si02) play many key roles in the 
operation and fabrication of silicon integrated circuits. However, the most critical 
application of such films in deep-submicron CMOS USLI circuits is serving as 
the MOSFET gate dielectric material. Although the many other roles of Si02 are 
also important (including diffusion masking, surface passivation, and func­
tioning as a field oxide, interlevel dielectric, screen oxide, pad oxide, trench liner 
in STI, tunneling oxide in non-volatile memory devices, and sidewall spacer), the 
discussion here will focus on its role as the gate dielectric of MOSFETs. 

It is commonly believed that crystalline-silicon is the main material 
responsible for the growth and success of the semiconductor industry. But others 
maintain that the real magic in silicon technology lies with silicon dioxide and its 
amazing ability to satisfy the myriad demands placed upon it as the gate 
dielectric of the MOSFET. 

In this chapter we will explore the role of thin gate oxide films in deep-
submicron MOSFETs, and address the following issues that relate to this subject: 

1. The structure and role of silicon dioxide (and the Si/Si02 interface) as the 
gate dielectric of the MOSFET. 

2. Dielectric breakdown and defects in Si02; 

3. Leakage currents in silicon dioxide films; 

4. Models and processes of the growth of ultra-thin oxide films; 

5. Strengthening silicon dioxide films through the addition of nitrogen 
(oxynitrides), and the related problem boron penetration through gate oxides; 

6. Technology of growing ultra-thin oxides on large diameter wafers (200-mm 
and 300-mm); 

7. Limits of silicon dioxide as a gate die1ectric material. 

Despite the fact that we will restrict our discussion to Si02-films as gate 
dielectrics, it is informative to list the other IC applications in which oxide films 
are employed, and the oxide thickness used in such roles (see Table 3-1 ). 

75 
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Table 3·1 RANGES OF THERMAL OXIDE THICKNESS USED IN ULSI PROCESSING 

Application Si02Thlckness (nm) 

Gate oxide insulators for MOS devices 
Tunnel oxides in EEPROMs and flash memories 
Screen oxides for ion implantation 
Side-wall liners for shallow trench isolation (STI) 
Field oxide for LOCOS isolation 
Re-oxidation of the etched gate stack side-wall damage 
lnter-polysilicon dielectric 
Masking film against ion implantation and diffusion 
Sacrificial oxides for gate applications 
Capacitor dielectric in DRAM circuits 

3.1 REQUIRED CHARACTERISTICS OF GATE DIELECTRICS FOR 
DEEP·SUBMICRON MOSFETS 

1.5-10.0 
6.0-10.0 
10.0-20.0 
15.0-40.0 
200-400 
5.0-7.5 
4.0-20.0 
10Q-200 
6.0-15.0 
5.0-10.0 

A dielectric material must satisfy a large number of important demands in order 
to successfully function as the gate dielectric of a MOSFET. Silicon dioxide has 
been used as the gate dielectric material in silicon-based MOS ICs ever since 
they were first introduced in the early 1970's. It continues to serve in this role, 
even as MOSFETs have been scaled down to the deep-submicron regime. We list 
the requirements of dielectric material for this application here, and provide more 
details about them in later sections of the chapter. 

1. The most important requirement that the gate dielectric of a deep· 
submicron MOSFET must meet is the following: It must be possible to 
continue to decrease the thickness of the oxide to the degree specified in 
accordance with the scaling of the gate length LE of a MOSFET. We 
should elaborate upon why being able to scale the gate oxide thickness is 
so fundamentally important for deep-submicron MOSFETs. Figure 3-1 
shows that the ratio of the gate length to the oxide thickness (LE/t0 x) has 
indeed remained constant at about a value of 45 for process technology at 
Intel for over 25 years. I The gate-oxide requirements for technology nodes 
for 0.18-,um and beyond (according to the ITRS Roadmap) are given in 
Table 3-2. At some point, if Si02 cannot be scaled further to meet future 
demands, another material with higher reliability will be needed. 

As CMOS IC technology advances, the central focus of scaling the 
MOSFET device structure involves scaling the gate length LE. That is, gate 
lengths of MOSFETs are scaled to obtain the significant benefits offered 
by such scaling. These benefits include: i) an increase in the drain current 
of the MOSFET 10 (which usually provides an improvement in the circuit 
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Table 3-2 Gate Oxide Equivalent Thickness for Deep-Submicron CMOS 

1999 2001 2003 2006 2009 2012 
(180 nm) (150 nm) (130 nrn) (100 nm) (70 nm) (50 nm) 

Equivalent 3-4 2- 3 2- 3 1.5- 2 <1.5 <1.0 
Oxide 
thickness (nm) 

speed); i i) a decrease in the gate area of the minimum-size MOSFET 
(which results in a reduction of the input capacitance that must be charged 
when logic levels are switched - and thus also improves the circuit speed); 
and iii) an increase in the density of devices that can be fabricated on a 
chip. (See Vol. 3 for more details on these issues.) 

In deep-submicron MOSFETs, however, such reduction of the gate 
length increases the subthreshold drain current lost of a MOSFET (which 
is one component of the total off-state leakage current of CMOS ICs). 
That is, in deep-submicron MOSFETs the short-channel effect known as 
drain-induced barrier lowering (DIBL) causes the subthreshold (off-state) 
drain current to rise significantly as the gate length is reduced (see Vol. 3 

for more details). Two measures must be employed to prevent (or at least 
mitigate) this rise in the subthreshold leakage current as the gate length is 

60 

50 • • 
• • •• 
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Source: Intel Process 
technology over 25 years 
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Fig. 3·1 Channel-length divided by gate-oxide thickness (l.p_/t0 x) versus channel-length 

Lp_ for Intel 's process technologies for the past 20 years. 1 
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reduced. First, the junction depth Xj of the source/drain-extension-regions 
must be made shallower. Second, the depth of the MOSFET channel­
depletion-region must also be made shallower. Both measures serve to 
keep the electric field of the drain from penetrating along the channel 
toward the source (which would worsen the DIBL effect). 

The second measure (making the channel-depletion-region shal1ower 
as the gate length is shortened) is achieved by increasing the doping 
concentration in the channel (typically with a heavier-dose threshold­
adjust-implant). While it is relatively easy to implement such an increase 
in the channel doping, doing so causes another undesirable effect. That is, 
if the gate-oxide-thlckness of the MOSFET remains unchanged, the 
threshold-voltage VT is increased as the doping concentration near the 
surface of the channel (boron) is increased (e.g., for an NMOSFET with a 
p-doped channel region). Since the threshold voltage is generally kept 
unchanged (or it may even be slight~y decreased) as the CMOS 
technology is scaled, the increase in V T due to the increased channel 
doping must be counteracted. This can only be done by reducing the gate­
oxide-thickness (see Fig. 3-2). For example, as shown in Fig. 3-2, if the 
doping concentration of an NMOSFET with a 250-A gate-oxide is 
increased from 6xto16Jcm3 to lxl017Jcm3, VT will increase from 0.6-V to 
about 1.4-V- which is far higher than the required VT value of -0.6 V. 

In summary, this shows that in order to continue to scale the gate-length 
of MOSFETs, it will be necessary to decrease the oxide thickness by about 
the same scaling factor applied to the gate-length! However, such scaling 
of the oxide thickness brings with it both benefits and problems. One 
additional benefit is that the on-state drain current is further increased as 
the oxide thickness is scaled down (see Vol. 3). However, several other 
negative factors also ensue: the thinner oxide films cannot tolerate the 
increased gate electric fields, and this forces smaller power-supply volt­
ages to be used (and such smaller supply voltages reduce the MOSFET 
on-state drain current); the tunneling leakage-current (gate current) 
through the oxide increases; the oxide is more prone to penetration by 
poly dopant (especially boron); and defects and oxide-layer thickness 
non-uniformities become bigger problems when thinner oxides must be 
manufactured. Figure 3-3 depicts these concerns for ultrathin gate oxides. 

2. It must be possible to form the oxide layer with a thickness that closely 
matches the design specification of the MOSFET. This oxide thickness 
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Fig. 3-2 Calculated threshold voltages of n-channel (VTn) and p-channel (VTp) transistors 
as a function of their substrate's doping, assuming n+ polysilicon gate (left scale) and p+ 

polysilicon gate (right scale). Curves for gate oxide thicknesses d of 150A, 250A, and 

650A are shown. From S.M. Sze Ed. VLSI Technology, 2nd Ed., Chap. 11, "VLSI 
Process Integration." Copyright, 1988 Bell Telephone Labs. Reprinted with permission. 

must also be sufficiently unifonn across the entire wafer, and from wafer­
to-wafer, and from run-to-run. 

3. The oxide film and the Si/Si02 interface must maintain stable electrical 
characteristics. This includes exhibiting adequately small values of charge 
in the oxide and at the Si-Si02 interface (i.e., low Qf, Dit· Q0 t and Qm 
values). 

Fig. 3-3 Concerns in ultra-thin gate oxides. 
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4. The dielectric breakdown strength of the oxide must be sufficiently high 
(e.g., > 8-MV/cm), implying that the film is pinhole free and contains a 
negligible number of defects that would lead to oxide breakdown at lower 
electric fields. 

5. The oxide film must exhibit sufficiently long lifetime under normal op­
erating conditions (i.e., tso is adequate). This characteristic is related to 4. 

6. The dielectric material (oxide) must be compatible with the other 
materials of the MOSFET structure, and be thermally, electrically, and 
chemically stable under the processes used to fabricate the res. 

7. The leakage-current through the gate-oxide must be sufficiently small to 
meet the off-current leakage requirement of the IC in which it is used. 

8. The oxide should exhibit high resistance to hot-carrier damage (i.e., 
device degradation should be low in the face of hot-carrier stressing). 

9. If the oxide is to be used in a symmetric CMOS technology (i.e., in 
which both p+ and n+ poly are used), the oxide film needs to be resistant to 
the penetration of boron at the process temperatures used after gate doping. 

10. The oxide must passivate the silicon surface. 

3.2 THE STRUCTURE Of THERMALLY GROWN Si02 
AND THE PROPERTIES Of THE SI/SI02 INTERFACE 
3.2.1 The Microscopic Structure of Thermally Grown Si02 

Si02 (silica) can be found in crystalline or amorphous (vitreous) forms. When the 
atomic structure of silica exhibits long-range order it is in crystalline form. Many 
varieties of crystalline-siHca exist, including quartz, crystobalite, coesite, etc. 
However, the type of silica encountered in silicon ICs (i.e., silicon-dioxide films 
thermally grown under normal conditions) is not crystalline. Instead, it is silica in 
its vitreous (or glassy) form. Vitreous solids do not exhibit long-range order. 
Instead, their structure is ordered only over short ranges. This glassy state of 
Si02 is also often referred to as fused-silica. Since we are interested in thermally 
grown Si02, our discussion will focus on the glassy state of SiOz (fused-silica). 

The basic structural unit of silica is centered around the structural formula 
(Si04). The spatial arrangement of Si and 0 atoms is due to their respective 
valence ( +4 and -2), their relative sizes, and their electrostatic interactions. These 
factors give rise to elementary SiOz cells of tetrahedric configurations. That is, a 
silicon atom (with a valence of +4) is located at the center of the tetrahedron, 
with oxygen atoms (02-) at each of the comers (Fig. 3-4a). 3 In crystalline-Si02 
(quartz), each oxyge~ atom belongs to two tetrahedra and is thus bonded to 2 

UMC 1334
UMC v. AICP



GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 81 

silicon atoms. Such oxygen atoms are then known as bridging oxygen atoms. 
(Fig. 3-4b).3 In vitreous- or amorphous-SiOz some of the vertices of the 
tetrahedra have nonbridging oxygen atoms, meaning they are not shared between 
two tetrahedra (Fig. 3-4d). The greater the ratio of bridging-to-non-bridging 
oxygens, the greater the cohesiveness of the SiOz structure. 

The interatomic distances (from the center of one atom to the center of its 
nearest neighbor) have been measured and found to have the following mean 
values: 1.62-A for the Si-0 bond; 2.27-A for the 0-0 distance; and 3.12-A for 
the Si-Si distance. Note this implies that a 2.0-nm gate oxide is only I 0-12 
atomic layers thick! 

The structure of fused-silica is a continuous random network of tetrahedra, 
where the Si-0-Si bond angle varies from 110° to 180°, with the most probable 
value being 144°. A two-dimensional representation of the vitreous-SiOz lattice 

is shown in Fig. 3-4c.4 
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Fig, 3-4 (a) The basic structure of Si02.2 (b) Three-dimensional representation of two 

neighboring Si04 cells, bridged by an oxygen atom. (c) Two-dimensional lattice repre­
senting vitreous-Si02.2 (d) The structure of thermally grown Si02 showing bridging and 
non-bridging oxygen atoms and dopant (i.e., network modifier) atoms.3 (©IEEE 1965) 
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The density of thermal-Si02 (fused-silica) is 2.20-g/cm3 which is smaller than 
that of quartz (2.65-g/cm3). In fused silica only 43% of the lattice space is 
occupied, making its structure much more open than that of quartz. 
Consequently, a large variety of impurity atoms can easily enter this oxide 
network and diffuse through it. Since it is difficult to directly assess the density 
of thin films, the refractive index of SiOz is usually measured instead, and the 
density is then inferred from it. A refractive index of 1.460 corresponds to a 
density of 2.20-g/cm3. Generally, CVD oxides exhibit smaller densities than 
thermally grown SiOz, and worse electrical and material properties correspond to 
less dense films. Hence, measurements of the index of refraction also provide a 
method for rapidly comparing the characteristics of deposited oxides. 

3.2.2 The Si/Si02 Interface 
In addition to the characteristics of the Si02 bulk structure, the characteristics of 
the Si/SiOz interface also play a critical role when Si02 functions as the 
dielectric layer of a MOSFET. Hence, a discussion of these characteristics (and 
the structure) of the Si02 interface is also relevant. First, it is useful to define the 
types of charges that exist in the oxide and at the Si/Si02 interface. (It should be 
noted that such charges are not expected to exist in an "ideal" oxide or at an 
"ideal" interface.) Four different types of charges are associated with the bulk 
oxide and "real" Si/Si02 interfaces, as shown schematically in Fig. 3-5. The 
effective net (i.e., total) charge-per-unit-area due to such charges at the Si!SiOz 
interface and within the oxide bulk (in C/cm2) is denoted by the symbol Qtot. 
whereas the net (total) number of charges per unit area (Qtotlq) is given by Ntot· 
The standardized terminology and symbols used to differentiate these various 
individual charge types are as follows: 

1. Mobile ionic charge per unit area Qm (C/cm2), and Nm (no. of mobile 
charges/cm2); 

2. Fixed oxide charge per unit area Q[ (C/cm2), and Nt (no. of fixed oxide 
charges/cm2); 

3. Interface trapped charge per unit area Qit (C/cm2), and Nit (no. of 
interface trapped charges/cm2); Dit - number of interface trapped charges 
per unit area and energy (no. of interface trapped charges/cm2-e V); 

4. Oxide trapped charge Q0 t (C/cm2), and N0 t (no. of oxide trapped 
charges/cm2). 

The issues relating to the reliability of deep-submicron MOSFETs primarily 
involve Qit and Qot· That is, the problems caused by Om and Qf are not only well 
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controlled, but their impact does not get any more severe as oxides are scaled. On 
the other hand, those associated with Qit and Q0 t are ongoing, scaling-dependent 
problems that must be addressed as MOSFETs are pushed further into the deep­
submicron regime. Hence, the review provided here will examine only these two 
categories of interface/oxide bulk charges. This will include the origin of the 
charges and their effect on device behavior. A more detailed description of the 
characteristics of Qm and Qr can be found in Vols. 1 and 3, and in Refs. 1 and 7. 

3.2.2.1 Interlace Trapped Charge: The interface-trapped charges refer to charges 
which are localized at sites at the surface of the silicon (i.e., at the Si!Si02 
interface). Such sites are believed to arise from energy states that exist in the 
forbidden gap of the silicon, and are referred to as interface states. Such surface 
states are extra allowed energy states (i.e., that electrons can occupy) present at 
the semi-conductor surface, but not within the bulk. 

The term surface state was coined by Tamm in 1932.5 Using quantum 
mechanical calculations, he showed that new electronic energy states arise in a 
crystal if the lattice is terminated at a surface. Such new states are confined to the 
region very close to the surface. He also calculated that these states will arise at 
interfaces (such as the Si/Si02 interface), as well as at free surfaces. Each of the 
states is associated with a single atom at the surface. Hence, an ~lectron 

occupying one of these states is localized (i.e., it is forced to remain in a 
restricted region of space centered on that atom). Since such states thus 
effectively trap free carriers at the surface, they are also referred to as interface 

traps. The charge-per-unit-area stored in these traps is symbolized by Qit· 
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Fig. 3-5 Charges associated with the Si/Si02 system. 
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Fig, 3·6 Physical model for the interfacial traps. "Dangling bonds" which occur when the 
Si lattice is abruptly terminated along a given plane to form a surface. (b) Post-oxidation 
perfect (ideal) interface. (c & d) Post-oxidation dangling bonds that become interfacial 
lraps.7 Reprinted with permission of the publisher, the Electrochemical Society. 

Although the theoretical basis of interface traps is well accepted and models 
exist that accurately detail the electrical behavior of the traps, the physical origin 
of these surface states has not been totally determined. The weight of 
experimental evidence supports the view that surface-states arise primarily from 
unsatisfied, or dangling bonds at the silicon surface (see Fig. 3-6). Note that a Si 
atom at a surface with a dangling bond can also be viewed as a trivalent Si atom. 

From a qualitative perspective, the dangling bond model can be visualized 
with the aid of Fig. 3-6a. Here it is seen that if a Si lattice is abruptly terminated 
along a given plane to form a surface, one of the four bonds of each Si atom at 
the surface is left dangling. There will thus be extra states on this surface because 
the energy field of the crystal is one-sided (i.e., the electrons in the surlace region 
are bonded only from the side directed toward the bulk). It is plausible that 
thermal formation of Si02 can tie up these surface Si bonds, and that along a 
perfect Si/Si02 interface all such bonds could be tied up (Fig. 3-6b ). In this case, 
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surface-states at the interface would be suppressed.6 However, it is more 
plausible that such oxidation will not tie up all the bonds (Fig. 3-6c). If even a 
very small fraction of the number of dangling bonds is left unsatisfied, a 
significant number of surface-states could exist. For example, on a (100)-Si­
surface there are 6.8xl014 Si atoms per cm2. If oxidation left 111000 of these 
bonds dangling, and each of them gave rise to a surface-state, the density of 
interface trapped charges would be 6.8xlOllfcm2 (assuming one electronic 
charge is associated with each energy state). If a gate-oxide-thickness of 20-nm 
was being used, this would cause a threshold-voltage-shift of 0.63-V. This 
indicates that if the dangling-bond model correctly describes the origin of 
interface states, then only a relatively small number of residual-dangling-bonds 
can significantly perturb MOSFET device characteristics. Crystal-defects near 
the surface or foreign atoms bonded at the surface are other interface 
perturbations that have been identified as possible sources of surface-states. 

Figure 3-7 represents the bond-stretching and broken-bond model of the 
Si!SiOz bulk of Verwey2 and of the Si!SiOz interface of Sakurai and Sugano.6 
That is, Fig. 3-7a depicts the stretched and broken Si-0 bonds in the bulk, and 
Figs. 3-7b-e at the interface. Figures 3-7f-h i11ustrate the possible defects in the 
oxide bulk. In Fig. 3-7b, the dangling-Si-bond at the surface is depicted as an 
interfacial-trivalent-Si-atom, while in Fig. 3-7f, a dangling-Si-bond in the bulk is 
portrayed as a trivalent-Si-atom. 

Trivalent-Si-atoms introduce a deep trap~level near the Si midgap when 
located at the interface, and a deep trap-level in the SiOz bandgap when located 
in the oxide bulk. The weak Si-Si* and Si-0 stretched bonds (Figs. 3-7c and 3-
7d) at the interface introduce a continuum of deep trap levels, or if such stretched 
bonds exist in the bulk of the oxide (Fig. 3-7g), they produce shallow trap levels. 
If a dangling-Si-bond is tied up with an impurity (most commonly H or OH), this 
is thought to produce an electron-trap, while the oxygen vacancy (or weak Si-Si 
stretched bond) is considered to be the precursor of a hole-trap. 

An annea1 in a hydrogen ambient (100% Hz or 4%-Hz in N2 [forming gas]) at 
approximately 450°C is normally the final step prior to assembly and packaging 
of an IC. This step is thought to allow hydrogen to penetrate the gate-oxide and 
then tie up the remaining dangling bonds at the Si!Si02 interface not tied up by 
thermal oxidation (as suggested in Fig. 3-8). However, the Si-H or Si-OH bond 
can be easily broken by injected hot-electrons, giving rise to interface traps. 
Thus, hydrogen introduced in the post-metal anneal or other process steps 
(i.e., during the steam reflow of an interlevel BPSG layer, or during the dep­
osition of silicon nitride), can increase hot-electron degradation in a MOSFET. 
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Fig. 3-7 (a) Strained and broken bonds: (at) Normal Si-0 bonds; (a2) Strained bond in 
vitreous silica; (a3) Broken bond represented with a trapped electron; (a4) Broken bond 
represented with a trapped hole. Possible interface defects (b-e): (b) Si dangling bonds. 
(c) Si-Si stretched bond (or oxygen vacancy). (d) Si-0 stretched bond. (e) Impurity at 
interface. Possible oxide bulk defects (f-h): (f) Si dangling bond; (g) Si-Si stretched bond 
(or oxygen vacancy). (h) impurity in Si02.6 (©IEEE 1988) 

Consequently, it has been suggested that the ideal gate dielectric and all 
subsequent dielectric layers should contain as little hydrogen as possible to make 
them hot-electron resistant. 

3.2.2.2 Effect ollnterlace Traps on IC Characteristics: The presence of interface 
traps has four major effects on the characteristics of ICs. First, the charge that is 
present in the interface traps interacts with the charge in the silicon near the 
surlace and thus changes the silicon charge distribution and the surface potential. 
Second, interface traps act as generation-recombination centers, giving rise to 
leakage currents, as described below. Third, since the density of interface trap 
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Fig. 3-8 How hydrogen can passivate the dangling bonds at the silicon surface shown in 
Fig. 3-7c and reduce the interface trap density. 

charge changes with the surface potential, it gives rise to an additional capacitance 
component in parallel with the silicon gate capacitance. Fourth, an increase in 
interface-state-density has been correlated to weakening of the oxide, which 
appears to be a prelude to the second-stage breakdown event in gate oxides. 

The issue concerning the effect on the surface-potential of charge being 
trapped at the interface is considered first. That is, such charge trapped at the 
interface has the same effect on the surface-potential as placing a sheet of charge 
Q 0 x at the oxide-silicon interface. Such a sheet of charge will impact the 
threshold voltage, causing it to shift by an amount given by D..Vy = -Q0 xfCox· To 
keep this threshold voltage shift as smal1 as possible, the value of Q0 x should 
also be kept as small as possible. The last paragraph of this section explains the 
measures taken to achieve this goal. 

A secondary effect of interface-trap-charge on the surface-potential was 
introduced earlier. That is, injection of hot electrons into the gate-oxide is 
thought to produce interface traps (by breaking the bond between a silicon­
surface atom and a hydrogen atom, which leaves a dangling bond on the Si 
atom). Since this process produces additional dangling bonds (and thus interface 
traps) as time goes by - and since these interface traps can trap electrons - this 
phenomenon will also cause the value of Q0 x to increase with time. In tum, this 
will cause the value of V T to change with time. If V T increases as result of the 
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buildup of Q0 x, the drain current of the MOSFET wil1 decrease. If such drain 
current degradation becomes too severe the device will eventually fail to operate 
properly. Thus, measures to avoid hot-carrier-injection have been employed in 
MOSFETs as their gate lengths approached 1.0-J.Jm and smaller. 

The second effect of interface states involves the fact that they can serve as 
generation-recombination centers. Since they are present at the silicon surface, 
they will exist in the depletion regions of pn junctions that intersect the surface of 
the silicon. There are many such junctions at the Si/Si02 interface in every 
device, and therefore in every IC. 

Before the invention of integrated circuits, only discrete diodes, bipolar 
transistors, and field-effect transistors (FETs) could be fabricated. In the early 
1950s, these discrete devices exhibited relatively high reverse-bias junction­
leakage and low breakdown-voltage (caused by the large density of interface 
traps at the surface of single-crystal silicon). 

In 1958, a group of workers at Bell Telephone Laboratories, led by Atalla, 
found that when a thin layer of Si02 was grown on the sutface of silicon where a 
pn-junction intercepts the surface, the leakage current of the junction was 
reduced by a factor from 10 to 100. It was later understood that the oxide reduces 
the number (or stabilizes many) of the interface traps. Not only did such oxide­
passivation of the silicon surfaces allow diodes and transistors to be fabricated 
with significantly improved device characteristics, but the leakage path along the 
surface of the silicon was also effectively shut off. Thus, one of the fundamental 
isolation capabilities needed for planar devices and integrated circuits bad also 
been developed. In his report on the evolution of the MOS transistor, C.T. Sah 
remarks that the successful effort by the Bell Labs group to stabilize Si surfaces 
was the most important technological advance in microelectronics during the 
1950s, and that it blazed the trail that led to the development of the silicon 
integrated circuit. 8 

The third effect of interface traps involves the interface-trap capacitance. As 
noted earlier, the interface-trap capacitance cit is in parallel with the gate 
capacitance. However, only those interface traps that can be filled and emptied at 
a rate faster than the capacitance measurement signal can contribute to Cit. Traps 
too slow to follow the capacitance-measurement signal will not contribute to Cit· 
Therefore, the observed Cit is not only a function of the interface-trap density but 
also depends on the MOS-capacitor gate voltage (which controls the surface 
potential and hence the probability of occupancy of the traps) and the frequency 
at which the capacitance measurement is made. 

All of these observations point to the conclusion that for a MOSFET to have 
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predictable and reproducible capacitance characteristics, it is important to employ 
fabrication processes that minimize trap density. Using (1 00)-oriented silicon 
wafers, and a post-metallization hydrogen-annealing step (at temperatures around 
400°C) at the end of the fabrication process, are the main techniques for keeping 
the interface-trap-density at a minimum. 

It has been observed that the passage of tunneling current through a thin oxide 
also introduces interface traps at the Si/Si02 interface. Furthermore, while 
breakdown may not occur until about 10 C/cm2 of charge has passed through the 
oxide, interface traps are detectable even after 0.001 C/cm2 of charge passage. 
Thus, measuring interface traps has been proposed as a more sensitive means of 
quantitatively measuring oxide damage (due to Fowler-Nordheim stressing of 
oxides) prior to breakdown. 

3.2.2.3 Oxide Trapped Charge: The oxide trapped charge Q0 t is due to holes or 
electrons trapped in the bulk of the oxide, and hence can be positive or negative. 
They become trapped at trap centers that are microscopic defects in the oxide 
structure in the bulk of the oxide layer. Such defects may be caused by ionizing 
radiation, hot-carrier injection, or high currents through the oxide (e.g., due to 
Fowler-Nordheim tunneling), or other reactions which either bend or break Si-0 
bonds in the oxide. Figures 3-7f-h show possible defects in the Si02 bulk that 
may give rise to such traps. For example, a trivalent Si atom in the Si02 will 
introduce a deep trap level in the Si02 bandgap (.Si:03), and stretched Si-0 or 
Si-Si bonds [in the latter, a missing bridging-oxygen atom leads to a defect 
(037Si .. S==:.03)]. Figure 3-9 shows schematics illustrating the potential wells of 
electron traps in silicon dioxide. While, as-grown Si02 films contain few such 
microscopic oxide defects, electron and hole traps can be easily introduced by 
bombardment with high-energy photons or particles. 9 (The exception to this 

! 

(a) (b) (c) 

Fig. 3-9 Schematics illustrating the potential wells of electron traps in silicon dioxide: a) 

Coulomb-attractive trap; b) neutral trap; and c) Coulomb-repulsive trap. 
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statement is that as-grown wet oxides tend to contain some oxide traps because 
they also contain OH- and H20 species. The density of oxide traps in wet oxides 
can be significantly reduced with an appropriate post-oxidation-anneal.) 

Q0 t can be annealed out by low-temperature treatments (above 550°C) 
although some neutral traps may remain. Therefore, oxide trapped charge was 
been considered relatively less important than the other oxide charges in just­
completed MOSFETs. In early generations of MOSFET ICs, exposure of the 
devices to ionizing radiation encountered in space flights was the main concern 
involving Qot· However, in deep-submicron CMOS ICs, the problems involving 
Q0 t are becoming serious for several reasons. First, processing techniques such as 
ion implantation, sputter deposition, and plasma etching are potential sources for 
creating charged and neutral traps in the gate dielectric (all of which may not be 
completely annealed out at the end of the fabrication process). This may result in 
long-term reliability problems, especially if hot carriers are injected in these 
oxides and get trapped. Another reliability concern involves gate-oxide 
degradation due to high electric-fields in the oxide (and subsequent Fowler­
Nordheim tunneling currents in the oxide). This has become more of a concern as 
oxide thickness has been scaled down. 

3.2.2.4 Effect of Oxide Trapped Charge on Device Characteristics: The major 
effect of oxide trapped charge on MOSFETs is that they are a manifestation of 
the damage done to the gate oxide during device fabrication or by electrical 
stressing (either by the application of a high electric-field across the oxide, or by 
the injection of carriers into or through the oxide). We will discuss this issue in 
more detail in Sect. 3.3. 

3.3 DIELECTRIC BREAKDOWN IN SILICON DIOXIDE FILMS 
Dielectric breakdown of the gate-oxide layer is one of the major reliability issues 
that affects MOSFETs. We provide a review of this phenomenon here, and 
recommend that interested readers consult Vol. 3, Chap. 7 for more background 
information on the various breakdown measurements, statistical models, and 
bum-in tests used to screen out parts with weak oxides. However, significant new 
information that has been published since 1995 (when Vol. 3 was released) and 
this new information will be focus of the discussion here. 

Figure 3-10 shows the time dependence of the gate current through an oxide 
under a large and constant voltage stress applied across the oxide layer. One can 
see that there is a gradual decrease in the current with time until the oxide suffers 
dielectric breakdown (Fig. 3-10). At that point the current rises rapidly (catastro­
phic breakdown).10 After such breakdown, the oxide is irreparably damaged, 
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Stress time (sec) 
Fig. 3·10 Constant-voltage stress measurements of a 20-nm-thick oxide film. The sharp in­

crease in current near the end of the trace indicates that irreversible breakdown has occurred. 

and can no longer function as the dielectric layer in the MOSFET. Since such 
breakdown occurs after the oxide is subjected to a voltage stress for some 
extended period of time, this phenomenon is also referred to as time-dependent 
dielectric breakdown (TDDB ). Anomalous "soft breakdown" of oxides also 
occurs for films< 5.0-nm thick, and this will be discussed in Sect. 3.8. 

A different metric of the quality of oxide films is expressed in terms of the 
electric field at which dielectric breakdown occurs. To measure this value, a 
voltage (that increases linearly with time) is applied between the gate and 
substrate of a MOS-C test structure until the oxide breaks down. The "best" 
(apparently defect-free) oxides break down at fields greater than about 10 
MV/cm, and failures at such field strengths are referred to as "intrinsic 
breakdown." Less-than-perfect-oxides (i.e., those that contain some form of 
defect) may fail at lower voltages (i.e., between 4-6-MV/cm). 

In any case, dielectric breakdown in ICs must be avoided. Extensive work has 
demonstrated that 20-year oxide-lifetimes can be achieved if the oxide field 
remains below about 8-MV/cm.l 1 Thus, for devices used in CMOS logic and 
memory chips, the maximum electric field during normal device operation is 
typically restricted to the 5 MV/cm range, and this limit on the electric field is 
projected to remain at about this value for each technology generation. That is, 
the 5-MV/cm value is expected to give an acceptable safety margin for 20-30-
year oxide-lifetimes. Chips are also normally subjected to bum-in tests to screen 
out those chips that contain oxides that would fail under the normal operating 
conditions during their time of service. 
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poly 

(post breakdown) 
a) b) 

Fig. 3-11 a) Localized poly filament shorting the gate and substrate after gate oxide 
breakdown; b) A SEM photograph of two breakdown spots. The polysilicon electrode has 
melted away over 20 J.lm2. The polysilicon is spread over a large area in the form of dust 
and little globules. The size of a dash is 1-,um. From D.R. Wolters and J.F. Verwey, 
"Breakdown and Wear-Out Phenomena in SiOz Films," Chap. 6:p. 329, in Instabilities in 

Silicon Devices, O.M. Barbottin and A. Vapaille Eds., © 1986 Elsevier Science. 

Because dielectric breakdown is such a critical reliability issue in CMOS ICs, 
breakdown of thin oxide films has been (and still is) a subject of intense research. 
The physical mechanisms involved in the dielectric breakdown process are quite 

complex. We will discuss some of the latest proposed models to shed light on 
this phenomenon. 

In general, the catastrophic breakdown of a dielectric is believed to be a two­
stage process. First, the dielectric is slowly degraded over time (perhaps years) 
due to being subjected to high-electric fields or due to the passing of current 
through the oxide. This degradation takes the form of creating defects in the 
oxide (e.g., electron/hole traps and/or bond-breakage). These defects form a 
localized conductive path through the oxide during this time. The second stage is 
the very short runaway breakdown process itself (it may occur in microseconds). 

During the runaway breakdown phase the oxide is shorted (due to severe joule­
heating that causes a conductive filament to form in the dielectric) and a very 
large current flows between the gate and substrate in the MOS device (Fig. 3-11). 

There are numerous forms of damage to the oxide that are postulated to occur 
during the oxide degradation process, including lattice damage, trap creation by 
electrons, and trap creation by holes. The two physical mechanisms that are 

blamed for producing these types of damage are: 1) externally applied electric 
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fields; and 2) current that passes through the oxide. Thus, there are two classes of 
models that have been developed to predict TDDB: 1) models that assume the 
oxide degradation is electric-field-driven (the so-called E-models); and 2) models 
that assume the oxide degradation is current-driven (the so-called [1/E]-models). 
Here we briefly describe both models. Also note that although the physical basis 
for oxide degradation is still under debate, definitions and practices have been 
developed to describe and test the integrity of the oxide. 

3.3.1 Electron Trapping in Silicon Dioxide: 
(and why the current In the Oxide Decreases with Time During 
Constant-Voltage Stressing) 
As described in Sect. 3.2.2.3, silicon-dioxide layers contain electron and hole 
traps (either as a result of residual damage inflicted during device processing, or 
caused by the electric fields applied across the oxide - or gate current that flows -

during normal device operation). If these sites trap carriers which are transported 
in the oxide conduction-band (electrons), they can give rise to oxide-trap charge 
Qot· Electrons can enter the conduction band of the oxide in several ways, 
including: 1) ionizing radiation can generate electron-hole pairs within the oxide 
itself; 2) electrons can enter from the silicon substrate or the gate polysilicon 

either through tunneling or through hot-electron injection. Some of these 

electrons may get trapped at oxide trap sites. These trapped electrons will then 
cause the electric field in the oxide to be modified in the following manner: The 
field near cathode (i.e., the electrode that acts as an electron source) is decreased, 
while the electric field near the anode (the electrode that acts as the electron sink) 
is increased (as depicted in Fig. 3-12). A decrease in the field near the cathode 
causes Fowler-Nordheim current in the oxide to decrease. Since the gate current 

is due primarily to Fowler-Nordheim tunneling, this explains why the gate 
current declines with time under a constant-voltage stress (as shown in Fig 3-1 0). 

3.3.2 The Electric-Field-Driven Model of Oxide Degradation 
In the electric-field -driven models of oxide degradation (£-models), the cause of 
low-field (< 10-MV/cm) TDDB is postulated to be field-enhanced thermal bond 
breakage. That is, at a given temperature, chemical bonds in the Si02 structure 
can be broken by thermal vibrations. Such bond breakage produces local defects 
that weaken the oxide, and when the concentration of such defects reaches a 
critical value, breakdown can occur. An externally applied electric field serves to 

reduce the activation energy required for such thermal-bond breakage, and there­
fore increases the degradation-reaction rate for failure exponentially. The time-to­

breakdown tao which is the inverse of degradation rate, decreases exponen6ally 
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Fig. 3-12 Schematic illustrating the trapping of tunneling electrons. As electrons are 
trapped, the oxide field near the cathode (electron source) is decreased, while the oxide 
field near the anode (electron sink) is increased. 

with field according to: 

tso = A0 exp ( -y E0 x) exp (Qiks T) (3.1) 

where y is the field acceleration-parameter, E0 x is the electric field in the oxide 
(usually expressed in MV/cm), and Q is the enthalpy of activation for bond 
breaking in the absence of an external electric field. Generally, for oxide 
thicknesses greater than 90-A, y -2.5-3.5-cm/MV. 

3.3.3 The CuiTent-Driven Model of Oxide Degradation (1/E Model) 
In the so-called 1/E model for TDDB, degradation is postulated to be due to 
current flow through the dielectric caused by Fowler-Nordheim conduction. 
Electrons, which are F-N injected from the cathode, may cause damage to the di­
electric due to impact ionization as the electrons are accelerated through the 
oxide. Also, when these accelerated electrons reach the anode, hot holes may be 
produced (see Sect. 3.3.4 below) which can tunnel back into the dielectric 
causing damage. Since both the electrons from the cathode and the hot holes 
from the anode are the result of F-N conduction, the time-to-failure is expected to 
show an exponential dependence on the reciprocal of the electric field, 1/E: 

t80 = 't0 (T) exp [G(T)/E0 x] (3.2) 
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where 't0 (T) is a temperature dependent pre-factor, G is the liE-model field 
acceleration-factor, and kB is Boltzmann's constant. 

The temperature dependence of G has been expressed as a 1/T power series 
expansion, given by: 12 

G = G0 [1 + (y/kB){ (liT) - (l/300K)}] (3.3) 
where: 

y= (ka!G0 ) [dG!d(liT)hooK (3.4) 
and where the derivative is evaluated at 300K. At room temperature, G0 -350-
MV/cm and y-0.017-eV. 

-r0 (T) is also usually represented as a liT expansion: 

't0 (T) = !'0 exp[(-Eafka){(IIT) - (11300K)}] (3.5) 

where -r0 -lxto- 11 sec, and Ea -0.3-eV. 

3.3.4 The Hole-Trapping Model that Describes How Holes are Injected 
and Trapped in Si02 
The transport of holes through the oxide has been shown to precede breakdown, 
indicating that holes cause damage to the oxide (namely by creating traps in the 
bulk oxide).13 A model (the anode-hole injection model [AHI model]) has been 
published that seeks to explain how such holes are generated and injected into the 
oxide during high electrical field stress.14 The mechanisms that occur are 
depicted in Fig. 3-13. 

When an electric field is applied across an oxide layer using an MOS-C 
structure, the energy -band diagram of this situation is depicted in Fig. 3-13. If an 
electron tunnels from the cathode into the conduction band of an oxide layer (by 
F-N tunneling), it can then gain kinetic energy from the electric field applied 
across the oxide, and get accelerated toward the anode. When the electron arrives 
at the anode it has a large amount of kinetic energy (Egain in Fig. 3-13). Some 
fraction of such electrons that arrive at the anode are able to transfer this energy 
to an electron deep within the valence band of the anode silicon near the oxide­
anode interface. This valence band electron is excited to the bottom edge of the 
silicon conduction band in the anode. The excitation event also produces a hole 
deep within the valence band, and this "hot" hole can tunnel into the valence 
band of the oxide (again by F-N tunneling, as depicted in Fig. 3-13). These holes 
can be trapped in the oxide and also create the damage described earlier. This 
damage accumulates with time, degrading the oxide. 35 

In addition, the trapped holes in the oxide layer cause an increase in the oxide 
field near the cathode, and a decrease in the field near the anode (Fig. 3-14). A 
smalJ increase in the oxide field near the cathode can cause a large increase in the 
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Fig. 3·13 Energy-band diagram of the anode-hole injection (AHI) model, illustrating the 
generation of an electron-hole pair by a tunneling electron. The ho.le thus generated can 
then be injected (by tunneling in this model), into the oxide layer. 

tunneling current. Thus, hole trapping in the oxide near the cathode provides 
positive feedback to the electron tunneling process. It should be pointed out that 
the increase in tunneling current due to hole trapping is usually not readily 
observable, except near breakdown, because it is masked by the decrease in 
tunneling current due to electron trapping. 

It should be noted that recent work has called some conclusions of this model 
into question. That is, until recently it was generally accepted that the substrate 
current originates from the anode-hole-injection (AHI) mechanism, which was 
schematically depicted in Fig. 3-13. Part of the holes created by the phenomena 
postulated by this model tunnel into the oxide, and the oxide degradation is 
related to the hole fluence (which is found to be constant at breakdown, 
independent of the stress current or stress voltage). However, the explanation of 
the substrate current by anode-hole-injection has never been completely verified, 
and other mechanisms such as minority-carrier generation due to F-N-induced 
photons have been suggested to be a cause as well. Two recent reports claim that 
the F-N-induced photons in the gate are the dominant source of the substrate hole 
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Fig. 3·14 Schematic showing the trapping of holes in the oxide layer. The trapped holes 
enhance the electric field near the cathode, and decrease the electric field near the anode. 

current, and thus the generally accepted explanation of oxide degradation based 
on anode-hole-injection may have to be revised.31,32 

3.3.5 Comparing the Electric-Field-Driven and the current-Driven Oxide 
Breakdown Models 
There has been a great deal of disagreement as to which is the dominant 
degradation mechanism for low-field TDDB in thin oxide films; i.e., is it field­
induced or current-induced? The (1/E)-model fits the TDDB data very well at 
high fields (in which high F-N-currents exist), but falls short at lower fields 
( < 1 0-MV /em). In fact, there have been several low-field/long-term TDDB 
studies carried out, with each showing that TDDB data were described much 
better by the E-modet.l5,16,34 The good fit of the physics-based £-model. to low­
field/long-term TDDB data suggests strongly that it is field (not current), which 
is the dominant degradation mechanism at low fields because the F-N current is 
simply so vanishingly small at these lower fields. However, for very-thin oxides 
(< 40-A) the direct tunneling-current is very high, which could mean that in 
these oxides the dominant degradation mechanism may again be current-driven. 
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3.3.6 Time-to-Breakdown (180) and Charge-to-Breakdown (Q80) 

The breakdown characteristics of an oxide film are described in terms of the 
time-to-breakdown (as was discussed earlier) and in terms of its charge-to­
breakdown QBD (which measures the integrated total tunneling current [i.e., total 
charge] just before breakdown). Recent publications have tended to use the value 
of Q80. It appears that it is simpler to develop models relating to the other 
physical processes, such as hole current, trapping, trap generation, and interface­
state generation, than it is to develop models relating time-to-breakdown to these 
processes. Thus, QBD needs to discussed further. 

As mentioned above, evidence indicates that tunneling-electron-current can 
lead to hole-injection into the oxide. Thus, Q80 is the sum of the charges passing 
through the oxide due to electrons and holes. If a MOS-C structure is used to 
measure QBD• then due to the two-terminal nature of the MOS-C, only the total 
charge can be measured. However, if an NMOSFET is used to measure QBD• 

then both the total charge and the hole-charge component can be determined. For 
the case of an NMOSFET, the bias configuration for such measurements is 
shown in Fig. 3-15. Integration of the gate current gives the total charge, while 
integration of the substrate current gives the charge due to the holes. For a given 
oxide film, Qao is often plotted as a function of oxide voltage. Figure 3-16 is 
such a plot for oxide thickness in the 2.5-10-nm range. IS It shows that for a given 
oxide thickness, QBD decreases with increasing oxide voltage. 

p 

Fig. 3·15 Schematic depicting the bias configuration of an n-channel MOSFET for 
measuring the charge-to-breakdown Q80 and its hole-charge component. 
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Fig. 3-16 Typical plot of charge to breakdown versus oxide voltage for several oxide 
thickness values. 

3.11 LEAKAGE CURRENTS IN Si02 FILMS (TUNNELING PHENOMENA) 
When considering the ideal MOS capacitor structure, it is assumed that no 
current flows through the oxide. However, in real MOS capacitors, a current 
from the gate to the substrate through the oxide can flow (termed gate current, 
Ig)· Although the carriers that constitute such current can enter the conduction 
band (electrons) and valence band (holes) of silicon dioxide by hot-carrier 
injection, here we only discuss the other way that they can enter, namely by 
tunneling. This is because few carriers in deep-submicron MOSFETs enter the 
oxide as a result of hot-carrier injection during normal device operating 
conditions; hence they do not play a major role in the observed gate current. 

TEox 

n +silicon Si02 p silico n 

Fig. 3-17 Energy-band diagram of ann-type polys.ilicon-gate MOS structure at flat band. 
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The phenomenon of carrier injection into the oxide by tunneling is due to the 
quantum-mechanical nature of the electron. In the classical sense, the oxide 
represents an impenetrable barrier to injection of electrons into the conduction­
band of the silicon if they possess kinetic energies smaller than the interface 
energy barrier for the electrons (E0 x = 3.1-eV). In Fig. 3-17, the energy-band 
diagram of a MOS capacitor with silicon dioxide as the insulator and heavily n­

doped-polysilicon as the gate is shown when biased at the flat-band condition. 

When a large positive voltage is applied to the gate electrode, electrons in the 
strongly inverted Si substrate surface can tunnel into or through the oxide layer, 
and give rise to gate current. (Similarly, if a large negative voltage is applied to 
the gate electrode, electrons from the n+ -polysilicon can tunnel into or through 
the oxide-layer and again give rise to gate-current.) Such tunneling occurs 
because the wave nature of an electron (or hole) allows a finite probability of 
crossing the barrier, even if the electron does not possess sufficient kinetic 
energy. This probability increases with larger gate electric fields and/or thinner 
barriers. Electrons injected by tunneling are generally considered to be in 
equilibrium with the lattice, and are thus characterized as "cold" (i.e., not "hot"). 

3.4.1 Fowler-Nordheim (f-N) Tunneling (Tunneling Into Silicon Dioxide) 
The first type of tunneling is called Fowler-Nordheim tunneling. Here electrons 
are injected by tunneling into the conduction band of the oxide through the 

triangular energy barrier. Once injected into the oxide conduction-band, electrons 
are accelerated by the oxide field toward the anode (gate), causing a gate current. 
Figure 3-18a sketches the energy band diagram for this case assuming a positive 

bias is applied to the gate. 
To determine the probability of an electron exhibiting F-N tunneling through a 

barrier, Schroedinger's equation is solved for a triangular barrier. The WKB 

approximation (discussed in most quantum mechanical textbooks) is invoked, 
and the following expression for the tunneling current-density expression is 
derived: 

J = Ap E0 x2 exp ( -B/Eox) (3.6) 

where Ap = 1.25xi0-6 AfV2, B -240-MV/crn, J is the current-density in A/cm2, 

and Eox is the oxide field in V/cm.l7 According to this equation, the oxide 
current is exponentially dependent on the electric field and experimental studies 
have found that the equation accurately describes the oxide current. This can be 
seen in Fig. 3-20, which shows the measured gate current and the gate current 
calculated using Eq. 3-6 in oxides 6-nm- and 8.3-nm-thick. The tunneling 

probability rapidly rises as Eox increases because the tunneling distance (i.e., the 
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Fig. 3·18 Energy-band diagram for the phenomenon of Fowler-Nordheim tunneling in the 
MOSFET gate oxide. Also shown are some possible interface-trap assisted leakage paths, 
with trap levels indicated by short, solid bars. 

distance from the Si-surface through the triangular barrier to the oxide 
conduction-band) becomes smaller as Eox increases.* 

It should also be noted that it may be possible for electrons to be "hot" but still 
not possess sufficient energy to surmount the barrier. In this case, carrier 
injection may occur by allowing these hot-carriers to tunnel through a smaller 
triangular-barrier distance. Thus, a synergistic combination of processes which 
individually would not have caused injection may yet enable carriers to be 
injected. This effect was modeled by Ning and Yu.18 

At an oxide electric-field of 8-MV /em, the measured Fowler-Nordheim 
tunneling-current-density is about 5x lQ-7 A/cm2. Thus, for normal device 
operation, Fowler-Nordheim tunneling does not produce enough gate-current 
leakage to be significant. Hence, Fowler-Nordheim tunneling does not represent 
an issue when gate-oxides get thinner as the gate length of MOSFETs are scaled, 
even to deep-submicron gate-lengths. 

3.4.2 Direct Tunneling (Tunneling Through Silicon Dioxide) 

If the oxide is very thin (say 4-nm or Jess), electrons from the inverted silicon 

* Because the distance of tunneling between Si surface and the oxide conduction band 
decreases with increasing electric field. 

UMC 1334
UMC v. AICP



102 SILICON PROCESSING FOR THE VLSI ERA -VOLUME IV 

surface can tunnel directly through the forbidden-energy-gap of the oxide layer 
instead of tunneling into the conduction-band of the Si02 layer. In direct­
tunneling, electrons tunnel through a trapezoid-shaped barrier as shown in Fig. 3-
19. (Because of the differences in the height of barriers for electrons and holes, 
and because holes have a much lower tunneling-probability in oxide than do 
electrons, the tunneling limit will be reached earlier for NMOS than PMOS.) 

The theory of direct-tunneling is even more complex than that of Fowler­
Nordheim-tunneling, and there is no theoretical simple dependence of the 
tunneling-current-density on voltage or electric field. (While an expression for 
the tunneling probability can be derived, no analytical expression is available for 
direct tunneling (as exists for the case of F-N tunneling). Instead, direct­
tunneling-current must be calculated from numerical analysis, and the results of 
such calculations are plotted in Fig. 3-20.19) Nevertheless, experimental data 
indicates that tunneling current exhibits a weaker dependence on oxide fields 
than is shown by the equation that governs Fowler-Nordheim tunneling (Eq. 3-6). 
This means that direct-tunneling dominates in thin oxides at low voltages. 

For oxide thicknesses smaller than 3-nm, the direct tunneling-current becomes 
very large. Figure 3-21 is a plot of the measured and simulated thin-oxide 
tunneling-current versus voltage in polysilicon gate MOSFETs. For the gate­
voltage range shown in Fig. 3-21, the current is primarily a direct-tunneling 
current.20 This tunneling represents a limit on the oxide thickness that can be 
used. This limit will be reached approximately when the gate-to-channel 
tunneling-current becomes equal to the off-state source-to-drain subthreshold 

Fig. 3-19 Energy-band diagram for the phenomenon of direct tunneling through the gate 
oxide for thin oxides. Also shown are both unassisted-tunneling and some possible 
interface-trap-assisted leakage paths, with trap levels indicated by short, solid bars. 
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Fig. 3·20 Theoretical (and experimental) tunneling I-V curves of Al-gate n-channel MOS 
structures under negative gate-bias, illustrating the I-V characteristics of Fowler­
Nordheim tunneling in 6-nm- and 8.3-nm-thick oxides and the calculated direct 
tunneling- currents in 3.9-nm- and 3.4-nm-thick oxides.19 (©IEEE 1983) 

leakage current (e.g., I0 fcfW = 10 nA/pm). That is, a MOSFET with a 1-pm gate 
length and width, would have a channel area of l-pm2. Thus, to keep its value 
equal to the subthreshold source-to-drain leakage current, the tunneling leakage 
current density should not exceed to-8 A/pm2 (which is equal to 1 A/cm2). 

From Fig. 3-21, the minimum oxide thickness that could be used to achieve a 
gate current density of I0-8 A/pm2 is 1.4-nm. * Since this is the thickness of the 
oxide needed for the 70-nm generation (according to the LE/t0 x guideline given 
at the beginning of Sect. 3.1 of this chapter), it appears that alternative gate­
dielectric materials with reduced gate-leakage will be required for 50-nm 
MOSFETs and beyond. (Another, more detailed analysis of the leakage-currents 
in CMOS technology in the 100-nm regime arrives at the same oxide-thickness 
limit due to tunneling-leakage as the one given above [i.e., 1.4-nm].30) This topic 
is considered in Chap. 4. It should also be noted that logic circuits can usually 
withstand higher leakage currents than can DRAMs. Therefore. the gate oxide 

* Note that the data shown in Fig. 3-21 are the results of work by researchers at Agere 
Systems.20 They used an in-situ cleaning of the silicon surface (with HF gas, followed by 
ultra-violet [UV] cleaning) before the rapid-thermal-oxidation. The ultra-thin oxides they 
grew using this cleaning sequence resulted in oxides with very-low gate leakage currents 
(Fig. 3-21). Ultra-thin oxides grown by wet rapid-thermal-oxidation (RTO) processes 
have also reportedly shown smaller gate leakage currents (see Sect. 3.6.2). 
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GATE VOLTAGE (-V) 
Fig, 3·21 Negative gate-current-density as a function of negative gate-voltage for oxide 

thicknesses from 1.1-nm to 3.1-nm, showing gate tunneling-leakage-current-densities.20 

limit for DRAMs is expected to be larger (about 3-nm will be the minimum oxide 

thickness for DRAMs). 

3.5 MODELS OF THIN-OXIDE GROWTH 
The Deal-Grove model described in Vol. I for the growth of Si02 provides 
excellent agreement with experimental observations for thick oxides.21 That is, 
the rate-constants derived in the Deal-Grove model alJow the thickness of oxide 
films >350-A to be well predicted as a function of temperature, furnace-ambient, 
silicon-doping-concentration, and silicon-crystal-orientation. However, the model 
does not give a detailed understanding of the mechanisms that produce these 
dependencies, nor is it valid when the oxide is thinner than 200-A. Specifically, 
the experimental measurements of oxide-growth-rates in dry-02 are not 
accurately predicted by the Grove-Deal for oxides less than about 200-A (20-
nm). This is the so-called anomalous regime of the Deal-Grove model. This is 
particularly troublesome because gate-oxide-thicknesses of $; 1 00-A are used 
for sub-micron MOSFETs. Figure 3-22 depicts a computer simulation of the 
formation of the first few layers of oxide being grown on a silicon surlace.22 

Several physical mechanisms have been proposed as models for the enhanced 
oxidation that is observed when oxides thinner than 200-A are grown in dry-02, 
including:23 
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(a) (b) 

(c) (d) 

Fig. 3-22 Si(lOO)/Si02 interface structures after oxidation of a) 2"d b) 4'h c) 6'b d) 8lh layer.22 

1. Models based on space-charge effects where the oxidation-enhancement 

in the thin regime is due to field-assisted oxidant-diffusion (arising from 

o2- coupled diffusion with holes). 

2. Models based on the existence of structural defects in the oxide, such as 

micropores or channels ( ~ 1 0-A in diameter). These would allow the 

oxygen molecules to diffuse more rapidly when the oxide is thin. 

3. Models based on parallel 0 2 and 0 reactions at the Si/Si02 interface. 

4. Models which postulate that a blocking layer exists near the Si/Si02 
interface which forms as the oxide grows and slows down the rate for 

thicker layers. 

5. A model by Massoud et al., based on the presence of a thin surface layer 

in the silicon where additional reaction sites are available. The 

concentration of these sites decays exponentially with a characteristic 
decay length L2 in Eq. 3~9.23 

Despite the large number of models proposed to explain oxide growth in this 

very-thin regime, none has yet been shown to be clearly correct, and thus none 

have been convincingly accepted as more valid than the others. We are therefore 

left with several empirical models that yield reasonable agreement with measured 
values of oxide thickness in the thin regime, but with no completely satisfactory 
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physical explanation. Additional work in the future may help clarify some of 
these issues. 

One empirical model for thin oxide growth was proposed by Reisman and 
Nicollian in 1987.59 By analyzing a vast amount of data, they derived an 

empirical model that calculates the oxide thickness versus time using a general 
power law of the form: 

tax= a (tg + 't)h (3.7) 
where a and b are constants, and tg is the growth time measured in a given 
experiment, and 't is the time to grow an oxide of thickness taxi already present 
on the surface. Their model could fit all published dry-02 data. In fitting this 
equation to experimental data, they extracted b values between 0.25 and 1.0, 
depending on temperature and oxidant-partial-pressure. This equation has two 
fitting parameters (a and b), just as the Deal-Grove model has two (A and BIA). 
However, there are significant differences between the models. First, the 
Reisman-Nicollian model is claimed to be able to fit data down to oxide 
thicknesses of essentially zero thickness. There is no anomalous regime, as exists 
with the Deal-Grove model. Second, each model has its own physical basis for 
the oxide growth process. The Deal-Grove model is based on the idea of oxidant­

diffusion and an interface-reaction - with each process dominating the growth 
under different conditions. Reisman suggests that the interface-reaction actually 
controls the oxidation process at all times, and that the volume expansion 
necessary at that interface to accommodate the growing oxide was provided by 
viscous-flow (relaxation) of the oxide layer. The time-dependent viscous-flow of 
the oxide in the Reisman model, is used to explain the extracted pressure- and 
temperature-dependence of the parameters in that model (a and b). A third model 
by Han and Helms (which we will not consider in detail here), has also been 
proposed to predict oxide growth. We will, however, compare the results of the 
Reisman and the Han and Helms model to the Grove-Deal model in upcoming 
paragraphs. 

A comparison between the Reisman-Nicollian model of oxide thickness and 
the Deal-Grove model is shown in Fig. 3-23. Data from Deal and Grove at 700°C 
are plotted on linear scales and Eq. 3-7 is plotted with measured values of a and 
b. Shown for comparison is Eq. 3-7 with the appropriate constants obtained by a 
fractional weighted least squares fit to the data.24 Kouvatsos extracted the a and 
b parameters of Eq. 3-7 at 950°C and ll00°C for oxide growth in 02 diluted in 
He, and found very good fit to the Reisman-Nicollian power-law modei.25 

Figures 3-24 and 3-25 again compare the predictions of the Reisman and the 
Han and Helms models with those of the Deal-Grove model. The model para-

UMC 1334
UMC v. AICP



GATE DIELEC1RICS: THIN SILICON DIOXIDE FILMS 107 
600r---~--~----~---.--~----.---~--~ 

-~ 400 
Ill 
Ill 
Ill 
c 
~ 
u 
:c 
f-
Ill 
'0 
')( 200 
0 

X = (BIA)(t9 + r) 
BIA .. 00433 
T = 4860.0 
E • 1\.4 

\_x "' alt9 + (xJa)1/b)b 

a .. 335 
b- 0.571 
x0 • 2.00A 
E • 1.27 

T .. 700 °C 
p = 1 atm. 
(111) 

o~--~--~----~--~--~~--~--~--~ 
0 2 4 6 8 

Oxidation Time (103 min) 

Fig. 3-23 Fits to oxide thickness versus oxidation time using the Deal-Grove model and 
the Reisman-Nicollian power-law model expression.24 

meters for these plots for the Deal-Grove model are the standard A and Bl A 
values for 1 atmosphere. For the Reisman model at 800°C, a = 0.302 nm, b = 
0.704, and 't = 13.1 min. At 1000°C a= 3.02 nm, b = 0.701, and 't == 1.26 min. At 

800°C (Fig. 3-24), the differences in these models for very-thin oxides is clear. 
The Reisman (and the Han and Helms) model agree fairly well with each 

other and are a good match to experimental data in the thin regime. The Deal­
Grove model does not do a good job for thin oxides, either with 't set at 8 hours 
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Fig. 3-24 Comparison of three oxidation models for l atmos, dry-02 oxidation at 800°C. 
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(the value Deal and Grove extracted in their original work), or with 't = 0 (which 
predicts even thinner oxide than do the Reisman or Han/Helms models). At 
1000°C (Fig. 3-25), the differences in the models in the thin regime are less 
apparent since much thicker oxides grow at the higher temperature on the same 
time scale. For the particu]ar parameters chosen for this plot, the Reisman­
Nicollian model diverges from the predictions for thicker oxides. 

Despite the fact that the Deal-Grove model in its original form does a poor job 
at predicting oxide growth in dry-02 in the thin-oxide regime, their model can be 
"fixed" to do a much better job. Such a"fix" was developed by Massoud et al., 
who demonstrated that a much better fit can be accomplished than with the Deal­
Grove model alone (by adding an additional term that decays exponentially with 
thickness to the oxidation rate.). The expression for the oxide growth-rate in the 
classical Deal-Grove model dt0 xldt (see Vol. 1, Chap. 7) given by: 

(dt0 xldt) = B 1(2t0 x +A) (3.8) 
then becomes 

(dt0 xldt) = {B/(2t0x+A)} + Cexp(-t0x/~) (3.9) 
where 

C = cO exp (-EA/ks T) (3.10) 

where c0-3.6xl08-,umfhr, EA -2.35-eV, and L2 is the characteristic decay length 

described in paragraph 5 above. For dry-oxidation of lightly doped substrates in 
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Fig. 3·25 Comparison of three oxidation models for 1 atmosphere, dry-02 oxidation at 
1000oc. The dashed lines are the Deal-Grove model. 
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the 800-1000°C range, L2 was found to be :::7-nm, independent of surface 
orientation [i.e., the above numbers apply to either (1 00)- or (111 )-oriented 
silicon substrates]. Heavy doping was found to only slightly affect the oxidation­
rate-enhancement in the thin regime. Equation 3-9 has been inserted into 
SUPREM III and SUPREM IV as the model for thin-oxide growth in dry­
oxygen. With Massoud's addition to the Deal-Grove model, its predictions match 
the data well over the whole thickness range. Note that it was decided to 
implement the Massoud model (but not the Reisman model) in SUPREM III and 
IV. This is because many other oxidation-effects have also been tied to the basic 
Deal-Grove model, and these effects are also modeled in SUP REM Ill and IV. 

While the debate continues about the physical mechanisms responsible for 
thin oxide kinetics, the problem has taken on a new importance. This is because 
deep-submicron MOSFET gate-oxides are routinely grown with thicknesses in 
the anomalous regime. This is an example of an industrial application outpacing 
basic scientific understanding. From the industrial view, it is more important to 
be able to grow thin oxide layers reproducibly and uniformly (and with good 
electrical properties), than it is to understand the governing physical principles. 

3.6 SINGLE-WAFER TECHNOLOGY OF THIN OXIDE GROWTH 
Thin oxides can be grown using a batch process or a single-wafer process. Batch 
processes currently use vertical furnaces (200-mm wafers), and such tools are 
discussed in more detail in Vol. 1, 2"d Ed. With the advent of 300-mm wafer 
processing and the need to grow uniformly-thick 20-nm oxides across such 300-
mm wafers, the single-wafer process may begin to make inroads against batch­
oxide-growth processes. Here we will limit the discussion to such single-wafer 
oxide processes, which are also based on rapid-thermal-oxidation (RTO) 
methods. Note that single-wafer RTP processes are also described in Vol. 1, 2"d 
Edition, Chap. 7, and a more comprehensive review of RTP systems and 
processes is given in Ref. 26. However, in both of these references, the focus is 
more on the general aspects of RTP systems. Here our focus is on the details of 
rapid-thermal-oxidation (RTO) tools and processes. Wet-RTO processes are also 
examined, a topic not covered in Vol. 1, 2nd Ed. 

3.6.1 Rapid Thermal Oxidation Tools 
Conventional furnace-based oxidation has been the workhorse of the industry, 
but it encounters some problems when gate oxides thinner than 2.0-nm must be 
grown, including: 1) furnace oxidation is difficult to scale below 2.0-nm 
thickness; and 2) the ]ower temperatures used during such ultra-thin oxide 
growth processes degrade the oxide quality. 
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RTO is able to offer better quality ultra-thin oxides when compared to those 
grown in furnaces for two reasons: 1) RTO grows the oxides at higher 
temperatures; and 2) RTO is more conducive to cluster tooling. RTO can grow 
thin oxides at high temperatures because the oxidation time is kept down to just a 
few seconds (whereas the minimum oxidation time in a batch furnace is at least a 
few minutes). 

There are several advantages to growing oxides at higher temperatures. First, 
oxides exhibit smaller gate-leakage-currents as their growth temperature 
increases (up to a maximum of 1050°C, beyond which leakage-currents in­
crease).27 Second, they show higher resistance to boron penetration. In one study, 
2-nm-thick oxides grown in a furnace at 800°C were compared to RTP-grown 
oxides at 1000°C. The results indicated that boron penetration was suppressed 
better by the RTP-grown oxides.28 The third advantage is that MOSFETs built 
with the RTP-grown oxides had higher effective carrier mobilities (for both 
electrons and holes) as the temperature of the oxide growth process was 
increased from 800°C to 1 000°C.29 This was attributed to the smoother Si/Si02 
interface that results from growing the oxides at higher temperatures. 

Cluster tools can potentially produce better-quality oxides because they allow 
process sequences to be carried out in an integrated fashion. For example, in 
oxide growth processes, a cleaning procedure is done prior to the growth step. If 
this can be done in situ, the quality of the oxides can be improved. Clustering is 
easily achievable with single-wafer RTP systems, but is impractical with batch 
furnace tools. By integrating RTO chambers with other processing modules it 
may be possible to extend the use of oxides to additional technology generations. 

As noted above, with the introduction of single-wafer RTO-systems, it 
becomes possible to carry out in situ surface preparation, wafer rotation, ambient 
control, and process integration. Because such systems can grow oxides at such 
rapid rates (i.e., more than 1000-A/min), it also makes RTO capable of 
competing economically with vertical hot-wall furnaces. 

Figure 3-26 is a cross-sectional view of an RTO reaction-chamber depicting 
the necessary components of a lamp-heated RTO-system. In this reactor, the 
wafer is inserted into the reaction chamber by a robot wafer handler onto a 
rotating SiC support ring. The wafer is rapidly heated at rates of 50-1 00°C to the 
process temperature (800-1 050°C). Process gases are introduced at reduced 
pressure in an axial flow pattern where they react to form water vapor, hydroxyl 
ions, oxygen ions, and other species (depending on the H2:02-ratio and whether 
N2, NH3, HCI, or other reactant gases are introduced). At the conclusion of the 
oxidation and annealing steps, the wafer is cooled rapidly to a temperature where 
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Fig. 3·26 Cross-section of an Applied Materials ISSG RTO reactor. 

it can safely be removed by the wafer handler from the reaction chamber to an 
additional cool-down chamber that can be used to enhance system throughput. 
Cool-down can be enhanced further by providing a wafer backside cooling gas, 
such as helium or hydrogen. 

3.6.2 Wet RTO Processes 
As will be discussed in Sect. 3.8, traditional dry oxides are expected to be limited 
to minimum thicknesses somewhere between 1.6-nm36 and 2.5-nm.37 Various 
techniques are being explored to reduce this thickness limit. One of these 
methods employs wet-RTO. A technique pioneered by Applied Materials called 
in-situ steam generation (!SSG) has reportedly allowed oxides in the 2.0-nm 
thickness range to be formed with improved reliability compared to dry oxides of 
the same thickness.38 ISSG-oxidation is a low-pressure process (typically below 
20 torr, for safety reasons) performed in a cold-wall RTP reactor. 

Unlike hot-wall furnaces that employ a pyrogenic torch for growing wet 
oxides, no hot quartz is used to generate the steam ambient (eliminating the 
problem of quartz devitrification). Instead, in ISSG-oxidation, H20, OH and at­
omic oxygen are generated directly in the reaction chamber without pre­
combustion. The hot wafer acts as an ignition switch, causing reactions among 
electronic-grade H2 and 0 2 gases (that are pre-mixed in a plenum before being 
injected into the RTP chamber). This configuration reduces risk of metal con­
tamination, since no metal catalyst is used in the in-situ steam generation method. 

The oxidation-rate rapidly increases as the pressure is decreased below 20 torr 
(unlike in conventional oxidation processes where oxidation-rates decrease with 
decreasing pressure). The growth-rate at 10-torr is nearly twice that of 
atmospheric dry-rapid-thermal-oxidation. Modeling studies indicate that the 
oxidation-rate exhibits a strong correlation to the atomic-oxygen-concentration 
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and not to any other atomic or molecular species. The oxidation-rate is also 
strongly temperature-dependent compared with wet-atmospheric-oxidation. 

Oxides grown with the !SSG process show good characteristics. Within-wafer 
uniformity and wafer-to-wafer repeatability are well below 1% ( 1 cr), both for thin 
(< 40-A) and thick (> 100-A) oxide-films. The faster growth-rates improve 
productivity while offering a thermal-budget reduction. The wide range of 
temperatures and hydrogen concentrations allow controlled oxidation for any 
thickness of oxide. The ISSG-oxides also demonstrate better reliability than 
comparable furnace-oxides, or those created by dry-RTO. Several independent 
measurements of charge-to-breakdown of 30-50-A wet-RTP oxides show a 
threefold (or more) improvement over furnace-grown-oxides . The wet-RTO­
oxides also exhibit about an order-of-magnitude less gate-leakage-current than 
dry-RTO oxides, which are comparable to furnace-grown-oxides (Fig. 3-27).76 

3.7 NITRIDED AND FLUORINATED OXIDES AS MOSFET GATE DIELECTRICS 
One modification to the basic Si02 material that has recently been intensely 
examined is the addition of nitrogen to the oxide. That is, oxynitrides have been 
studied as replacements for silicon dioxide as the gate dielectric of MOSFETs for 
thicknesses below 4.0 nm. The advantages of oxynitrides over silicon dioxide for 
this application are the following: 1) they exhibit improved boron penetration 
resistance; 2) they have better breakdown characteristics; 3) they show greater 
immunity to hot-carrier-injection effects; and 4) MOSFETs made with such 
layers exhibit improved high-field channel-electron-mobility. Improved 
performance of nitrided silicon-dioxide gate-dielectrics has been associated with 
the accumulation of a small amount of N at the Si/Si02 interface. Interfacial N­
accumulation is thought to reduce interfacial defects by relieving strained Si-0 
bonds and "dangling" bonds. An interfacial peak-concentration of about 1-2 atom 
% is typically associated with higher breakdown electric fields and lower fixed­
oxide charge densities. But, a higher N-concentration (> 5 atom %) is needed to 
effectively suppress boron penetration through the dielectric layer. 

10 .s Dry RTO 

10"9 

~ 10·10 
'E 
"' 10-11 t: 
= 10·12 ... 
"' ;;; 10·13 <:J 

10·14 

10·15 1--.--I.---L-.......l-.--'----'----'---__.J 

-2 0 2 4 6 8 10 12 E: (Vg·V1){f01) (MV/cm) 

Fig. 3·27 Gate leakage current comparing dry-RTO to 2% & 5% ISSG RTO for 30A oxides.76 
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Nitridation of oxides is considered to be a variation of silicon oxidation, and 
such films are formed mainly though the nitridation of silicon oxide or the 
oxidation of silicon in a nitrogen containing ambient such as NH3, N20, NO (or 
mixtures of 0 2 and NO). Such films have been formed in high-temperature 
furnace processing or rapid-thermal-processing tools. Fluorine can also be 
incorporated into gate oxides as a method for improving its dielectric 
characteristics. This subject is also discussed in a following section. 

3.7.1 Oxynitridation of Silicon in N20 
Early oxynitride films were formed by nitriding a thermally grown oxide film by 
exposing it to an NH3 ambient at high temperatures, and then re-oxidizing the 
nitrided oxide to reduce the amount of hydrogen that remains in the film after 
NH3 nitridation. Such oxynitrides were thus called reoxidized nitrided oxide 
(ROXNOX) films. 

Although ROXNOX films exhibit better hot-carrier resistance than do pure 
oxides, some practical issues make them troublesome to manufacture. First, the 
ROXNOX formation sequence is complex and difficult to optimize, especially 
for CMOS applications. For example, the combination of nitridation and 
reoxidation steps used in the ROXNOX process may leave excess hydrogen in 
the film. In that case, the density of electron traps will be higher than in a pure 
oxide film. Since electron trapping is the dominant degradation mechanism in 
PMOS devices, PMOSFETs with such films will exhibit worse hot-carrier 
degradation. 39 On the other hand, if the reoxidation step is excessive, the film 
can lose its strength against interface-state generation by hot-carriers. Thus, 
NMOSFETs containing such films would be prone to more hot-carrier 
degradation. The gate dielectric layer might also grow too thick. Another 
drawback is that the best NH3-nitrided films always exhibit higher densities of 
positive fixed charge (Qr) than do the best SiOz films. The fixed charge arises as 
a result of the nitridation process. Finally, the ROXNOX process generally 
involves multiple high-temperature steps, which are undesirable for ULSI CMOS 
applications. As a result, ultra-thin oxynitrides are not formed in production by 
using NH3 as the nitrogen source.* 

A solution to some of the problems of NH3-nitrided films is to avoid the 
incorporation of hydrogen in the film in the first place. One way to accomplish 
this is to replace NH3 with N20 as the nitriding ambient. Such N20-based 
techniques have indeed proved to be more fruitful because of the hydrogen-free 
nature of the processing. 

* Interested readers can find more details on ROXNOX films in Vol. 3. 
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Fig. 3·28 SIMS depth profiles of Nand H in three kinds of oxide films: (a) pure Si02 

(#1); (b) NH3-nitrided Si02 (#2); and (c) N20-nitrided Si02 (#3). 

This approach was first used to grow a gate dielectric by directly reacting N20 
at the silicon surface in an RTP system.40,41,42,43 Since there is no hydrogen in 

N20, this process results in films with significantly less incorporated hydrogen 
than NH3~nitride films. Figure 3-28 shows SIMS profiles of dielectric films 
prepared by: (a) thermally oxidizing silicon; (b) nitriding an oxide film in NH3; 
and (c) growing a film on silicon by RTP in an N20 ambient.41 It can be seen 
that the hydrogen concentration in the N20 film is significantly smaller than in 
the NH3 film. It is also evident that the nitrogen concentration in the N20 film is 
highest at the Si-Si02 interface. Early studies of such films concluded that they 
are self-limiting in thickness, as is shown in Fig. 3-29a.40,44 The build up of the 
nitrogen concentration was thought to block the oxidation reaction that occurs 
simultaneously at the interface. Later work showed that the thickness was not 
self-limiting (see Fig. 3-29b),45,46 and that the thickness in fact, increases ap­
proximately as (time)ll2_ This seems to indicate that the growth is instead limited 
by the diffusion of N20 through the oxide bulk (rather than through the nitrogen­
rich layer).47 The discrepancy in the apparent growth mechanisms may have 
been explained by Okada, who observed significant retardation of the growth 
only at relatively high ( -0.9 at%) interfacial nitrogen concentrations, which is 
higher than observed in some N20 furnace processes. 59 However, the interfacial 
reactions may still dominate growth rates for short times and thin oxides. 

Nevertheless, the nitrogen profile in the N20 film is similar to that in the 
ROXNOX film, yet this is achieved with only a one-step process (i.e. , no 

UMC 1334
UMC v. AICP



GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 115 

800 
(100) SILICON 

• *•c 
IISO"C .. tso•c 

120~------------------------~ 

600 a teoo•c 100 
IIOO"C -< 

-80 ....... 
·< ......, Cit 

: 60 
c 

tOSO"C 

JOO)"C 
~ 400 

c .X 
CJ oi&O 

..:.: 
~ 

.1! 

.... 20 

9SO"C 

o~--~--~~~--~~~._~~ 

~ 

0 so 100 150 200 250 300 

Oxidation time (sac) 

(a) 

200 

(b) Time (min) 

Fig. 3-29 (a) N20 oxynitride thickness versus oxidation time using RTP for various 
process temperatures. Ramp-up rate was 200°C/sec. Oxide thickness was measured at a 
fixed refractive index (1.46)40 (©IEEE 1990); (b) N20 oxynitride thickness versus time 
in a furnace-anneal process.(© Electrochemical Society 1993)45 

reoxidation is necessary). The peak nitrogen concentration (at the Si/SiOz 
interlace) is -0.5%, which is less than that found (2-10 atom%) in Si02 fumace­
nitrided in NH3 under atmospheric pressure. Furthermore, residual hydrogen 
incorporation into the film is no longer a concern. This is evidenced by the low 
electron trapping density exhibited by such films. NMOSFETs fabricated with 
such films a]so exhibited less tendency toward hot-carrier degradation than those 
made with control oxides (i.e., they showed smaller values of .M)it), and were 
also less susceptible to the creation of electron traps throughout the oxide under 
hot-carrier stressing.48 

However, several limitations were still observed in these N20-grown 
oxynitrides. First, larger initial values of Dit were observed than in pure oxide 
films (Fig. 3-30), even though the rate of their generation under hot-carrier 
stressing was much smaller (see also Fig. 3-30).48 Second, the initial Qf values 
were also somewhat higher. Third, the slow growth-rate of such films make them 
only practical for ULSI applications which use dielectric films thinner than 1 ooA 
(see Fig. 3-29). Fourth, the maximum mobility of electrons in MOSFETs made 
with such films is -5% less than in MOSFETs with oxide gate dielectrics (but the 
mobility is actually higher at large lateral electric fields - see Fig. 3-31).49 The 
most severe limitation, however, is that such RTP NzO-grown films exhibit 
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unacceptably large nonuniformities in composition and thickness across a 
wafer. 50 Such non-uniformities would limit the use of such films in ULSI MOS 
devices. Temperature nonuniformities in the RTP chamber, gas depletion, and 
heat-transfer effects were some of the phenomena suspected of leading to these 
nonuniforrnities. 

Nevertheless, it was found that growth of such NzO dielectrics in a furnace 
(rather than by RTP) resulted in films with thickness uniformities comparable to 
those of pure oxide films, and with adequate compositional uniformity as 
well.51,52 The process described in these reports was a 950°C furnace step in 
NzO, which grew 60-A-thick dielectric films having a nitrogen concentration at 
the Si/SiOz interface of -3%. Hot-carrier degradation of PMOSFETs with such 
films was excellent since electron-trap-densities in these films was also low. 

3. 7.2 Oxynilridallon of Oxides In N20 or NO 
Another method used to form thin oxynitride layer involves a two-step operation. 
Oxides are first grown in Oz, and are then subjected to an oxynitridation step in 
NzO or NO. When NzO is used as a post-oxidation-annealing ambient, a wide 
range of final oxide thicknesses is achievable with much smaller thermal budgets. 
Processes using this two-step N20 sequence have been described using an 
atmospheric-pressure-fumace,46,53,54,55 a low-pressure-furnace,56 and RTP 
conditions,57 Figure 3-32 shows an example of such a two-step process 
performed in a conventional furnace at atmospheric pressure. 54 
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Fig. 3·30 Changes in the interface trap densities of MOS capacitors with: a) pure SiOz; 
and b) SiOxNy by Fowler-Nordheim electron injection. Electrons were injected from the 
gate electrodes into the oxide films at a current density of -10 mNcrn2.42 (©IEEE 1991) 
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Fig. 3·31 Effective electron mobility versus effective normal field of NMOSFETs with a 
65-A-thick gate dielectric. The mobility values were calculated using the linear region In 
versus Vas curves (Vns = 100 mV), with a ZIL ratio of 75-!Jm/60-pm. The maximum 
effective mobility of the oxynitride is 5% lower than that of the control oxide. However, 
the high~field mobility of the oxynitride shows a 10% improvement.49 (©IEEE 1991) 

Typically, the oxide is grown in dry-02 in a furnace at 850-900°C. The N20 step 
is usually carried out at 800-850°C for 5-40 minutes. In the process described in 
Ref. 55, 50-A Si02 films are grown in dry-02 at 850°C for 30 minutes. During 
the second step in NzO at 950°C, an additional 35-A of oxide is grown to form 

films with a final thickness of 85-A. 
PMOSFETs made by oxynitridation of Si02 in N20 also exhibit enhanced 

TWO-STEP N20 OXIDATION PROCESS 

10%02 : 100% 100% 

at N20 N2 

900 c at at 

950C 950C 
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Fig. 3·32 Two-step oxidation & N20 nitridation process in a conventional furnace.54 (© 
IEEE 1993) 
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hot-carrier immunity compared to devices made with pure oxide. This is thought 
to be due to the fact that electron trapping is suppressed in devices with such 
N20 dielectrics.58 Consequently, it has been suggested that the optimum N20 
oxynitride process is oxidation in 02 followed by nitridation in N20, rather than 
oxidation in N20 alone. 

In the low-pressure approach56 it was reported that a minimum pressure of 
between 1 and 50 torr of N20 was needed before a measurable amount of 
nitrogen was incorporated into the oxide. However, at low pressures of N20 (i.e., 
just beyond the minimum needed for the onset of nitrogen incorporation), the 
concentration of nitrogen at the interface could be well controlled, but at the 
same time, minimal additional oxide was grown during the oxynitridation step. 
Thus, tight control of the final film thickness could be maintained. 

As noted in a previous paragraph, the oxide film continues to grow during the 
second (i.e., N20) step. However, if re-oxidation of N20 oxides is carried out 
after they are formed, unusual behavior occurs. That is, new Si02 grows at the 
Si/Si02 interface, and the existing N-rich layer remains intact and is displaced 
away from the interface by growth of the new oxide (see Fig. 3-33).59 

Using N20 as the nitrogen source during the second step of this procedure was 
found to have some disadvantages. The concentration of N-incorporation may be 
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Fig. 3·33 SIMS profile of the oxynitride film grown from 100% N20 at 1100°C before 
reoxidation, and after 85 min reoxidation. 59 By pennission of the Electrochemical Society. 
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too low for some applications, especially suppression of boron penetration, 
unless a much higher thermal budget is permitted. 

More recently oxynitrides formed with the two-step process using NO as the 
nitrogen source have been reported. Generally, the results for NO oxynitrides 
overcame the problems of using N20 as the nitrogen source, in that they offer a 
lower thermal budget process for incorporating higher concentrations of N, as 
well as better thickness control for scaled dielectrics.60,61 It is thought that 
nitrogen incorporation in the N20 process is driven by NO species, which is a 
product of N20 molecule dissociation. The N20 molecule likely dissociates into 
NO (4.7%), N2 (64.3%), and 0 2 (31 %), according to calculations by Tobin et 

al. 62 Such by-products act in competition. That is, while the NO incorporates 
nitrogen, 0 2 continues the oxidation by reacting with the silicon substrate, and 
N2 reduces the partial-pressure of the nitridation species (which increases the 

thermal budget). The parallel oxidation explains the observed increase of oxide 
thickness during annealing in N20. The high temperature needed for N20 
dissociation (> 850°C) mandates the high thermal budget needed to get 
acceptable results. Good quality gate-dielectric-films have reportedly been 
produced with RTP processes using NO + 0 2 mixtures. 

The percent nitrogen incorporation also depends on the relative amount of NO 
in the gas mixture. Figure 3-34 shows the dependence of N incorporation on NO 
concentration for both direct (1-step), and 2-step oxynitride growth carried out in 
a NO + 0 2 mixtures using RTP processes. This indicates that NO can produce 

5 

4 

z 3 
0 -E 2 
0 

< 
1 

0 

Direct (1-step) oxynltrlde growth 

___ .,..--

@ 950°C/30 swith NO+O~ 
• --. .---_,.,--

__.-""' __.-· 
~---

-----.,.,..---,. . ..-·" N0-0~ nitridation @ 950°C/30 s 
.,.--- of 4 nm pregrown Si02 

20 40 60 80 100 

NO concentration (%) 

Fig. 3·34 Dependence of nitrogen incorporation in oxide on NO concentration in 

NO + 0 2 mixtures. 

UMC 1334
UMC v. AICP



120 SILICON PROCESSING FOR THE VLSI ERA -VOLUME IV 

oxynitride films with a wide range of incorporated N, allowing the films to be 
tailored for specific applications. 

In another reported process, 4.0-nm-thick oxynitrides were formed in a two­
step furnace operation. First, 4.0 nm oxides were grown in 0 2 at 800°C with a 
6% HCl, and a post-oxidation anneal in N2. The second step involved annealing 
this oxide in a diluted NO ambient at 800°C for 45 min. 60 Finally, a process that 
uses a mixture of N20 and NO in the reaction chamber has been described. The 
postulated advantage of this method is that the vertical positions of the nitrogen 
concentration peaks within the oxynitride layer can be adjusted by changing the 
N20 +NO mixture.64 

We should also mention that adding nitrogen to gate oxides has also been 
reported by several other novel techniques, including implantation of nitrogen 
through the polysilicon gate and drive-in annealing,64 reoxidation of films 
formed by growing the oxynitride in N20 or N0,65 and nitridation of the Si 
surface by using a nitrogen remote plasma.66,67,68 

3.7.3 Fluorinated Gate Oxides 
The presence of fluorine in the gate oxide has also been reported to increase the 
hot-electron resistance of devices fabricated with such oxides.69,70 Such fluorine 
may inadvertently be introduced from a BFz+ source/drain implant, or from an 
LPCVD-W or LPCVD WSix process. (In the W-CVD and WSix-CVD processes 
fluorine is produced during the reaction of WF6 and SiH4.71) Other reports 
confirm that deliberate incorporation of fluorine into the gate oxide (from im­
planting fluorine into a polysilicon film, and then diffusing it into the gate oxide) 
produces a more hot-electron resistant interface_72,73 The increased hot-carrier­
resistance of the F-containing-oxides is thought to be due to fluorine atoms which 
form Si-F bonds. These are stronger than Si-H bonds. The presence of the 
fluorine implies that some of the Si-H bonds at the Si/Si02 interface are replaced 
by Si-F bonds, thus yielding an interface that has better hot-carrier-resistance. 

Unfortunately, while the above benefits make fluorinated oxides attractive for 
NMOSFETs, the presence of fluorine in the gate oxide may increase the 
penetration of boron (from p+ -poly gates) though the gate oxides, and this 
represents a potential problem for deep-submicron PMOSFETs. That is, BF2 + is 
used when the shallow source/drain-extension-region is formed, and this implant 
enters the poly gate. Thus, the F from this implant will diffuse through the poly 
and into the gate oxide during the implant activation steps. However, a recent 
study indicated that if the fluorine dose implanted into the poly is restricted to a 
medium dose (lx1Q14fcm2), no noticeable enhanced boron penetration effect is 
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observed. In addition, the charge-to-breakdown (Qso) characteristics of the 
PMOSFET capacitors fabricated with 4-nm-thick oxides are also significantly 
improved.74 

Recently, a new form of "anomalous" leakage was discovered in oxides used 
in Flash-memory devices. Such leakage occurs at temperatures below 150°C, and 
thus cannot be screened by a traditional 250°C high-temperature retention bake. 
However, by incorporating a high concentration of fluorine in the tunnel oxide 
(introduced in a WSi2 capped-control-gate process), a much higher resistance to 
this anomalous leakage is obtained. 75 

3.7.4 "Dual-Gate-Oxide-Thickness" Structures 
An increasing number of mixed-signal and system-on-a-chip applications require 
dual on-chip power-supply-voltages. The higher-voltage may be used for the 
analog and input/output (I/0) circuitry, and the lower-voltage for the core digital­
logic-devices. However, a serious reliability problem would be created if the 
same thin oxide needed for the high-performance logic MOSFETs was used in 
the devices subjected to the higher voltage (i.e., the analog and 1/0 circuitry 
MOSFETs). That is, the analog and I/0 devices require thicker gate oxides than 
the core logic devices. (The thicker oxide also makes the I/0 devices more robust 
against transient, off-chip electrostatic-discharge-events.) Consequently, it must 
be possible to fabricate gate oxides with different thicknesses on such ICs. 

Early "dual-gate-oxide-thickness" processes had two oxidation steps, with a 
masked etch-step in between to remove the first oxide from regions intended to 
have thinner oxide. Newer processes use a different, simpler approach. That is, it 
has been discovered that the rate of thermal-oxidation on silicon is reduced by 
nitrogen implants.88 Hence, nitrogen implantation into the silicon substrate prior 
to the oxidation process can be used to facilitate the implementation of such 
"dual-gate-oxide" ICs. Namely, selective implantation of nitrogen will cause 
oxides grown on such areas to be thinner than those simultaneously grown on 
non-implanted areas (Fig. 3-35a). Typical implant conditions for the nitrogen 
implant are energies of 10-30 keV, at doses of 2xto14fcm2-txi015Jcrn2. Figure 3-
35b shows how the oxide thickness from an 800°C, dry-02 oxidation is reduced 
with increasing nitrogen dose.89 It is suggested that nitrogen suppresses 
oxidation by forming Si-N bonds at the interface of the growing oxide, thereby 
constraining further growth. 

3.8 PROJECTIONS OF THICKNESS LIMITS OF GATE OXIDES 
In the late 1970's it was projected that the scaling limit of MOSFETs would be 
0.5-,um. In the mid-1980's, this limit was reduced to 0.25-,um. In 2001, there 
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Fig, 3-35 a) Schematic of the process flow for sub-3-nm gate oxide formation on N2-

implanted substrates. b) Oxide thicknesses obtained in dry-02 at 800°C for various 
nitrogen implant doses (energy= 25 keV) and oxidation times.89 (©IEEE 1997) 

does not seem to be any device physics barrier for scaling at least to 0.05-,um 
(50-nm). The factor that kept the predicted limit on MOSFET gate lengths in 
previous decades higher than it is today was the uncertainty in the minimum 
thickness of the gate-oxide-layer that could be successfully implemented in 
MOSFETs as they were scaled. Thus, the question of the minimum-oxide­
thickness that can be implemented in MOSFETs remains an important one. Here 
we address the predictions of the minimum-oxide-thickness as viewed in 2001. 

There are a number of factors that play a role in the minimum-oxide-thickness 
that can be used, including: oxide-reliability, tunneling-leakage-current, stress­
induced leakage-currents (SILC), polysilicon-depletion, process-induced oxide­
damage, and hot-carrier-induced damage. The type of application in which the 
oxide is to be used also plays a role. That is, different minimum-oxide-thickness 
limits exist for logic devices, DRAMs, and nonvolatile memory devices. We will 
discuss each of these topics here, with the exception of hot-carrier-induced 
damage. The latter phenomenon is not treated because hot-carrier-reliability is 
expected to greatly improve as the gate voltage is decreased below 3-V (since at 
such low voltages, few carriers can gain sufficient energy to create interface-traps 
or shallow oxide-traps). This is one of the positive aspects of scaling devices 
below 0.25-,um. 
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3.8.1 Minimum-Oxide-Thickness Due to Defects and Tunneling 
The first two (and probably the most important) phenomena that impact the 
minimum-oxide-thickness that will be usable in full-scale IC production are: 1) 
defect densities in the thin-oxide films and; 2) the direct-tunneling-current 
through these films. We discuss these two effects together here because 
approximately the same minimum-oxide-thickness limit is set by either of them. 

In 1996, Hu predicted what the minimum-oxide-thicknesses would be in 
production ICs, depending on the power-supply voltage. II He based these values 
on the following assumptions: First, the oxides will be used in ICs designed to 
operate for at least 10 years. Second, the time-to-breakdown (tBn) that oxides of 
various thicknesses will exhibit can be extrapolated to the 10-year limit by using 
the anode-hole-injection (AHI) model discussed in Sect. 3.3.4. Figure 3-36 shows 
a plot of such tso data for oxides of various thicknesses and intrinsic failure 
behavior (i.e., the oxides depicted in this plot are assumed to be defect-free, and 
thus fail according to intrinsic-breakdown failure mechanisms). For such defect­
free oxide films, the following thicknesses could be expected to exhibit a 10-year 
time-to-breakdown behavior for respective power supply voltages: a) 80-A for 
5.5 V (5 V power supply+ 10%); b) 45-A for 3.6 v (3.3 V + 10%); c) 33-A (3.3-
nm) for 2.75 V (2.5 V + 10%). 

To allow for defects in the oxide that would weaken them (i.e., the B-mode 
defects, which locally thin, but do not create catastrophic pinholes in the oxide), 
Hu suggested that a safety margin be employed. That is, he used a 30% increase 
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the indicated year of first manufacture and technology generation. 37 

in the oxide thickness to allow for such defects. Thus, the minimum oxide 
thicknesses that he predicted that could be used in production were: a) 110A for 
5 V; b) 65A for 3.3 V; and c) 45A for 2.5 V. 

Since that time, however, MOSFET scaling has been projected to even 
smaller gate lengths, mandating the use of even thinner gate-oxides (and smaller 
power-supply voltages). That is, projections for MOSFETs scaled to 50-nm (and 
using oxides below 2.0-nm) have been subsequently published. In 1998, Stathis 
and Di Maria of IBM published a study in which they projected the minimum 
oxide thickness that could be used in production was 2.6-nm for a 1.0-V power 
supply in order to meet the 1 0-year operating lifetime. 37 This was based on the 
conclusion that intrinsic oxide-degradation and breakdown would become the 
most significant reliability concerns, and therefore the dominant limiting factors 
that would set the allowable oxide thickness. Figure 3-37 shows the graph 
reported in that study, indicating that at 1.0 V, the minimum oxide thickness to 
meet a 10-year lifetime would be about 2.6-nm. This plot also implies that a 2.2-
nm-thick gate oxide would no longer meet the ITRS Roadmap requirements. 

In 1999, however, another study by Weir et al., of Bell Labs (Lucent 
Technologies) indicated that if the oxide uniformity could be significantly imp-
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Fig. 3-38 TDDB data for 2.0-n- thick oxides at l25°C from MOS-capacitor data.79 

roved, the reliability projections of an oxide at a given thickness can also be 
increased. That implies that thinner oxide films than were projected by Stathis 
and DiMaria may be possible. In fact, Weir showed that oxides with a thickness 
of 1.6-nm could meet the I 0-year operating lifetime goal with a power-supply of 
1.2 V - if they were produced with a process that allowed the film-thickness­
uniformity to be increased. 

In 1999, a 100-nm CMOS-technology that uses an oxide with a thickness of 
2.0-nm and a power-supply voltage of 1.5 V was reported by Intet79 Figure 3-38 
indicates that this oxide is able to meet the 10-year operating lifetime. In 2000, 
another report by the same group indicated it could fabricate 130-nm CMOS ICs 
with a gate oxide that was 1.5-nm-thick and with a 1.3-V power supply. These 
recent results appear to exceed the predictions of the minimum gate oxide 
thicknesses made just 2 years ago. At this point (circa 2002), the limit of oxide 
scaling does not yet seem to have reached. 

The tunneling gate-leakage-current is another factor that has been predicted to 
put a limit on the minimum-oxide-thickness that can be used. In Sect. 3.4.2 we 
mentioned that at oxide thicknesses below 1.4-nm, the tunneling-leakage-current 
would become excessive.* This about the same thickness of oxide that has been 
reported to be used in the most advanced CMOS processes by 2000. Thus, both 
gate oxide reliability and excessive gating tunneling currents both limit the gate 

* At some point this leakage will grow to be too large. That is, for Si02 at a gate-bias of 

-1 V, the leakage-current changes from txio-12 Ncm2 at 35-A, to IxlO Ncm2 at -15-A 
(see also Fig. 3-21). This represents a change of twelve orders of magnitude in leakage­
current for an oxide-thickness-change of little more than a factor of 2! 
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oxide thickness at about the same value. (Although, it has been reported that even 
high levels of tunneling current do not seem to affect device reliability. 87) 

3.8.2 Minimum-Oxide-Thickness Due to Stress-Induced Leakage-Current (SILC) 
When thin oxides are exposed to high electric-field-stress (and consequently 
Fowler-Nordheim gate current), it causes them to subsequently exhibit low-field 

leakage. This effect, termed stress-induced leakage current (SILC), was first re­
ported in 1987 (Fig. 3-39).80 Apparently, such high-field stress generates neutral 
oxide-traps that facilitate electron tunneling. In addition, SILC is a transient 
phenomenon in thicker oxjdes, but is a continuous current in thinner oxides. 81,82 

That is, in thicker oxides the SILC is observed to decay as traps are filled without 
significant tunneling out of traps. In thinner oxides, a steady-state current flows 
when there is an equilibrium between trap-filling and -emptying processes.83 

The SILC is a particular problem for non-volatile memory devices because 
such oxide leakage reduces data retentivity. As shown in Fig. 3-40, it also tends 
to increase under the high-field program/erase cycles that the tunnel-oxides of 
such devices experience. The leakage makes nonvolatile-memory tunneling­
oxide scaling much below 8-nm difficult (and perhaps impossible), unless the 10-
year retention requirement is relaxed. 

3.8.3 Soli-Breakdown In Thin Gale Oxides 
In Sect. 3.3 we described how oxide films undergo sudden, catastrophic 
breakdown in which the I-V characteristic becomes essentially ohmic after being 
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Fig, 3-39 Stress-induced (gate) leakage current (SILC) in 50A gate oxides. SO 
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Fig. 3·110 Stress-induced leakage current is a transient current in thicker oxides but is a 

continuous current in thinner oxides, preventing nonvolatile memory scaling.81 

subjected to sufficient electrical stress. However, for oxide films thinner than 5.0-
nm, the breakdown mechanism may be fundlamentally different. That is, another 
"anomalous" breakdown mode, termed soft breakdown or quasi-breakdown, 
occurs. Soft breakdown is detected by a much smaller change of voltage or 
current during stress, and a post-breakdown I-V characteristic that is given by a 
power law. In fact, while hard breakdown dominates for thicker oxides, it is often 
not observed in thin gate oxides. Instead, thin oxides appear to undergo soft 
breakdown. Also, soft breakdown is exhibited when oxides are stressed using 
lower and more realistic voltages or current densities. Soft break-down becomes 
"softer" and even less abrupt as the stress and oxide thickness is decreased.90 

Figure 3-41 a shows how the gate current in MOSFETs with thin (2.5-nm) 
oxides changes with time during voltage stressing (V 0 = 4.1 V and T = 140°C). 
Two breakdown regimes are observed: 1) soft breakdown - where the current 
rises suddenly to an intermediate level of -lo-4 A in some devices, and 2) hard 
breakdown - where the current rises suddenly to about 1 o-2 A. The I-V curves of 
a pre-breakdown oxide (before), and a post-breakdown oxide (after) are shown 
in Fig. 3-41 b. In fact, when the thin oxide is first stressed with excess voltage, it 
undergoes SILC. However, further stress beyond a critical oxide-field-value 
causes the SILC to transition to soft breakdown. That is, soft breakdown is ob­
served to be triggered once the oxide electric-field exceeds 10.7-ll.O-MV/cm.91 
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After the oxide has undergone soft breakdown, the gate voltage becomes 
noisy (Fig. 3-42), but the threshold voltage Vy and transconductance Cm do not 
change significantly (as observed in MOSFETs with an oxide thickness of 2.5-
nm). While MOSFETs with thicker oxides (5.5-nm-thick) undergo hard 
breakdown, their VT and Cm also undergo little change. However, the current 
through the gate becomes so large that the transistor characteristics are distorted 
(making the MOSFETs that undergo hard breakdown unusable). Nevertheless, 
the only measurable effect on MOSFETs after soft breakdown is an increase in 
noise level in the gate voltage signal. While such noise fluctuations can couple 
into the drain current, for many applications this effect will not prevent 
MOSFETs from functioning properly. This suggests the possibility of a low-vol­
tage technology which does not have gate-oxide breakdown as a failure mode. 90 

A later report, however, indicated that the soft breakdown mode in MOSFETs 
with channel lengths smaller than 1.0-,um is not observed. That is, such small 
MOSFETs undergo hard-breakdown.and immediate device failure.92 Thus, being 
able to operate deep-submicron MOSFETs in a mode in which gate oxides do not 
undergo hard breakdown is not a likely scenario. This same study also 
demonstrated that hard- and soft-breakdown events are triggered by the same 
type of defect paths. The impact of soft breakdown on the reliability of ICs 
fabricated with deep-submicron MOSFETs is still being actively examined. 

3.8.~ Impact of Polysilicon Depletion 
Polysilicon depletion becomes a significant effect in MOSFETs when gate 
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Fig. 3·41 a) Observed soft and hard breakdown in stress current curves vs. time for t0 x = 
2.5-nm with VG = 4.1 Vat 140°C. 93 b) Oxide 1-V characteristics before and after soft­
breakdown.94 (Pre-breakdown- solid line; Post-soft (short-dash); Post-hard (long-dash). 

UMC 1334
UMC v. AICP



GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 129 
-3.0 

Q) 

f -2.9 
> 

~ 

-2.8 +----.----,.----..----,..-......--r---.-..,.-L-...----+--, 

0 100 200 300 400 500 

Cumulative Stress lime (sec.) 

Fig. 3-42 Gate voltage measured during sequential -10 mA/cm2 constant-current stresses 
of a 2.0-nm gate oxide. Soft breakdown occurs after about 360 seconds. Spikes are 
visible in the pre-breakdown trace because the stress was removed periodically.90 

lengths are scaled below 0.25-J.Lm. However, while the effect is widely discussed 

as being a problem, its physical basis on a fundamental level has not been 
carefully addressed in most texts. Thus, it is useful to explain the origin of this 
effect before describing its ramifications on the characteristics of deep-submicron 

MOSFETs. 
While the polysilicon-depletion-effect has recently become a topic of attention 

in the technical literature, in truth it is an effect that always exists when a MOS-C 
(or MOSFET) is biased into depletion or inversion. Although the polysilicon­
depletion-effect always occurs under such biasing conditions, it can be ignored 
by treating the po1ysilicon gate layer as being an ideal, equipotential region. In 
fact, this idealized perspective is merely an approximation, that can only be 
invoked as long as doing so has insignificant effects on the device behavior. Once 
the effect becomes significant, this idealization must be removed. (Note that most 
book authors are probably oblivious to the fact that this approximation is even 
invoked, as the correct energy-band diagram is only mentioned in one or two of 
the dozens of device physics texts that purport to treat MOSFETs.) 

Let us consider an MOS-C which has an n+ -doped polysilicon gate and a 
p-doped silicon substrate. When a positive bias is applied between the gate and 
substrate, this causes depletion or depletion/inversion in the silicon substrate 
(depending on the bias voltage), and the charges induced in the silicon substrate 
by this biasing are negative. In any case, an equivalent positive charge must exist 
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Fig. 3·43 a) Energy-band diagram of an NMOS-C biased to inversion which ignores the 

depletion-region formed in the polysilicon gate; b) Energy-band diagram of an NMOS-C 

biased to inversion showing the polysilicon depletion-region that actually always forms. 

on the gate (polysilicon electrode). Donor ions in the n+ -doped poly constitute 
this positive charge (i.e., some of the mobile, negatively charged electrons leave 
the poly gate when a positive bias is applied to it). In other words, the biasing 
causes a depletion region of some finite thickness to be formed in the poly gate 
(at the poly/oxide interface). This depletion region in the poly is the basis of the 
polysilicon-depletion-effect (PDE). While most energy-band diagrams depict the 
situation of a MOS-C under depletion (or inversion) as in Fig. 3-43a, this is not 
strictly correct. That is, this diagram ignores the polysilicon depletion-region. 
The more correct energy-band-diagram is shown in Fig. 3-43b. Here, the 
presence of the poly depletion-region is indicated by band-bending (which 
implies the presence of an electric field) in the poly gate near the oxide. 

The existence of an electric field means that a voltage-drop exists across the 
polysilicon depletion-region (which represents some fraction of the applied gate 
voltage). This means that the remaining voltage (i.e., the sum of the voltage 
across the gate oxide and the silicon substrate) is smaller than if no voltage was 
dropped across the poly depletion-region. The reduced remaining voltage will 
induce a smaller inversion-layer charge-density than if there was no voltage 
dropped across the polysilicon depletion-layer. (The effect is the same as if the 
gate oxide thickness was increased; i.e. , PDE increases the "equivalent oxide 
thickness" toxeq - see Chap. 4, Sect 4.1). The decreased inversion-layer charge­
density results in a degradation of the drain-current I0 of the MOSFET. 
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Fig. 3-44 a) Equivalent-circuit diagram of the polysilicon depletion-capacitance in series 

with the gate-oxide-capacitance. b) Low-frequency C-V curves of p-type MOS capacitor 
with an n+-polysilicon gate doped at several different concentrations.96 

The polysilicon-depletion-effect (PDE) becomes more significant as device 
scaling continues because the oxide capacitance increases as the oxide is made 
thinner, but the capacitance due to the polysilicon-depletion-layer remains 
constant (assuming there is no increase in the poly doping). At some point (i.e., 
at about when the gate-oxide thickness is scaled below 10.0-nm and the gate 
voltages are 2.5-V [or lower]), the depletion effect starts to adversely impact the 
device performance of MOSFETs made with polysilicon gates to a significant 
degree. We will now explain quantitatively why this is so. 

The depletion-capacitance due to the PD-region is in series with the gate­
oxide-capacitance (and the silicon-substrate depletion-region-capacitance, as 
well). An equivalent circuit diagram of the poly-depletion-capacitance in series 
with the gate-oxide-capacitance is shown in Fig. 3-44a. * The total capacitance of 
two capacitors in series is given by: 

(3.11) 

Thus, the smaller capacitor largely determines the total capacitance value. For the 

* Note that although no capacitor electrodes physically exist at the poly/Si02 interface, 
such "virtual" electrodes are shown in Fig. 3-44a. This is nevertheless a valid equivalent­
circuit representation because the two "virtual" electrodes each have the same amount of 
charge (although of opposite polarity). Thus, the effect of one cancels that of the other. 
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Fig. 3·45 a) Theoretical plot of CinviCox as a function of carrier concentration at the 
polysilicon/oxide interface for different gate oxide thickness}Ol b) Theoretical C-V 

curves for a thin gate oxide (1-nm-thick) including quantum mechanical effects and 
polysilicon depletion. 96 

case of the polysilicon-depletion-capacitance and the gate-oxide-capacitance, the 
gate-oxide-capacitance is much smaller than the polysilicon-depletion-capacit­
ance until the oxide thickness gets below about 1 0.0-nm. For such thin oxides 
(assuming the poly layers doping remains constant), the oxide-capacitance starts 
to get large enough that the poly-depletion-capacitance can begin impacting the 
total capacitance. This is also shown in Fig. 3-44b in which the low-frequency 
C-V curves are shown for an MOS capacitor (with a 7-nm gate oxide, a p­
substrate, and an n+ -poly gate with several doping concentrations). 86 It can be 
seen that the total capacitance at inversion (Cinv) does not return to the full oxide 
capacitance (i.e., the total capacitance in inversion is reduced by the PDE). The 
degree of reduction in Cinv depends on the poly doping concentration (Fig. 
3-45a). This is because the higher the doping concentration, the narrower is the 
PD region, and thus the smaller is effect of PD. For the 7-nm gate-oxide 
thickness used in Fig. 3~44b, the poly-depletion effect becomes negligible only 
when the poly doping reaches about lx1020/cm3 (Cinv -.98C0x, see Fig. 3.45a). 

As the oxide thickness gets smaller, the problem gets worse. 95 Figure 3-45b 
depicts computer simulated C-V curves for an MOS~C with a 1-nm-thick oxide, 
and an n+-poly on a p-type substrate having a doping density of 4xJOl8fcm3 (to 
allow for a V T of several tenths of a volt). Curve a) is the C-V curve for an ideal 
(infinite conductivity) gate material, ignoring quantum effects. Curve b) is for a 
metal gate but including quantum effects. Curves c) and d) are for n+-poly gates 

2 
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doped to 2xt020fcm3 and lxl020fcm3, respectively, and including quantum 
effects. Curves c) and d) illustrate the effects of finite polysilicon doping. 96 

The above discussions indicate that if the polysilicon doping density could be 
increased without limit, the polysilicon depletion effect could be minimized. 
However, it appears that it will be very difficult to get electrically active doping 
densities above I020fcm3 for n-type polysilicon and above the mid- to upper­
toi9fcm3 for p-type polysilicon. This will result in reductions in drive-current 
capability that might not be acceptable. 

To summarize, the impact of polysilicon-depletion on the minimum-oxide­
thickness is the following: As the oxide is made thinner, the capacitance of the 
MOS gate structure is more impacted by the polysilicon-depletion-layer 
capacitance (assuming the doping in the poly remains constant). The effect is to 
reduce the total MOS-gate-capacitance to a lower value than if there was no poly 
depletion-layer-capacitance. For the same gate voltage, the potential at the Si 
surface is thus reduced, which in tum decreases the inversion-layer charge-dens­
ity. Thus, the drain current actually decreases as the oxide is made thinner, caus­
ing the speed of the circuits made with such MOSFETs to decrease. Figure 3-46 
shows how the propagation-delay in a ring oscillator increases with decreasing 
oxide thickness due to this effect.84 This implies that it may not be appropriate to 
use the thinnest oxide thickness that is allowed by the 5-MV/cm breakdown 
limit. 140 --L..-o.sum. V1-o.6V 
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Fig. 3-46 At low v00 (e.g., 2 V) and 0.2- pm, due to the polysilicon-depletion-effect, 

optimum speed may require a thicker t0 x than that allowed by the 5-MV/cm limit.84 
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3.8.5 Impact of Process Induced Damage 
In 1996, Hu suggested that process -induced damage would have less impact on 
gate-oxide-reliability as oxides less than 10-nm in thickness were used.78 That is, 
oxides that were 6.4-nm-thick showed an order of magnitude smaller interface­
trap-density than did oxides that were 11.6-nm-thick (Fig. 3-47). A model that 
sought to explain this effect treats plasma charging-current as a constant-current­
source, rather than a fixed voltage-source. Thus, for the same plasma process 
conditions, the same amount of current will pass through oxides as they are 
scaled below 1 0-nm, regardless of their thickness. In addition, the thinner oxide 
(e.g., 6.4-nm) is more tolerant of the same current stress than the thicker oxide 
(11.6-nm-thick). This data led Hu to conclude that plasma-process damage would 
not become a more serious issue with oxide scaling below 5-nm. 

However, more recent information was not as optimistic. In 2000, at the 5111 

International Symposium on Plasma Process-Induced Damage, P. W. Mason of 
Lucent Technologies reported that plasma damage did, in fact, increase as the 
gate oxide thickness was decreased from I 1.5-nm to 5.5-nm. The main damage 
source was the rf-backsputter via-clean process used to prepare vias for metal 
deposition. The plasma damage was found to correlate with long-term oxide 
reliability degradation, although not with short-term reliability problems. Another 
report from K.P. Cheung of Lucent at the same conference indicated that 
currently available measurement techniques cannot determine whether or not a 
low-level of plasma-induced damage is occurring. 

The fact that plasma-induced damage in gate oxides may still remain a relia-
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Fig. 3-47 Plasma-process-antenna-effect actually causes less damage to 6.4-nm oxides 
than to 11.6-nm oxides.11 
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bility problem, has led work to continue on ways to limit such damage. In July 
2000 it was reported that using 3.0-nm-thick oxides nitrided in N20 
produced CMOS transistors which showed significantly improved resistance to 
charging damage, especially for PMOS devices. 85 

3.9 MEASURING ULTRA-THIN GATE OXIDES 
Ultra-thin oxide films can be measured in a number of ways, as described in 
detail in Ref. 98. Two of the more common methods are ellipsometry and high­
resolution transmission electron microscopy (HR TEM). Ellipsometry is a 
powerful and accurate optical method. The technique uses plane-polarized 
monochromatic light to illuminate the oxidized silicon surface at an angle. (The 
name ellipsometer comes from the use of elliptically polarized light to measure 
film properties.) An elliptically polarized laser beam is directed at the Si surface 
at an angle, and is then reflected from both the silicon substrate and oxide surface 
(Fig. 3-48). The technique makes use of the change of state of polarization when 
light is reflected from a surface. If the index of refraction (ni) and the extinction 
coefficient ' (K) of the substrate are known, and if the film is non-absorptive at the 
wavelength being used (so it's 1C = 0), the state of polarization of the reflected 
beam then depends only on the thickness of the transparent film (and ni). 

The reflected beam passes through an analyzer drum and onto a detector. The 
analyzer drum is rotated to produce a minimum value in the light intensity 
reaching the photodetector. By reading the polarizer and analyzer settings, the 
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Fig. 3-48 Schematic of an ellipsometer. 
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Fig. 3~~9 HRTEM of 2.4 nm-thick oxide.90 (© 1997 IEEE) 

film thickness and index of refraction can be determined. The direct outputs of an 
ellipsometric measurement are the angles <1> and 'If, which are related to the 
refractive index of the silicon substrate, the refractive index of the silicon oxide, 
and the thickness of the film. 

If a single reflectance angle is used, multiple film thicknesses can produce a 
null, and the user must thus start with some idea of the expected film thickness to 
select the correct value. However, if multiple angles are used, an unambiguous 
single thickness value can be obtained. In any case, ellipsometry can be used to 
measure oxide thicknesses down the very thin regime ( < 50-A). However, 
inaccuracies in this regime may be present. Therefore, more complicated 
methods, such as multiple-wavelength ellipsometry or multiple-angle 
ellipsometry may be used to improve the accuracy of these measurements.97 One 
recently described technique for measuring ultra-thin oxides involves a 
modification to conventional ellipsometry. In this method, an oxide under a 
polysilicon gate film is measured with a multiple-wavelength, multiple-angle, 
laser ellipsometer (the Rudolph Technologies S200-ultra® model). This allows 
the thickness of oxides fabricated in-situ in the single-wafer cluster tools 
described in Sect. 3.8.6, to be determined.99 

Thin-oxide film-thickness can also be measured from micrographs obtained 
by HRTEM (Fig. 3-49). Preparing a sample for HRTEM requires the tedious 
tasks of slicing the wafer, mounting the slice in epoxy, and mechanically polish­
ing and ion milling it to the proper thickness. However, unlike other techniques, 
no physical values such as index-of-refraction or dielectric constant are needed. 

As gate-oxides scale to the ultra-thin regime, issues associated with meas­
uring these films becomes increasingly critical. A transition region is thought to 
exist between the crystalline-silicon and bulk-silicon-dioxide that extends from 
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several angstroms up to about 1 0-A from the silicon. For ultra-thin oxide films 
this could constitute 20-50% of the film. The structural differences in the 
transition region can change the properties of the film, including its refractive 
index, static dielectric constant, band gap, and effective mass. These property 
changes can effect many measurement techniques used to determine the oxide 
thickness. Thus, it is necessary to examine the extent to which this interlayer 
must be included in optical models to obtain the required measurement precision 
for ultra-thin oxide films. Surface roughness will also play a role since many of 
the measurements assume an atomically smooth transition between silicon ad 
silicon dioxide. Leakage and tunnel currents through the oxide will also affect 
many metrology aspects, including capacitance and conductance measurements. 

The presence of contamination on the surface of the dielectrics to be measured 
is another complicating factor. Such airborne contaminants can form an ad-layer 
on the surface (see Sect. 3.10.1). Under these circumstances, the ellipsometric 
response will include the effect of the ad-layer. To eliminate these effects, it is 
necessary to develop a reproducible and easily implemented cleaning procedure. 
The analysis of ultra-thin stacked dielectrics consisting of individual layers of ox­
ide and nitride may also be made more complex by parameter correlation effects. 

3.10 MANUFACTURING ULTRA-THIN GATE OXIDES IN EARLY-2001 

3.1 0.1 Process control Issues ol Growing Ultra-Thin Gate Oxides 
In the 2001 timeframe, gate oxides were still largely being grown with batch 
processes that employ vertical furnaces. Details of such batch oxide-growth 
processes (and the tools used to carry them out) are found in Vol.l , 2"d Ed., Chap. 
7. It has been demonstrated that these types of processes can grow oxide films as 
thin as 2.5-nm, and with a uniformity of ±0.5-A across a 200-mm wafer.lOO 

However, when oxide thicknesses have to be made even thinner (~ 2.0-nm), it 
becomes very difficult to maintain this kind of control using such conventional 
processing methods (i.e., in which the gate oxide is grown in an oxidation 
furnace and the polysilicon gate electrode is subsequently deposited in a separate 
processing tool). In the time between gate-oxide-formation and polysilicon­
deposition, the gate oxide is exposed to the fab environment, allowing adsorption 
of molecular airborne contamination (MACs- see also Chap. 6). 102 Such MACs 
have been shown to have a negative effect on gate-oxide integrity, and they are 
also known to cause the measured thickness of the gate oxide to increase over 
time. In traditional batch processing, wafers may be stored for hours (or even 
days) after the gate oxide is grown, before the poly gate electrode is deposited. 
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Newer production methods thus form both the gate oxide and the polysilicon 
in the single vacuum environment of a cluster tool (with separate process 
chambers linked by an isolated vacuum robot that transfers wafers between 
chambers). This not only speeds the formation of the gate stack but also does not 
MACs the opportunity to become incorporated MACs between the two layers.99 

3.10.2 Extending the Use of Ultra-Thin Silicon Dioxide Layers as 
Gate Dielectrics: Stacked Oxide Films Which Incorporate Nitrogen 
As argued earlier, growing gate dielectrics with a thickness of < 2.0-nm in a 
manufacturing environment may not be possible, due to several limits: reliability; 
tunneling leakage-current; and boron penetration. However, work has continued 
to try and extend the use of oxides into this thickness regime. The main thrust in 
the 2001 timeframe for doing this involves the formation a dielectric stack, still 
mainly based on Si02. However, nitrogen is incorporated into the oxide such that 
it is present in several places: 1) in a very-thin layer near the Si/Si02 interface at 
a concentration of < 1atom%; and 2) in another very thin layer at the poly/Si02 
interface, at a percentage of greater than 5 atom% (or, more commonly, in the 
form of a very thin SiON layer on top of the Si02 layer). To make such a gate­
dielectric stack-structure effective, it is critical to be able to control the amount, 
position, and concentration-profile of the nitrogen throughout the stack. 

Excess nitrogen in the bulk of the film may harm the oxide properties, and 
thus it is desirable that little (or none) exists in the bulk of the oxide. However, 
nitrogen at a concentration of< 1% close to the Si/Si02 interface has been found 
to be useful in strengthening tt,e bottom Si/Si02 interface against hot-carrier 
degradation and interface-state generation, without degrading the electrical 
properties of the stack. On the other hand, a nitrogen concentration of at least 5 
atom% is needed at the top oxide/poly interface to prevent boron penetration into 
the oxide bulk during subsequent high-temperature processing steps. Such boron 
penetration into the oxide (i.e., from the p+ -doped poly of deep-submicron 
PMOSFETs) has two detrimental effects: 1) If not prevented from doing so, the 
boron can enter the Si substrate, causing unacceptable shifts in the V T of the 
PMOSFETs; and 2) If the boron does enter the oxide, but is prevented from 
entering the silicon substrate, it will nevertheless pile up in the oxide. Such 
boron-pileup in the oxide has been shown to degrade the oxide reliability, likely 
by causing defects that weaken the oxide structure. 

Thermal oxidation with 0 2, N20, and NO (as described in Sects. 3.7.1 and 
3.7.2) can tailor the nitrogen profile such that reasonable control of the nitrogen 
density and profile at the Si/Si02 interface and within the bulk oxide can be 
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maintained. However, it may not be possible to form a layer with enough 
nitrogen at the oxide/poly interface to prevent B penetration (i.e., > 5 atom% is 
needed) using thermal techniques in oxide films ~ 2.0-nm thick. Instead, a low­
temperature plasma-technique (e.g., using a remote nitrogen plasma) can be used 
to form a very-thin nitride film on the top oxide surface (actually a heavily­
nitrided oxide-film is formed with this method). 103 Such thin SiON-layers may 
be enough not only to reduce or eliminate boron penetration, but also to increase 
the stacks permittivity. The result is that by adding an oxynitride film to the stack 
may cause an increase in its effective thickness of approximately 30%. This, in 
theory, may also make it possible to reduce the gate leakage-current. The nitride 
film formed by such a remote plasma nitridation process has also recently been 
shown to improve the reliability of the dielectric stack.l04 These improvements 
reportedly arise from reduced leakage and higher voltage acceleration factor. 

3.1 0.3 Use ol Ultra-Thin Oxide Layers Under High ·k Gale-Dielectric Films 
Even when it comes time to use high-k dielectrics in MOSFETs, an ultra-thin 
silicon oxide layer may still need to be formed on the silicon surface under the 
high-k dielectric film (to produce a reliable interface between the high-k material 
and silicon substrate). Such an Si02 layer would preserve the interface state 
characteristics and channel mobility. However, since the interfacial layer 
contributes to the equivalent oxide thickness, the oxide thickness will still have to 
be minimized the without compromising reliable interface properties. Thus, it 
seems that processing ultra-thin Si02 films may remain a part of silicon IC 
fabrication for yet a long time! 
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Chapter 4 

HIGH-k DIELECTRICS 

For IC applications, high-k dielectrics are defined as those with a dielectric 
constant greater than that of silicon nitride (i.e., > k = 7). High-k dielectric 
materials are being investigated for use in three main IC applications: 1) as a gate 
dielectric material to replace Si02 in advanced MOSFET structures; 2) as a 
dielectric material in the capacitor structures of dynamic RAMS (DRAMs); and 
3) as a dielectric in the capacitor structure of non-volatile ferroelectric random 
access memories (FeRAMs). In this chapter we will primarily focus on the first 
two of these applications. That is, since FeRAMS are not yet a mainstream IC 
product, we will only give a brief description of high-k FeRAM structures. 

There are currently a variety of materials with dielectric constants greater 
than that of Si02 being studied as such high-k replacement dielectrics. These 
include: silicon nitride (Si3N4); aluminum oxide (Al203), tantalum pentoxide 
(Ta20s); zirconium oxide (Zr02): hafnium oxide (Hf02), barium strontium 
titanate (BST), and lead-lanthanum-zirconium-titanate (PLZT - PbLaTi03). 
Table 4-1 lists the dielectric constant and bandgap of these materials. 

4.1 HIGH·kDIELECTRICS AS THE GATE DIELECTRIC IN MOSFETS 
Let us begin by describing the need for high-k dielectrics in the first of the above 
three applications, namely, as a gate dielectric in advanced MOSFET structures. 
Metal-oxide-semiconductor field-effect transistors (MOSFETs) have been 
continually scaled since they were first introduced in the early 1960s. The gate 
dielectric employed in all of these scaled generations has been silicon dioxide 
(Si02). As each generation was scaled, this gate oxide also had to be made 
progressively thinner. For the most advanced CMOS technologies being 
fabricated in 2001 (0.13-,um), the gate oxides had thicknesses of -3.0-nm. 
According to the International Technology Roadmap for Semiconductors- 1999 
(ITRS-99), 1 when MOSFET devices used in CMOS are scaled to gate lengths 
below 0.1-,um (100-nm), they will require gate-oxide-equivalent thicknesses, 
toxeq < 1.5 nm. However, because direct tunneling increases exponentially with 
decreasing thickness, it may not be feasible to use Si02 films with thicknesses 

145 
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TABLE 4-1 IMPORTANT HIGH-k DIELECTRIC MATERIALS 

Dielectric Constant Bandgap (eV) Crystal Structure 
PbLa ZrTi03 1000 

BaSrTi03 300 

Ta20 5 26 4.5 Orthorhombic 

Zr02 25 7.8 Monoclinic 

Hf02 24 5.7 Monoclinic 

AI20 3 9 8.7 Amorphous 

Si3N4 7 5.1 Amorphous 

Si02 (Reference) 3.9 8.9 Amorphous 

smaller than 1.5 nm. Thus, it appears that Si02 may become unsuitable as the 
gate insulator in sub-1 00-nm MOSFETs if future device scaling requirements are 
to be met. Of course, process engineers will do everything possible to keep using 
Si02 for this role. This is because Si02 is compatible with silicon (and 
polysilicon) and is well behaved and well understood. Furthermore, it has also 
been used as the gate dielectric since the inception of MOSFET technology some 
40 years ago. Finally, it has been widely predicted that the substitution of high-k 
dielectrics for Si02 as a gate dielectric will be markedly difficult due to intrinsic 
chemical bonding effects and difficult process integration challenges.2 Some 
have predicted that the greatest challenge to the continued scaling of the MOS 
transistor may be the replacement of Si02 with a high-k dielectric! 

In any case, when (and iO Si02 is replaced, the replacement material will have 
to be thicker than oxide to reduce the direct-tunneling current and yet maintain 
the same MOSFET drive-current capability. This can be achieved by using an 
insulator that has a higher dielectric constant (Ehigh-k) than does oxide (Eox = 3.9). 
That is, it must be possible to achieve the same equivalent thickness as required 
for Si02, where the oxide equivalent thickness toxeq• is given by: 

toxeq = thigh-k (Eoxl Erugh-k) = thigh-k (3.9/Ebigh-k) ( 4.1) 

For example, a high-k gate insulator with a thickness thigh-k = 1 0-nm and a 
dielectric constant (Ehigh-k) of 20, will behave in the same way in a MOSFET as 
an Si02 layer with a thickness of -2.0 nm (see also Fig. 4-1). 

Of course, an interfacial layer of Si02 (or some other lower-k material) will 
limit the highest possible gate stack capacitance or, equivalently, the lowest 
achievable toxeq value. That is, when a gate-dielectric structure consists of a 
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stack of several dielectric materials, the layer with the lowest-k value dominates 
the overall capacitance and also sets a limit on the minimum achievable toxeq 
value. 

The capacitance of two dielectrics in series is given by: 

(4.2) 

For example, a dielectric stack structure with an Si02 bottom layer and a top 
layer having a higher-k value, will thus have a toxeq that is calculated from: 

toxeq := tsi02 + thigh-k ( Eoxl£high-k) ( 4. 3) 

Since the minimum achievable toxeq value will never be less than that of the 
lower-k layer, a bilayer approach necessarily compromises the performance of 
the high-k dielectric film. 

4.1.1 Integrating High·k Dielectrics into MOSFET Structures 
The use of high-k dielectrics as the gate dielectric in submicron MOSFET 
structures also improves other device characteristics. First, as a MOSFET is 
scaled below about 0.3 microns, the threshold voltage VT begins to decrease as 
the gate length is decreased (for a constant channel doping value and gate 

dielectiic thickness) . This is seen in Fig. 4-2a, where the effect of channel length 
reduction on the threshold voltage value is plotted for deep-submicron MOSFETs 
(i.e., gate lengths smaller than 1.0--,um) fabricated with gate dielectric films of 

0.5 
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Fig. 4·1 As shown in this hypothetical transistor gate stack, a high-k material can be 
physically thicker yet provide an oxide-equivalent thickness that is electrically thinner 
(t0 x == 10· A for both) than would be possible using oxynitride dielectrics. eq 
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Fig. 4-2 a) The effect of channel-length-reduction on the threshold voltage V T for deep­
submicron MOSFETs fabricated with Si02 and T~05 as the gate dielectric. The use of 
Ta20 5 reduces the VT degradation with channel length scaling.3 b) The effect of channel 
length reduction on the subthreshold swing St for deep submicron MOSFETs fabricated 
with Si02 and Ta20 5 as the gate dielectric. The use of T~05 allows an improved St 
value with channel length scaling.3 

Si02 and T~05. This data shows that for a specific gate length (e.g., 0.1-,um), 
the change in VT from that of a long channel MOSFET (e.g., with a length> 0.5 
,urn, in this example) is greater for MOSFETs built with a gate oxide than with a 
Ta20 5 gate dielectric. 

The second improvement in device performance observed when a high-k gate 
dielectric is used involves the subthreshold-swing of a MOSFET, St. This is a 
measure of how effectively a MOSFET is turned off as the gate voltage is 
decreased below V T (see Vol. 3 for more information on St). As shown in Fig. 4-
2b, a value of 80 m V /decade can still be obtained for MOSFETs built with a 
high-k gate dielectric (e.g., T~05). Note that St values smaller than 100 
mY/decade are considered very good, and the smaller the St value the better. It 
has been shown that for a dielectric thickness of 5-nm, the optimum dielectric 
constant is 25, which corresponds to the k-value of T~05.3 For MOSFETs, there 
is a specific dielectric constant for a given dielectric thickness for which the 
circuit performance is optimum. 

One of the drawbacks of using high-k dielectrics is that if they are deposited 
directly on Si they tend to have a high-level of interface states, Dit· The interface­
state-density can be reduced by growing a thin layer of oxide (1-2 atomic layers) 
on the silicon to passivate the surface. We will describe this issue and other 
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Fig. ~-3 The current-voltage (10 -V0 s) characteristics of a 0.9pm NMOSFET using Si3N4 
and Si02 as the gate dielectrics.4 

processing challenges related to the deposition and etching of various high-k 
films with respect to their suitability as alternatives to Si02 as a gate dielectric. 

Note that initial results of using an alternative dielectric instead of Si02 in 
MOSFETs has produced some promising results, although none are clearly yet 
ready for full-scale IC production. Several examples of MOSFETs fabricated 
with alternative gate dielectrics have been reported. Figure 4-3 compares the 
current-voltage (10 -V os) characteristics of a 0.9-,um NMOSFET using a 20-nm­
thick Si3N4 gate dielectric to one using a 20-nm-thick Si02 gate dielectric. The 
device structure using the RTCVD-Si3N4 gate dielectric exhibits greater drain 
current.4 A second MOSFET used a thermal-CVD process to deposit a Ta20 5 
gate dielectric. The current-voltage characteristics of 150-nm MOS transistors 
using such a 4.0 nm-thick Ta20 5 film showed an improved drain current value 
compared to those fabricated with a gate oxide.s A third MOSFET used a 
Ta20 5/Si02 gate dielectric with a 2.8-nm equivalent-oxide thickness.6 A fourth 
MOSFET used a gate dielectric stack consisting of SiONff~05ffiN.7 

According to some researchers,54 the ideal gate dielectric stack may end up 
having an interface consisting of a few atomic layers of Si-0 (and possibly N), 
containing a pseudo-binary oxide. This oxide layer could preserve the critical 
high-quality characteristics of the Si02 interface while providing a higher-k 
value. Then a different, higher-k material could be used on top of this interfacial 
layer. 
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4.2 HIGH·k DIELECTRICS AS THE CAPACITOR DIELECTRIC IN DRAMS 

A DRAM capacitor is a stack of materials consisting of a dielectric sandwiched 
between two electrodes. Since the invention of the DRAM nearly 30 years ago, 
either Si02 with a dielectric constant (k) of 4, or SiN with k = 7, or a combination 
of these materials has been used as the capacitor dielectric. Polysilicon is used as 
both the bottom and top electrode. Structures containing these materials are 
therefore called silicon-insulator-silicon capacitors (SIS). 

As progress is made to put more memory bits on a chip, the surface area of 
silicon available for each individual memory cell in a DRAM shrinks rapidly 
(Fig. 4-4). At the same time operating voltages have been falling from 5V a few 
years ago, to below 3V today (and probably to about a volt in a few years). 
However, the charge-storage-capacity for each cell remains at about 30 fF/cell 
(corresponding to about 1-2xJ06 electrons/cell). There are three reasons that the 
amount of stored charge per cell has not been decreased. First, this charge­
storage-capacity is needed to prevent the occurrence of soft errors. Soft errors are 
caused by alpha particles emitted from naturally occurring trace radioactive 
impurities in packaging materials or from cosmic rays. Such energetic particles 
generate minority carriers in the silicon, whose charge can alter memory states. 
By maintaining the capacitance-per-ceil at about 30 fF/cell, the soft-error-rate 
(SER) can be kept acceptably low. Second, as DRAMs have evolved, the 
detection capability of the DRAM sense amplifiers has remained about the same. 
Thus, each cell still needs to have about the same charge-storage-capacity to 
enable the state of the cell to be read. Third, the data-retention time has remained 
constant, again requiring about the same charge-storage-capacity per cell. 
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Fig, 4-4 Capacitor area and the required capacitance density as a function of DRAM bit 
density.27 (©IEEE) 
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Until recently, three approaches have been used to maintain this constant 
value of charge storage per cell. The first involves the use of three-dimensional 
structures to increase the cell surface area (such as trench capacitors and stacked 
capacitors). The second involves using ever-thinner layers of dielectric in the 
capacitor. The latter approach entails increasing the surface area of the capacitor 
by about a factor of 2x by roughening the surface of the polysilicon bottom 
electrode. This is achieved by growing the bottom-electrode polysilicon with 
larger grains, and the resulting films are called hemispherical silicon grain 
(HSG) or rough-suiface polysilicon (RSP). 

However, as the silicon area per cell has continued to decrease, the three­
dimensional structures can no longer be scaled further to increase surface area. 
Thus, in the face of shrinking capacitor area and reduced capacitor voltage, even 
thinner layers of Si02 (or multilayers of oxide/nitride/oxide - ONO) have been 
implemented. Nevertheless, in ONO dielecttics, the minimum thickness is about 
50-A (5-nm). In thinner films, tunneling currents produce excessive leakage. 
However, the combination of such ONO films, together with HSG is currently 
used in 0.18-,um and 0.15-,um DRAM production. 

But, as memory chips surpass about 256 MB this approach will no longer be 
adequate because unacceptably high values of leakage current occur. 
Furthermore, the storage capacitors suffer premature catastrophic breakdown, 
even with reduced operating voltages. Thus, by examining the capacitor equa­
tion, the only remaining option for increasing the capacitance per unit area is to 
incorporate a dielectric with a higher k-value. This enables use of a capacitor 
dielectric with a large enough thickness that low leakage and high operating 
reliability to be maintained -while still providing sufficient charge storage with a 
continuously shrinking plate area and storage voltage. By using such high-k 
dielectrics, the DRAM cell structures could also be significantly simplified. 

When the list of high-k dielectric candidates for DRAM capacitors is 
examined one notes that AI20 3 (with a k-value of 9), does not provide a 
sufficient increase in k to maintain the required charge storage/cell. However, 
Ta20 5, with a k-value of 25 can meet the requirement for the next generation or 
two of DRAMs. The IC industry has had some experience with Ta20 5, and it can 
be deposited in a variety of ways, including CVD, metal-organic CVD, 
sputtering, and anodization. However, Ta20 5 does not provide a sufficiently 
large improvement in charge storage for the memory generations above 4 Gb that 
are expected to begin production within the next few years ( -2006). The long­
term solution appears to lie in the various ferroelectric or near-ferroelectric 
dielectric materials, such as the various combinations of barium and strontium 
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with titanate (e.g., barium/strontium-titanate - BST), lead/zirconium-titanate 
(PZT), and other perovskite metal oxides. These types of materials exhibit k­
values from a few hundred to several thousand, enabling them, in principle, to 
provide sufficient capacitance for DRAMs into the foreseeable future. Such ultra­
high-k materials can be deposited using almost any method by which a thin film 
can be formed (and they come in a wide variety of compositions and 
morphologies). The dielectric constants tend to be a strong function the specific 
elemental ratios and crystal structures which, in turn, are a function of the 
deposition method. The selection of a particular dielectric material and the design 
of the DRAM cell depend on a number of complex factors, including the process 
simplification leading to cost reduction. 

There are, however, several challenging process integration issues involving 
the use of high-k materials in DRAM capacitor structures. First, note that in 
DRAM capacitors the bottom capacitor electrode is the storage node and the top 
capacitor electrode is termed the plate electrode (Fig. 4-5). Doped-polysilicon 
has traditionally been the material used to form the bottom electrode of the 
DRAM capacitor, and either polysilicon or metal has been used to form the plate 
electrode. (As noted earlier, if polysilicon is used for both electrodes, the 
capacitor is a called a silicon-insulator-silicon capacitor [SIS]. If the top 
electrode is made of metal, the structure is called a metal-insulator-silicon ca­
pacitor [MIS].) In any case, polysilicon has been used to form at least one of the 
capacitor electrodes. However, polysilicon has the problem that it tends to form a 
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Fig. 4·5 The evolution of the capacitor-electrode structure in stacked-capacitor DRAMs. 
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silicon oxide layer at the polysiliconlhigh-k interface, either as a native oxide, or 

during the processing steps used to form or anneal the high-k dielectric layer (or 

even during the subsequent chemical-vapor-deposition of interlevel dielectric 

layers). These interfacial Si02 layers cause an increase in the Si02-equivalent 

thickness of the overall capacitor dielectric layer (which, in tum, reduces the cell 

capacitance). As a result, a number of other bottom-electrode materials are being 

considered for the manufacture of cell capacitors, including aluminum (AI), 

iridium (lr), platinum (Pt), ruthenium (Ru), tantalum nitride (TaN), titanium 

nitride (TjN) and tungsten (W). Note that if both the bottom and top electrodes of 

the DRAM capacitor are made of metal, the structure is called a metal-insulator­

metal capacitor (MIM). Table 4-2 shows the requirements of DRAM capacitors 

as the DRAM size increases above 1Gb/chip. 

The Platinum Group Metals (PGM) - Pt, Ir, and Ru - have been actively 

studied due to their low resistivity, chemical corrosion resistance, thermal 

stability, and diffusion barrier properties. Each, however, has unique problems 

with respect to serving as an electrode. For example, Pt has adhesion and etch 

residue problems, while Ru forms Ru04 as a toxic by-product of the etch process 

(and Ru is also susceptible to pinholes and notching because of its ease of 

oxidation). We discuss these issues in more detail in later sections. Note that 

PVD and CVD are the most common deposition methods for these materials. 

Each has its advantages and disadvantages. CVD is capable of much better 

conforrnaJity at lower processing temperatures. However, obtaining high-purity 

precursors of the PGMs is a rather difficult process. PGM deposition by CVD 

also presents a significant challenge in the development of volatile precursors. 

Cost is another significant factor. For example, to sputter deposit a 50-nm 

(500-A) film of Pt onto a 200-mm wafer with a 40% deposition efficiency, the 

cost is roughly $1000 per wafer. At 20,000 wafer-starts per month, this cost is 

TABLE 4-2 DRAM Stack Capacitor Films Technology Requirements 

Year ~ 20.02 ~ 2008 2211. 22M 
Technology Node180 nm 130 nm 100 nm 70nm 50nm 35nm 

DRAM Capacity 1Gb 4Gb 8Gb 24Gb 64Gb 192Gb 

Capacitor Structure Cylinder Pedestal Pedestal Pedestal Pedestal Pedestal 
MIM MIM MIM MIM MIM MIM 

Capacitor Dielectric Ta20 5 Ta20 5 BST Epi-BST ??? ??? 
Material 
Capacitor Dielectric 22 50 250 700 1500 1500 
Constant 
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is significant. In CVD, only 20% of the precursor is deposited in the chamber, 
and roughly 80% of the precursor is exhausted as waste. After subsequent 
processing, on the order of only 1% of the original material remains on the 
finished wafer. The remaining deposited-99% is removed by plasma etch or 
chamber cleaning. For expensive metals, this remaining 99% must be reclaimed.8 

One report describes an MOCVD deposition process for Pt films.9 

4.3 HIGH-kDIELECTRICS FOR FeRAM APPLICATONS 
The use of high-k dielectric materials in non-volatile memory FeRAMs is an 
emerging area. Ferroelectric dielectrics such as lead zirconium titanate (PZT -
whose k value is 1 000-1500), or strontium bismuth titanate (SBT), have a 
perovskite structure and are unique in that this crystal structure retains its 
"memory" without power. That is, since ferroelectric polarization retention is 
nearly perpetual, refresh is not needed. The capacitor structure in FeRAMs 
controls read/write speeds, data-storage lifetime, device layout, and packing 
density. Figure 4-6 shows a cross-section of an FeRAM cell and an example of a 
process flow used to incorporate such a cell into a conventional IC structure.25 
The early FeRAM device (manufactured by Ramtron Corp.) is being used in 
game cartridges, where memory is maintained without the use of a battery. The 
challenges of implementing ferroelectric dielectrics in FeRAMs are similar to 
those encountered in integrating high-k dielectrics into DRAMs. These include: 
controlling the interfacial reactions between the dielectric and electrode 
materials; maintaining thermal stability of the electrodes of the capacitor; and 
developing plasma-etching processes that provide critical dimensions of the 
devices. A review of the current status of FeRAMs has recently been 
published.25 

4.4 TANTALUM PENTOXIDE (Ta205) 

Tantalum pentoxide, Ta20 5, has a k-value of 25 and the IC industry has been 
developing techniques for forming thin films of this material since the early 
1980s. It can be deposited in various ways including: 1) LPCVD; 2) metalorganic 
CVD; 3) sputtering of Ta films followed by oxidation; and 4) anodic oxidation of 
deposited Ta films. For use as a high-k dielectric layer in DRAMs, the most 
common deposition method of Ta20s films is LPCVD. Vendors that supply 
CVD tools to deposit Ta205 include Lam Research and Applied Materials. 

4.4.1 Tantalum Pentoxide as a DRAM Capacitor Dielectric 
We will discuss the use of T~05 as a DRAM capacitor dielectric first because it 
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Fig. 4·6 a) The cross-section of a ferroelectric RAM cell (FRAM); and b) A typical 
FRAM process tlow. 25 

is more likely to be implemented in this role than as a gate dielectric in 
MOSFETs. However, we will also discuss the application of Ta205 as a gate 
dielectric in the next section. The integration of Ta205 as a DRAM-capacitor­
dielectric has been pursued because its k-value of 25 is high enough to result in 
adequately high charge-storage values per cell for DRAMs after the 256-Mb 
generation (i.e., perhaps for the 1-Gb and 4-Gb DRAM generations). In addition, 
Ta20s capacitors can simply replace ONO-based capacitors without major 
process integration problems. (The other change in the DRAM capacitor 
structure that accompanies the shift to a TazOs dielectric is the replacement of 
the top plate polysilicon electrode with TiN - forming a TiNffa20s/polysilicon 
structure [which is an MIS capacitor]). Here we describe the various processing 
issues associated with implementing Ta205 as a DRAM capacitor dielectric 
material. While Ta205 films exhibit many outstanding characteristics, their 
biggest drawback for DRAM applications is their relatively high leakage-current 
densities. 

As noted above, the most common technique for forming Ta205 films for 
DRAM dielectrics is LPCVD.10 Such films provide good step coverage. The film 
is formed by the oxygen-assisted thermal decomposition of an organometallic 
precursor in the presence of oxygen, typically tantalum ethylate (i.e., 
Ta[OC2Hs]5 + 0 2), or tantalum tetraethoxy dimethylaminoethoxide (i.e. 
Ta[OC2Hs]4[0CH2CH2N (CH3)z] TATDMAE and 0 2) at 450°C, and at a 
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pressure of 1-4 torr. Tantalum ethylate is also referred to as tantalum ethoxide -
or TAETO. TAETO was the first precursor used for CVD of Ta205 and has 
become the standard one. Typically, a 10-nm-thick Ta205 layer is deposited, 
whose Si02-equivalent thickness (toxeq) is 2.5-nm. 

Note that both of these precursors are liquid at room temperature, and so must 
first be vaporized at 170°C before being flowed into the CVD chamber with Ar 
as the carrier gas. In addition, the freezing point of TAETO is l8°C and that of 
TA TDMAE is 9°C. Thus, it is a challenge to deliver a fuJly vaporized precursor 
to the heated wafer surface without any condensation or decomposition anywhere 
in the liquid delivery system. To circumvent this problem, TAETO is typically 
mixed with ethanol. TAETO with 2.5% ethanol has a freezing point of <l0°C 
and thus does not require a heated ampule or heated liquid lines. 

The deposition rate of T AETO in the 450-485°C range is reaction-rate limited 
and is thus sensitive to temperature. (The activation energy of the deposition 
process is 1.3 eV, which implies that the deposition rate doubles every 25°C in 
this region.) Above 485°C the process transitions into a mass-flow limited 
regime. Since excellent step coverage and film conformality are needed in 
DRAM capacitors, the deposition process must be carried out in the reaction-rate 
limited regime. Figure 4-7 is a SEM showing that excellent step coverage and 
conformality is achieved in such high-aspect-ratio structures as found in DRAM 
devices. The smaller SEMs in this figure show the film details at the top and 
bottom of the opening. 

Since these films are deposited on the doped-polysilicon bottom electrode of 
the DRAM capacitor, it is undesirable to have an interfacial oxide form on the 
polysilicon either as a native oxide or during thermal process steps that are 
performed after the Ta20s layer has been deposited. (As noted earlier, such an 
interfacial oxide layer would cause the effective thickness of the capacitor 
dielectric layer to increase.) To eliminate the possibility of such an oxide layer 
from existing on the poly, a rapid-thermal nitridation (RTN) step is thus carried 
out on the poJysilicon prior to depositing the Ta2o5 film (e.g., at 900°C for 60 
sec in NH3). This RTN step both nitrides any native oxide layer already existing 
on the poly, and the nitride layer that is thus formed acts as a diffusion barrier to 
oxygen, preventing any new oxide from forming on the poly during later 
processes. 

The as-deposited Ta20s films, however, exhibit poor leakage characteristics. 
It is believed that this occurs because the as-deposited LPCVD-Ta20s films are 
oxygen deficient and amorphous. Thus, such Ta20s layers are densified using an 
anneal in 0 2 to improve their leakage characteristics. Annealing in oxygen is 
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Fig. 11·8 An oxide grows on Ta20 5 during post-deposition 0 2 annealing. This graph 
depicts the dependence of t0 xeq of Ta20 5 on the annealing temperature in a dry-0 2 
atmosphere. 11 

thought to balance the stoichiometry of the films by filling vacancies in the 
undensified film, thus causing the leakage current to decrease. 

The conventional oxygen-annealing method is performed in a furnace at 
500°C in the presence of UV-generated 0 3.27 However, more recent methods use 
a rapid-thermal-process in oxygen (RTO). The RTO process minimizes the 
impact on the thermal budget and reduces the time during which oxygen can 
react with the substrate beneath the electrode. The oxygenation process in one 
approach is carried out at 600°C in an oxygen plasma and the temperature is then 
ramped quickly above 700°C to achieve crystallization of the Ta20s film.26 The 
maximum temperature of the RTO step must still be kept below 800°C because 
the interfacial oxide under the TazOs will grow too thick at higher temperatures 
(Fig. 4-8)11 - making the Si02-equivalent thickness of the TazOs film too great. 
(That is, at higher temperatures than 800°C, Si can diffuse through the SiN 
barrier on the polysilicon surface and react with the Ta20s to form Si02.) Up to a 
six-order-of-magnitude improvement in leakage current has been reported at 1 V 
using such an RTO-annealing procedure. 26 

The densification step also crystallizes the amorphous as-deposited film, and 
this is also thought to reduce the leakage current through the Ta20s layers. 
Finally, since the precursor Ta[OC2Hsls is an organometallic material, the as­
deposited TazOs layer is not carbon-free. The densification step desorbs some of 
the hydrocarbon and water molecules, which also shrinks the film thickness. The 
decrease in film thickness also decreases the toxeq of the film. 
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Another issue involves keeping the top polysilicon electrode from forming a 
silicide with the TazOs layer. This can be prevented by inserting a barrier layer 
between the Ta20s lay,er and the poly. Materials such as TiN and WN have 
reportedly be employed for this purpose. Another way around this problem is to 
use a plate electrode material other than polysilicon. For example, as mentioned 
earlier TiN (deposited by PVD), is typically used as a top (or plate) electrode 
material with Ta205. 

In addition, even the nitride layer formed on the bottom polysilicon electrode 
will degrade the overall capacitance to some degree, reducing the benefit of using 
a high-k dielectric. As a result, an alternative material for the bottom electrode 
has also been studied. In one report, TiN was used for the bottom electrode, and 
Pt for the top electrode. 12 In another report, reactively sputter-deposited Ru02 
was used for the bottom electrode. (Ru02 is a conductive oxide with a 
conductivity of 35 ,uQ-cm. Since it is already an oxide, it will not form a 
dielectric oxide layer at the Ru02ffa20 5 interface during post-Ta20 5 thermal 
processes.) In one other publication, a RuffazOs/Ru capacitor structure was 
described. The Ru electrodes were deposited by sputtering. In this report, the 
TazOs film after annealing was found to have a k-value of 65. It was speculated 
that the TazOs layer crystallized on the Ru material during the annealing step in 
such a way that its k-value was significantly increased compared to layers used 
with other electrode materials. Significantly lower leakage-currents through the 
TazOs layers were also observed after annealing them in forming-gas at 400°C.l3 

-2 
Vp(V) 

Fig. 4·9 Annealing temperature dependence of leakage current density for 2.5 nm Ta20 5 
capacitors. A rapid thermal oxidation (RTO) is performed after Ta2o5 film deposition. 19 
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Subsequent high-temperature process steps, however, cause the leakage 
currents through the TazOs layers to significantly increase (see Fig. 4-9).14 In 
this figure, it is observed that if the Taz Os layers are subjected to furnace­
annealing temperatures of 800°C for 1 hour (or more), the leakage current rises 
precipitously. Two such high temperature steps that are commonly used in post­
TazOs layer deposition are those used to reflow the BPSG ILD layer, and to 
activate the dopants after the source-drain implant step. In one paper, this leakage 
current was reduced by using a novel low-thermal-budget process that exposed 
the TazOs layers to temperatures no higher than 500°C after the TazOs layers are 
deposited. That is, instead of using a conventional BPSG film, the interlevel 
dielectric layer (ILD) was formed as follows: An SOG film was first spun on, 
and this was followed by the deposition of an Si02 capping-layer using a low­
temperature-CVD process. The source/drain regions were formed with an 
optimized implant step that employed only a 500°C activation anneaL 14 The 
application of a TazOs layer to a DRAM capacitor formed with rugged 
polysilicon as the bottom electrode and TiN as the top electrode was described in 
Ref. 15. 

Since leakage through the TazOs layers is one of the biggest issues with such 
films for DRAM applications, work has been done to try and solve this problem. 
One factor that seems to influence leakage is the surface roughness of the 
underlying e1ectrode.l6 

Another technique for depositing TazOs layers is by meta/organic solution 
deposition (MOSD). This also allows the TazOs layer to be doped with AI (a 
factor that improves some of the TazOs layer dielectric properties). For example, 
thin films with 0.9Taz0s-O.l Alz03 composition exhibited an increased k value of 
42 and a lower leakage-current density (6xiQ-8 A/cm2 up to an applied electric 
field of 1 MeV/cm).l7 

Etching of TazOs layers can be carried out in variety of fluorocarbon gases 
(e.g., C2F6, CH4, CF3CI, CHF3, and CCI3F2), 18 as well as in discharges of Cl2, 

SF6, N2, or CH41H2. Selectivities of> 6 for Si over TazOs were obtained for 
SF6/02 discharges. 19 

In summary, TazOs seems to be the DRAM capacitor dielectric material that 
will replace ONO. Combined with such polysilicon-electrode techniques as 
hemispherical-grain poly (HSG), TazOs capacitors will be suitable for DRAMs 
up the 1-Gb and 4-Gb generations (0.15-Jlm node). The minimum thickness of 
TazOs is estimated to be about an equivalent oxide thickness of 1.5 nm. This 
implies that even by using HSG and the minimum possible TazOs thickness, the 
limits of TazOs technology may be reached at the 1-Gb integration level. 
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However, for the 0.13 pm technology node it may be possible that TazOs will be 
used with a MIS capacitor structure (i.e., Ru02ffa20 5/poly). At the 0.1 pm node 
it may be necessary to use metal-insulator-metal (MIM) structure (i.e., 
Ru02ffa20 5/Ru02). At the 0.05 pm node (50 nm) it is likely that the insulator in 
an MIM structure will be BST. 

4.4.2 Tantalum Pentoxide as a MOSFET Gate Dielectric 
Tantalum pentoxide has also been considered as an alternative gate-dielectric 
material to Si02 for MOSFETs with gate lengths of less than 0.1-pm. Since 
oxide films for such devices would have to be thinner than 1.5-nm, excessive 
leakage-current through the oxide film would make such MOSFETs impractical 
for use in most circuit applications. Due to the fact that direct-tunneling leakage 
currents decrease exponentially with the thickness increase of the dielectric layer, 
a dielectric with a higher k-value could provide the same electrical behavior as 
Si02 but it could be used with a larger thickness. For the case of TazOs, which 
has -a k-value of 25, a TazOs layer would have a thickness 25/4.0 times larger 
than that of an equivalent Si02 film. Many of the process integration issues of 
incorporating into a MOS structure were discussed in the previous section. Here, 
we describe the challenges specific to using TazOs as a gate-dielectric layer. 

The first problem that must be addressed involves the fact that when TazOs is 
deposited directly on silicon (or when it is subsequently annealed in oxygen), 
SiOz grows under the TazOs. As much as 2-nm of oxide can grow, thereby 
increasing toxeq (see Eq. 4-3). This was demonstrated in a report in which TazOs 
was deposited directly on Si and NMOSFET transistors were subsequently 
fabricated.20 An interfacial SiOz layer was found to be under the Ta20s at the 
conclusion of all processing. A way to prevent uncontrollable growth of such an 
oxide during subsequent thermal processing steps is to form an interfacial layer 
between the Ta20s and the Si substrate. In the first report of fabricating 
MOSFETs with a TazOs gate dielectric, a 2-nm-thick oxide layer was in fact 
deliberately grown on the Si before the TazOs was deposited. This layer was then 
annealed in N2 at 800°C for 30 min (nitriding the oxide). A diffusion-barrier is 
thus created which prevents oxygen from reaching the underlying Si substrate 
and growing additional oxide. A TiN gate electrode was employed instead of 
poly (Fig. 4-10). The leakage current was reported to be equivalent to that of a 
MOSFET with an Si02 gate dielectric of identical thickness.21 

In a second report describing MOSFETs Ta205 with a gate dielectric layer, 
the gate dielectric consisted of a stack (i.e., 1.5-nm Si02/3.0-7.5-nm TazOs/0.5-
1.5-nm Si02). This dielectric stack was electrically equivalent to 20-35-nm 
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Si02.2l,3l A later report described the use of RTP to grow an interfacial layer on 
the Si substrate with NO at 800°C for 20 sec - which when combined with a 
CVD Ta205 layer- produced a gate dielectric with a toxeq = 2.3-nm thick. The 
main benefit of using this approach was that the leakage current through the 
dielectric film was 1 OOOx smaller than when an oxide was used as the interfacial 
layer. 23 A similar process flow reported use of a RTN step (nitridation of the 
silicon substrate surface by RTP in an NH3 ambient at 800°C for 30 sec), to form 
an interfacial layer on the poly before depositing the Ta20s film.24 

Related to the oxide growth under the Ta205 is the issue of unacceptably large 
values of interface traps when using a dielectric other than Si02 is in contact with 
Si. In the Kizilyalli study above, a Ta205 gate-dielectric-stack (with Si02 in con­
tact with both the underlying Si and the overlying poly gate) exhibited interface 
trap densities comparable to those in MOSFETs fabricated with Si02. Charge 
trapping (a major problem of layered dielectrics) was reportedly not an issue. 

A final limitation of using Ta20s as a gate dielectric is that a barrier over the 
Ta20s is needed to prevent silicide from forming due to a chemical reaction of 
the Ta20s and the polysilicon gate during subsequent thermal processes. This 
barrier must be conductive, and TiN, WN, or PGMs used in DRAM top 
electrodes can be used. However, the difficulty with using such a metallic gate 
barrier is that the threshold voltage of MOSFETs is increased by about 0.6V. 
Obviously, this high threshold voltage value is not compatible with low-voltage, 
low-power technologies. Hence, proper threshold voltage adjustment with 
counterdoping in the active areas must be employed. However, this produces 
buried-channel MOSFETs, which degrades their short-channel behavior. 
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Fig. "·10 Process flow, cross section, and 1-V characteristics of an NMOSFET fabricated 
with a with a Ta20 5/Si02 gate dielectric. A TiN gate electrode was also employed.21 
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4.5 BARIUM STRONTIUM TITANATE (SST) FILMS FOR DRAM CAPACITOR 
DIELECTRICS 

Barium:strontium-titanate (BST) is the candidate material of most promise for 
use as a capacitor dielectric in future generations of high-density DRAMs. BST 
films are polycrystalline films, with the crystalline grains having a perovskite 
oxide structure. The chemical formula of BST is (BaxSr1_x)Ti03. Common 
compositions for DRAM use are 0.5 < x < 0.7. BST films are the leading 
candidates for advanced DRAM capacitor dielectrics because of their high 
dielectric constant (k = 88~90 in the film thickness range used in DRAM 
capacitors), and because the value of k in BST films exhibits a relatively small 
frequency dependence. That is, the pennittivity of perovskite oxide films tends to 
decrease at high frequencies. For BST films deposited by MOCVD k decreases 
by< 2% from 100Hz to 10 MHz and by< 7% from 200 MHz to 2GHz.30 This is 
sufficient to meet the requirements of future DRAM generations. Its large 
dielectric constant (like those of many other perovskites) is the result of the 
strong ionic polarization in the material. 

Many believe that dielectric films with such high~k values will be needed for 
DRAM capacitors following the 130-nm generation. For example, the required 
capacitance density in a DRAM technology with a minimum feature size of 0.15-
/lffi with a DRAM capacitor having a stack structure of 0.3-j.Lm in height (i.e., a 
2:1 aspect ratio) and a rectangular area of 0.15-.um by 0.45-.um is -80 fF/,um2. 
Figure 4-11 shows a schematic representation of a simple stack-capacitor DRAM 
cell incorporating a high-k dielectric in the stack capacitor. The high-k dielectric 

-/ 
Cell plate 

Plug 

Fig. 4-11 A schematic representation of a simple stack capacitor DRAM cell 
incorporating a high-k dielectric layer.47 Courtesy of Semiconductor International. 
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material (e.g., BST) covers the top and sides of the patterned bottom electrode. 
The top electrode forms the common plate electrode, and the word lines and bit 
lines are located below the capacitor. The structural simplicity in the capacitor of 
this cell is apparent. In addition, the vertical height of the bottom electrode can be 
reduced to provide improved control over the critical dimension by reducing 
depth-of-focus issues. 

Note that perovskite materials exhibit ferroelectric behavior when held below 
their Curie point, and paraelectric behavior when above that temperature.28 In 
conventional DRAMs, the perovskite materials used as the capacitor dielectric 
are chosen so that they exhibit paraelectric behavior. On the other hand, 
perovskites that exhibit ferroelectric behavior are used as the dielectrics of 
FeRAM capacitor structures. BST is a perovskite that has a Curie point that 
varies linearly with composition, with a value of about 1207°C when x = 1, and 
about -2207°C when x = 0. 29 The strontium is added to reduce the Curie point 
below room temperature, which ensures paraelectric operation. The dielectric 
constant also depends on the film composition, and barium/strontium 
composition is an important parameter in the use of BST in memory capacitors. 

To obtain the high-k values necessary for high-density DRAMs, the films 
must be free of impurities, have correct stoichiometry, and be crystalline. 

4.5.1 Deposition of BST Films by cvo 
The deposition of BST films can be carried out by a number of methods, 
including PVD by rf sputtering, thermal MOCVD, sol-gel, and pulsed laser 
ablation. However, BST film deposition is most commonly done with MOCVD. 
One reason for this is that rf sputtering requires an appropriately designed 
composite target. Since sputtering rates for the different elements vary, the useful 
lifetime of a single sputtering target is too short. BST films deposited by 
sputtering and sol-gel methods also have a conformality which is typically 
smaller than 60%, while the conformality of BST films deposited by thermal 
MOCVD processes can exceed 80%. Because of the high conformality which can 
be realized, the MOCVD method is likely· to be used to deposit the high­
dielectric layers for DRAM capacitors. Consequently, we will restrict our 
discussion of deposition of BST films to the MOCVD processes. 

Most precursors of BST are sollds at room temperature and are dissolved in 
an organic solvent for delivery as a liquid to a vaporizer. The liquid is flash­
vaporized (to minimize the time precursors spend at elevated temperatures, 
which minimizes precursor decomposition), and is then transported in a gaseous 
state to the CVD chamber. This liquid delivery method enables the use of solid 
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precursors. However, it chemically complicates the deposition process by 
introducing a solvent. Most of the published work on CVD BST uses precursors 
that are adducts of barium and strontium ~-diketones along with organometallic 
titanium compounds, primarily: Ba(THDh·tetraglyme, Ba(THD)2·PMDTA. 
Sr(THDh· tetraglyme, Sr(THD)2·PMDTA. and (THD)2 Ti(i-Pr-0)2. (Note that: 
THO= 2,2,6,6-tetramethylheptane-dionate, and (i-Pr-0) = isopropoxide). These 
diketones and organometallic-Ti compounds are usually dissolved in butyl 
acetate. BST films of good quality have been produced using this precursor 
scheme at deposition temperatures around 55 0°C. However, at these 
temperatures, conformality of the deposited films is typically poor and may not 
be acceptable for three-dimensional capacitor fabrication. A different set of 
precursors has therefore been developed, which appear promising for BST film 
growth at lower temperatures. In this precursor scheme, non-adducted versions of 
the same barium and strontium ~-diketones: (Ba{THDh)4 and (Sr{THDh)4, 

along with (THDh Ti(i-Pr-Oh, are dissolved in tetrahydrofuran (THF). Reports 
in the literature state that BST films with capacitance densities (planar 
capacitors) of over 100 fF/,um2 and leakage currents in the to-8 A/cm2 range can 
be grown at wafer temperatures of 480°C using these precursors. Other work has 
demonstrated conformality of 100% at 480°C using non-adducted precursors. 

The low-temperature CVD processes for depositing BST films give better 
conformality than do the higher temperature deposition processes. This is due to 
the fact that different mechanisms are limiting the deposition process. An 
Arrhenius plot of the deposition rate of BST growth is shown in Fig. 4-12. It can 
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Fig. 4·12 Arrhenius plot showing two regimes of rate-limiting mechanisms for CVD BST 
deposition using non-adducted precursors. Courtesy of Marcel Dekker Publishing. 
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be seen that two distinct regimes are apparent with a crossover at -480°C. In the 
higher temperature regime (where the deposition rate is approximately constant 
with increasing temperature), film growth is rate-limited by mass transport from 
the vapor phase to the film surface. In the lower temperature regime, film growth 
is limited by the chemical reaction rate on the surface. Films grown at the higher 
temperatures exhibit poor conformality because the precursor material reacts 
immediately upon arriving at the surface and does not have time to diffuse into 
narrow patterned features before being incorporated into the growing BST film. 
In the surface-reaction-limited regime, the precursor molecules can diffuse a long 
way on the wafer surface (i.e., into the narrow patterned regions) before reacting 
and being incorporated into the growing film. 

In BST deposition, a tradeoff occurs between needing a high enough 
deposition temperature to ensure good crystallinity of the perovskite phase, and 
needing a low enough temperature to achieve adequate conformality. The 
adducted precursors form highly crystalline perovskites at high temperatures, but 
such films deposited at low temperatures are mostly amorphous (i.e., they do not 
exhibit the perovskite crystalline structure). On the other hand, non-adducted 
precursors can produce perovskite BST films in the low-temperature regime. The 
low-temperature deposition is also favored when Ru bottom electrodes are used 
(see Sect. 4.5 .3), to prevent the Ru surfaces from being oxidized during the BST 
deposition in an 0 2 atmosphere. 

Note, however, that since the BST films are deposited by CVD at low 
temperatures (400-500°C) to meet the stringent step-coverage requirements, 
these films must be subsequently annealed to achieve the desired capacitance and 
leakage-current behavior. Annealing is usually done after the top electrode has 
been deposited. Such a post-top-electrode deposition anneal is especially 
beneficial if the top electrode is deposited using a technique that bombards the 
BST surface with energetic species (such as PVD). That is, the anneal then serves 
the additional purpose of healing the damage done to the BST film by the PVD 
process that deposits the top electrode. Reported annealing parameters vary 
widely. Temperatures between -500°C and 700°C have been used, and both 
oxidizing (N20, 0 2) and inert (N2) ambients have been observed to improve the 
BST electrical properties. Typically, films grown at higher temperatures (550°C) 
using the adducted precursors require lower annealing temperatures - around 
550°C in oxygen is commonly used. Low-temperature depositions require higher 
annealing temperatures, closer to 700°C. 

The main benefit of the annealing processes is a reduction in the leakage 
characteristics of BST capacitors. Before annealing, films are leaky (Fig. 4-13), 
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Fig. 4·13 Leakage curves from unannealed and 550°C oxygen-annealed BST films 

deposited at 600°C. Labels on the leakage curves give the corresponding capacitance 
densities of the films. 

although the capacitance is quite high. After annealing leakage improves to an 
acceptable level and capacitance increases by roughly 25%, although the 
improvement is not as dramatic as that seen in the leakage-current properties. 

4.5.2 Microstructure Effects on the Electrical Properties of BST Films 
A key factor that impacts the electrical properties of BST films is the amount of 
titanium in the film. Titanium content is referred to as a percentage of all cations 
in the film, i.e., Ti% = {[Ti]/([Ba] + [Sr] + [Ti])} x 100%. The best properties 
(e.g., highest capacitance-density) are found when there is a slight excess of 
titanium, -51% (compared to the stoichiometric perovskite composition of 50%). 
Above this amount, the dielectric constant decreases. The sensitivity of the value 
of k to the titanium content is quite high (e.g., the dielectric constant drops by 
-40% when the titanium concentration increases from 51% to 53%). Hence, it is 
critical that the amount of titanium incorporated during deposition be tightly 
controlled. A low-temperature, the non-adducted precursor process has been 
shown to provide such control of incorporated titanium content. 

Another important parameter that impacts the BST electrical properties is the 
surface roughness. Increased surface roughness correlates with lower dielectric 
constants and higher leakage currents. Roughness is often observed as a hazy 
film. That is, films that are rough appear hazy to the naked eye under bright light. 
Roughness can be caused by depositing the film on a rough underlayer, as well as 
film growth occurring in an island mode. Roughness resulting from film growth 
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mode is very sensitive to deposition process parameters, and such parameters 
must be optimized to find a haze-free process window. Typically less haze is 
observed at higher deposition temperatures, above 600°C. 

4.5.3 BST Integration Issues 
Integrating BST into a DRAM process poses many difficult challenges. First, 
BST is incompatible with the materials that have been used for electrodes up to 
this point, namely: polysilicon, TiN, and aluminum. This is because BST films 
contain significant amounts of oxygen and also require high-temperature post­
deposition annealing in oxygen ambients. Thus, aluminum films cannot be used 
as the bottom electrode of a BST DRAM capacitor because they cannot tolerate 
the high-temperatures used to anneal BST films after deposition (> 500°C). 
Likewise, polysilicon will oxidize either by reaction with the oxygen that can 
bleed out from the BST film or with the oxygen present in the annealing 
ambients. Finally, TiN is no longer stable against oxidizing species at 
temperatures above 500°C. Hence, alternative electrode materials must be 
employed. 

The most suitable electrode materials are based on the metals found near the 
middle of the periodic table - such as platinum (Pt), ruthenium (Ru), and iridium 
(Ir). Oxides of these metals are also conductive, making them candidates for 
inclusion in the electrode stack. As we will discuss in more detail, one of the 
major problems of using these materials is the problem of electrode patterning, as 
these materials produce minimal volatile species during dry etching of the noble 
metal electrodes (with Ru and Ru02 being the exceptions). 

Platinum is the most commonly used electrode for BST in R&D work, as it is 
non-reactive with BST, and the growth characteristics of BST films on Pt films 
are good. However, using platinum is also difficult. Since it is a chemically-inert 
noble metal, it is difficult to dry-etch. But, it does form silicides, and hence it 
must be deposited on a diffusion barrier to prevent Si-Pt reactions with the Si 
wafer. (An example of such a film is stacked layer of TiffiN, which is deposited 
on the silicon substrate. Then the Pt film is deposited on the TiffiN film.) Since 
Pt has poor adhesion to most surfaces, the barrier layer must also serve as a "glue 
layer." This entire multi-layer bottom electrode structure must then be oxidation 
resistant and thermally stable enough to withstand the high-temperature, 
oxidizing environments employed in the processes used to deposit and anneal 
BST films. Finally, platinum can catalyze reduction in the BST during a forming­
gas anneal (instead of protecting the BST against such reduction). Thus, Pt is not 
a good candidate for the top electrode. 
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Other electrode materials can also be used, especially for the top electrode. 
These include ruthenium metal (Ru), ruthenium oxide (Ru02), iridium oxide 
(lr02), or conducting perovskite oxides such as SrRu 0 3 or (La,Sr)Co03. 

Ruthenium and Ru02 are relatively easy to etch, although one of the products of 
the etching process, Ru04, has a melting point of 25 .4°C, and is both a 
flammable and highly toxic gas. Figure 4-14 shows the process flow for the 
fabrication of Ru/BST/Ru capacitors. However, none of these materials is 
standard in semiconductor processing, and hence all will require significant 
process-development for incorporation in DRAMs. 

Dry-etching of metal oxides, perovskites (including BST), and refractory 
metals will also provide some serious challenges because they do not have 
volatile by-products. The etching mechanism for these materials must therefore 
be more physical, like ion milling. Ion milling has been used for patterning these 
kinds of materials, but the small feature sizes hinder this technique. Dual­
frequency plasma etching is also being examined as a way to etch materials such 
as platinum, metal oxides, and perovskites. The energy of the ions striking the 
wafer is controlled to maximize the physical effect while taking advantage of 
whatever chemistry effect there is. Work has also been carried out on developing 
high-temperature etch processes for such materials (i.e., > 350°C), as a way to 
improve the etch-profile and etch-rate of such materials. Masking for the etch 
process is another challenge. The material to be etched must be physically 
attacked, while the materials that are used for the mask are etched more easily. 

The exceptions, as noted earlier, are Ru and Ru02, both of which can be 
patterned by dry-etching (in 0 2/Cl2 plasmas) to give totally anisotropic profiles 
through chemical reactions which produce Ru04 in oxygen-containing plasmas. 
Thus, the profile and feature size of the storage electrodes can be precisely 
controlled by short gas-residence-time techniques to suppress the deposition of 
reaction products from the plasma onto the sidewalls. This 'will permit a 3-D 
stacked capacitor structure with vertically sided Ru bottom electrodes and BST 
dielectrics to be used down to 4-16-Gbit DRAMs. 

It should also be noted that a diffusion barrier under the bottom electrode is 
also needed to keep the electrodes from reacting with the polysilicon plug during 
BST deposition and post-deposition annealing (see Fig. 4-14). Several kinds of 
materials have been investigated for this role, including: TiN, TiAlN, and TiSiN. 

The introduction of high-dielectric materials for DRAM fabrication will also 
require additional tooling, including: 

1. A sputtering system for electrode deposition; 
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Fig. 4·114 Process flow for the fabrication of Ru/BST/Ru capacitors.48 (© 2000 IEEE). 

2. An MOCVD reactor for the deposition of the high-k dielectric layer, and; 

3. A reactive-ion-etch system to pattern the electrode. 

Numerous companies manufacture sputtering systems capable of depositing the 

electrode materials. Applied Materials and Novellus have developed MOCVD 

reactors capable of depositing BST on 200-mm wafers. Tegal Corp. and Lam 

Research (along with other suppliers of etch equipment) have demonstrated etch 

processes for Pt electrodes. 

4.6 USE OF OTHER HIGH·k MATERIALS AS GATE DIELECTRICS 

An extensive worldwide research effort is being undertaken to develop 

alternative high-k dielectrics for MOSFETs to rep1ace silicon dioxide. By the end 

of 2000 workers in the field were not optimistic that despite intensive efforts to 

find a high-k material that works well, such a material would readily be available 

for IC manufacturing applications. Their view is that it is going to take at least 

five years (i.e., until 2006) before a suitable high-k material can be introduced 

into manufacturing. A review of research on the use of binary metal oxides and 

silicates up to 2000 was published by Wilk et al, 50 and by Gusev et al, 5! Here we 

describe some of the candidates for that application, as of 2001. 
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4.6.1 Atomic Layer Deposition lor Depositing Thin High-k Dielectric Films 
Before describing the individual high-k materials that are candidates for gate 
dielectrics in MOSFETs, it is useful to discuss a new deposition technique that 
may be employed for forming such thin dielectric layers. That is, a promising 
method for depositing very-thin films has been developed for a variety of 
applications, including gate dielectrics, DRAM capacitor dielectrics, and 
diffusion barriers. This technique is called atomic layer deposition (ALD), or 
atomic layer chemical vapor deposition (ALCVD). This technique was pioneered 
by Tuomo Suntola who invented atomic layer epitaxy (ALE) in 1980. The appeal 
of ALE was that it could deposit very-thin layers of material ( <1 0 nm-thick) with 
tight composition control. However, at that time the thinnest layers in IC devices 
were about I 00-nm thick, and so ALE was not immediately seen as a technique 
for the semiconductor market. (It was initially developed for depositing ZnS 
films for electroluminescent devices.) 

In the ensuing 20 years, however, things have changed. Aggressive scaling of 
critical feature sizes led to lateral dimensions approaching 100-nm, and the 
thinnest layers approached atomic dimensions. For example, in the gate-dielectric 
layer, only about 1-nm, or about 4 atomic layers in silicon-oxide equivalents are 
needed. Clearly, the aggressive scaling has now made applications of the Suntola 
invention appropriate for integrated circuits. The ALE technique has therefore 
been modified and commercialized as the ALD technique. The ALD process 
appears to have several advantages over traditional CVD: it can be carried out at 
lower temperatures (typically < 400°C); it uses a wider range of precursors; it 
produces very-thin films; and it inherently obtains 100% step coverage and 
excellent conformality even over the most challenging topography, and with 
lower impurity levels. 

However, deposition rates are limited by the ALD mechanism. By definition, 
the thickness of each cycle cannot exceed a few angstroms as determined by the 
lattice constant of the materials. ALD is therefore targeted at very-thin films 
having the highest quality demands. The thickness of these films can be 
controlled simply by counting the cycles. The composition can also be modified 
and controlled at the atomic level, thus providing an opportunity to create new 
dielectrics that cannot be easily obtained by other means. Further scaling of 
critical IC feature sizes will inevitably lead to more applications into the realm of 
ALD. We will show how ALD can be used to deposit various films in the 
upcoming sections. 
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Several equipment vendors have introduced ALD tools. The first is ASM 

International (Bilthoven, Netherlands) which, through its acquisition of 
Microchemistry Ltd. (Finland) now has several systems capable of ALD for 

semiconductor and flat-panel display applications. (Note that Atomic Layer CVD 

and ALCVD are trademarks of ASM International). Genus (Sunnyvale, CA) also 
announced a new ALD capability on its Lynx2 platform. Other equipment 

suppliers are also apparently developing tools with ALD capability. The nature of 

the ALD process is such that it can be done in a simplified reactor, where gas 

flow and temperature uniformity will be relatively unimportant. Instead, the 

hardware design will focus on preventing deposition on the reactor interior and 

the wafer backside. Development efforts will be focused on creating ALD tools 

with high throughput, long mean times between cleans, and low defect density. 
Reliable and precise control of reactants, quick removal of extra reactants and 

reaction by-products, and short cycle-time will also be critical to the success of 
this emerging technology. 

ALD works quite differently from conventional CVD techniques. Instead of 

mixing two or more reactant gases inside the deposition chamber - where they 
either react in the gas phase and fall on the wafer surface, or they react on the 

wafer surface - in ALD one reactant gas is introduced at a time. Through a 

process called "chemisorption," a monolayer of the first gas is adsorbed on the 

wafer surface. That is, individual precursors are pulsed onto the wafer surface in 

a sequential manner, without mixing in the gas phase. Each individual precursor 

reacts with the surface to form an atomic layer in such a way that only one layer 

can form at a time. This is because the surface reaction occurs such that the 

reaction is complete, and permits no more than one layer at a time to be 

deposited, no matter how many molecules are applied to the surface in an 

overdosing mode. Films are built up by introducing short bursts of gases in 

cycles. 
As an example, ALD can be used to deposit a thin silicon-oxide layer by using 

silane and oxygen. At room temperature, silane gas is introduced into a chamber 
containing the wafer. Silane molecules will be adsorbed onto the wafer surface 

until a monolayer of silane molecules exists over the entire exposed surface of 
the wafer. Thereafter, no more molecules will be adsorbed by the wafer surface. 

If the temperature is kept low enough, a stable chemisorbed monolayer will form 

over the exposed wafer surface. Then, the excess silane gas is pumped from the 

chamber, and it is replaced with oxygen or water vapor. These molecules react 

with the silane to form an oxide, and the reaction is completed when one 
monolayer of oxide has been formed. Then, the excess oxygen is removed, and a 

UMC 1334
UMC v. AICP



172 SIT...ICON PROCESSING FOR THE VLSI ERA -VOLUME IV 

second burst of silane gas is fed into the chamber to form the next monolayer of 
silane, and so on. This discussion demonstrates that ALD is a technique best 
suited for depositing binary materials such as Si02 and metal oxides (e.g., Ta205, 
Ai203, ZrOz, HfOz, etc). 

By quickly switching the gases on and off (in less than 1 sec), it is possible to 
obtain reasonable growth rates, up to 200-A/min. For those films that are 
deposited in the thickness range of 10-50-A (or less), such growth rates should 
produce acceptable throughputs. In addition, since it is only necessary to saturate 
the wafer with the precursor, the chamber does not have to be designed for 
uniform reactant coverage. This allows the chamber to be kept very small (e.g., 
only 4 mm high), which in turn, allows as many as 4 cycles per second to be run. 
The claim made earlier that ALD deposition temperatures are generally low can 
now be understood in light of the fact that this process depends on chemisorption. 

4.6.2 Aluminum Oxide (AI203) as a Gale Dielectric 
Aluminum forms a stable oxide (aluminum oxide, AI20 3), and it is one of the 
materials that is being studied as a high-k gate dielectric. The k-value of Al20 3 is 
about 9, which is about three times as large as that of Si02. The effective k-value 
of the dielectric layer which employs Al20 3 is, in fact, even somewhat smaller 
(i.e., it is -5.5-6.0). This reduction in the effective k-value occurs because a thin 
interfacial Si02 layer inevitably forms between the AI20 3 layer and the silicon 
substrate during Al20 3 deposition. This extra, unwanted, interfacial layer reduces 
the effective k-value, and increases the equivalent oxide thickness (EOT) of the 
AI20 3 layer. (But this interfacial layer also plays a beneficial role in reducing the 
interface state density leakage current.) Thus, while Al20 3 promises to provide a 
dielectric layer that has an improved k-value, this improvement may only be 
adequate for a single technology node. 

Aluminum oxide is attractive as a gate dielectric for future MOSFETs not 
only because it has a higher k-value than Si02, but because it also exhibits 
excellent thermal stability when it is in contact with silicon, and because it has a 
wide energy gap ( -8.3 e V). Furthermore, it is compatible with polysilicon 
without requiring any barrier materials. 

Recent work has described the fabrication of CMOS devices with an Al20 3 
gate dielectric.3?,38 The Al20 3 layer is deposited by atomic layer deposition 
(ALD- as described in Sect. 4.6.1), using trimethyl-aluminum (TMA) and ozone 
as the precursors, at 450°C. (Figure 4-15 shows how an ALD process can be used 
to deposit an A120 3 layer using the above precursors.) Polycrystalline silicon is 
then deposited and patterned, junction implants are performed, and a rapid ther-
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Chemisorption H20 until surface saturation Inert gas purge 

Fig. 4·15 Atomic layer CVD works by introducing one reactant gas at a time. The first 
gas is "chemisorbed" onto the wafer surface. Excess gas is then purged and the second 
gas (in this case, water vapor) is introduced. This gas reacts with the chemisorbed layer, 
creating a monolayer of deposited film. Courtesy of Semiconductor Inte.mational. 

mal anneal at T = I 000°C is performed. The leakage current density exhibited by 
MOS capacitors with an AI20 3 layer is 2-3 orders of magnitude lower than that 

observed in MOS capacitor built with an Si02 layer with the same EOT. 
One major drawback of MOSFETs built with an Al20 3 dielectric layer is that 

the carrier mobility is smaller than in MOSFETs built with Si02 dielectric layers, 
probably due to electron trapping by the Al20 3 material. By the end of 2000, the 
reason why such electron trapping occurs in Al20 3 layers (and other high-k 
dielectric materials) is still unknown. 

4.6.3 Zirconium Oxide (Zr02l as a Gate Dielectric 
Zirconium oxide (Zr02) is considered to be one of the most promising high-k 
dielectric candidates to replace the Si02 gate dielectric. Zr02 has a dielectric 
constant of -20-25 and is thermodynamically stable in contact with silicon.44 In 
addition, Zr02 has a band gap of -5.1 eV and a lattice mismatch with silicon of 
only 2.1 %. It has been shown that reactively sputtered Zr02 (i.e., a Zr sputter 
target is used in an Ar + 0 2 ambient) has a low equivalent-oxide-thickness 
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(EOT), low leakage, and good reliability characteristics.40,41 (Another way that 
Zr02 can be formed with a PVD process is by oxidizing a sputtered Zr film in 
an RTP process.45) Zr02 films can also be etched in HF solutions. It has also 
been reported that doping the Zr02 films with AI produces amorphous films with 
better uniformity, but with a slightly lower dielectric constant. This doping can 
be achieved in a PVD deposition process by co-sputtering with an AJ target.41 

Zr02 films can also be deposited using an atomic layer deposition process 
(ALD).42,43 The ALD process has the inherent advantage of conformality over 
PVD deposition processes. Such an ALD process for Zr02 is illustrated in Fig. 
4-16. Generally, ALD requires that the metal compound precursor and nonmetal 
compound precursor (ZrC14 and H20, respectively, for the case of Zr02) are 
introduced alternately instead of simultaneously as in a standard CVD process 
(see Sect. 4.6.1). This results in the layer-by-layer growth that creates the 
characteristics of ALD films, making them appropriate for several applications. 
In the case of Zr-based dielectrics, the material may consist of zirconium, 
aluminum, and oxygen. 

In any case the Zr02 films are amorphous, and a very thin interfacial silicate 
layer (9-A thick) exists at the silicon/Zr02 interface. Post-deposition annealing in 
oxygen or inert gases (at 400-500°C) is found to be necessary to reduce the 
leakage current of deposited films. After high-temperature annealing, this layer 
grows and converts to a more stoichiometric Si02 layer. Significant Si02 growth 
is observed at the Zr02/Si interface annealed at 400-600°C even under low 
partial pressures of oxygen. Reaction with the Si substrate and the polysilicon 
gate also occurs at higher temperature (~ 1 000°C) processing steps. 

Films of zirconium silicate doped with aluminum (Zr-Al-Si-0) have also been 
studied as candidate high-k gate materials.42 It was noted that doping Zr02 films 
with AI improves the resultant Zr02 dielectric layer. That is, the undoped Zr02 
films have high diffusivity of oxygen, and so oxygen can diffuse through the 
Zr02 during the post-deposition anneal and react with the underlying Si to fonn 
an Si02 interfacial layer. The addition of AI reduces the rate of oxygen diffusion 
through the Zr02 film. Another report described the use of yttria-stabilized Zr02 
(YSZ) films as a high-dielectric constant layer in MOSFETs. The advantage of 
the YSZ film is that it can be epitaxially grown on a silicon substrate by pulsed 
laser ablation without the formation of an interfacial silicon oxide layer.46 

At the end of 2001, Intel announced that a new transistor structure that 
included a Zr02 gate dielectric layer, deposited by ALD. They stated that this 
new MOSFET structure would be used for devices built by Intel from 2005 and 
beyond. 55 
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Fig. 4·16 Atomic layer CVD growth mechanism of the high-k dielectric Zr02 from ZrC14 
and H20. Courtesy of ASM International. 

4.&.4 Hafnium Oxide (HI02) as a Gate Dielectric 
Hafnium oxide (Hf02) has been investigated as a high-k dielectric for MOSFET 
devices. Early reports described fabrication of MOSFETs with n+ polysilicon 
gates, 32 and more recent ones have discussed the characteristics of MOSFETs 
with p+ polysilicon gates as welJ .33 Hafnium oxide exhibits excellent materials 
properties for these applications, namely: a high dielectric constant (k = 24 - 40)~ 

good thermal stability when in contact with silicon; and an energy gap of 5.65 
e V. (Hf forms the most stable oxide with the highest heat of formation [LlHf = 
271 Kcal/mol] among the elements in the IVA group of the periodic table [Ti, Zr, 
Hf].) In addition, Hf02 is very resistive to impurity diffusion and intermixing at 
the silicon/dielectric interface because of its high density (9.68 g/cm3).39 

The H f02 films described in the reports were deposited either by PVD 
(reactive sputtering),32,33 or by in situ RTCVD.34 MOS capacitors were 
fabricated with an equivalent oxide thickness (EOT) of 12-A (and a physical 
thickness of 38-A) by optimizing the polysilicon deposition process and the 
subsequent annealing steps that would be used to activate the MOSFET 
source/drain implants. That is, no interfacial layer was found to be formed 
between the Hf~ and the polysilicon gates if the polysilicon deposition 
temperature was kept below 600°C, and the RTA anneals were carried out at 
1000°C. However, the same report indicated that an unwanted interfacial Si02 
layer IL does form between the Hf02 and the silicon substrate during the Hf02 
deposition (Fig. 4-17). In addition, some crystallization of the Hf02 is observed 
to occur during the RTA anneal steps. A more recent study claims that Hf02 
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Fig. 4·17 HR-TEM showing Hf02 (-38A) and IL (-6A): (a) after PDA, and (b) and (c) 

RTA 900°C and 1000°C for 1 min, respectively.33 (© 2000 IEEE). 

exhibits more thermal stability than does Zr02.51 Two other papers published at 
the same time also states that better MOSFETs were fabricated with Hf02 than 
with Zr02 as the gate dielectric.52,53 

The leakage current characteristics of such MOS capacitors was about four 
orders of magnitude smaller than a MOS capacitor fabricated with Si02 having 
the same 12-A EOT (as a result of the HfOz layer having a physical thickness 
more than double that of the SiOz layer). However, like other high-k dielectrics, 
the Hf02 films also tend to trap electrons and thus degrade carrier mobility in the 
MOSFET channel. In another report, scalability of the EOT of the HfOz layer to 
less than 1 0-A was demonstrated by using a TaN gate electrode to replace the 
polysilicon gate electrode. 35 That is, the polysilicon-depletion effect is avoided if 
a TaN gate electrode is used instead of polysilicon, and therefore an EOT as 
small as 8-A can be obtained. 

A recent study was published on the use of HfSiON as a high-k gate dielectric. 
This is an amorphous material and exhibits smaller leakage currents than does 
silicon dioxide at equivalent oxide thicknesses. HfSiON films scaled below I 3-A 
showed good reliability performance. 

4.6.5 Praseodymium Oxide (Pr203J as a High·k Gale Dielectric 
Another exotic material that has been studied as a high-k gate dielectric is 
praseodymium oxide (Pr20 3) . 36 The key advantage that is exhibited by MOS 
capacitors made with Pr20 3 layers is that they exhibit ultra-low leakage current 
densities. That is, leakage currents of 5 nA/cm2 at 1 V have been demonstrated 
for Pr20 3 layers with EOT of 14-A. This is four orders of magnitude lower than 
the best reported results for other high-k materials. Such Pr20 3 films also exhibit 
an effective dielectric constant of 31. In addition, no significant hysteresis is 
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observed in the C-V measurements, provided the material is furnace annealed 
only briefly at 600°C. These layers can also survive an RTA anneal of up to 
1 000°C for up to 15 seconds with no degradation in electrical properties. 

The Pr20 3 layers are polycrystalline. Ordinarily, the dielectric layers of MOS 
capacitors have an amorphous structure, and if the structure begins to become 
polycrystalline, the films become leaky. High-temperature post-deposition 
anneals tend to crystallize the dielectric films, and this can cause an increase in 
the leakage currents through other dielectric layers. Apparently this is not the 
case with Pr20 3. It should be noted, however, that although it is possible to 
deposit polysilicon films on these layers, the poly/Pr20 3 interface is rough. (In 
this work, instead of using polysilicon as the top electrode, a top electrode to the 
Pr20 3 was formed by evaporating gold onto the Pr20 3 through a shadow mask.) 

The Pr20 3 layers in this study were deposited by molecular beam epitaxy 
(MBE) at temperatures between 625 and 725°C at a growth rate of 0.1-A/sec. 
They were then subsequently furnace-annealed at 600°C for 5 minutes in dry 
nitrogen. A 1000°C/15 sec RTA anneal in N2 was shown to cause no structural 
change in the films, and no change in their electrical properties. 
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Chapter 5 

THE STRUCTURE OF DEEP-SUBMICRON MOSFETS: 
Retrograde-Wells; Super-Steep Retrograde Channel Doping; 

Drain Engineering; Punchlhrough-Control Structures 

In Chapter 1 we discussed the evolution of MOSFET structures down to the sub­
micron technology nodes in production at the time publication of this text. In this 
chapter we delve further into the details of the MOSFET regions that are 
fabricated in such deep-submicron MOSFETs, namely: 1) retrograde wells for 
CMOS twin-well technology; 2) super-steep retrograde (SSR) channel doping 
profiles; 3) drain engineering issues in deep-submicron MOSFETs; and 4) 
punchthrough-control structures. 

5.1 WELL-FORMATION IN DEEP-SUBMICRON CMOS 
Twin-well CMOS is now the dominant CMOS technology in IC production. In 
twin-well CMOS each well is formed separately by implanting the well dopants 
into a lightly doped substrate region. Having two well implants allows each well­
type to be tailored separately, permitting independent device performance 
adjustments for both PMOS and NMOS transistors. When first introduced, twin­
well CMOS structures were fabricated by using moderate-energy implants to 
place both types of well dopant near the wafer surface. These dopants then had to 
be driven into the substrate by a long (12-24 hour), high-temperature (>1100°C) 
diffusion process (Fig. 5-l). Such a deep drive-in step was needed to prevent 
punchthrough from the MOSFET drain regions at the surface to the substrate 
under the well. This type of CMOS-well-structure is referred to as a diffused­
well. However, use of diffused-well structures gives rise to some problems which 
limits their use when CMOS is scaled below 0.5 ,urn: 

1. Lateral (as well as vertical) diffusion occurs during the diffusion step, 
which has the effect of reducing packing density. For example, since the 
lateral diffusion is -0.7 times the junction depth, a typical diffused well 
having a vertical junction depth of 3-4-,um, results in a lateral spread of 
well dopant of 2-3-,um. Consequently, the maximum aspect ratio of a 
diffused well is limited to about 1.6:1 (i.e., wells narrower than about 1.6 
times their depth would intermingle with the dopant of adjacent wells). 
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2. If LOCOS isolation is used, boron from the p-well-dopant implant-step 
segregates into the oxide during the long, high-temperature field-oxide 
growth step. Compensating for this effect requires a separate field­
threshold-adjust implant (also referred to as a channel-stop-implant), prior 
to the field-oxidation step. This additional step adds process complexity. 

3. Diffusion of the channel-stop-implant dopant into the active regions 
during field oxidation adversely affects both the junction-capacitance and 
the turn-off characteristics of the NMOSFETs (see Vol. 3). 

4. The lengthy, high-temperature drive-in-step increases process cycle 
time, and increases the risk of silicon wafer warpage, bow, and flatness 
degradation (and the likelihood of metal contamination from furnace 
heating elements). 

5. The diffused-well profile for a particular technology node is the net 
result of compromises between the need to control threshold-voltage, to 
suppress hot-carrier effects, to control punchthrough and soft-error effects, 
and to provide latch-up immunity. For example, a high dopant concentra­
tion is desirable deep in the well to strengthen latch-up immunity. This 
cannot be achieved in a diffused-well because doping at the bottom of such 
a well must be lower than at the surface, and the maximum surface doping 
is set by limits on junction breakdown voltage and junction capacitance. 

For all of the above reasons, the diffused-well approach to forming a twin-well 
CMOS process becomes less effective for each smaller technology node. As a 
result, an alternative method of forming the wells was sought. The technique 
adopted to replace the older diffused-well structure when CMOS technologies are 
scaled below about 0.5-J.Lm involves retrograde-well formation with high-energy 
ion-implant steps. 

5.1.1 Retrograde-Wells for Deep-Submicron CMOS 
The medium-energy implant steps used to introduce well-dopants into the 
substrate in the diffused-well approach (50-1 00-ke V), can be replaced with high­
energy-implant steps (300-keV to 1-Mev). Such high-energy implants cause the 
peak of the implant to be located considerably deeper within the silicon substrate 
(at roughly 1-J.Lm for the energies most frequently used in high-energy implant 
processes). Since the implant peak is now far beneath the silicon surface, the 
impurity concentration thus decreases as the doping profile approaches the wafer 
surface. Since the well-profile in this case is different from that of a conventional 
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Fig. 5·1 Doping profile in a conventional well formed by a shallow implant and drive-in step. 

diffused well (in which the doping concentration after drive-in is highest at the 
surface, and decreases monotonically with depth, as seen in Fig. 5-l), such 
deeply implanted wells are known as retrograde-wells.* Comparison of the 
doping profiles in conventional and implanted p-well profiles (obtained by 
simulation) is shown in Fig. 5-2.2•3 The retrograde-doping-profile is retained by 
minimizing the temperature-cycles of later process steps (e.g., by using RTP 
instead of furnace anneals). 

The retrograde-well approach to forming the twin-wen CMOS-structure has 
several major advantages over the diffused-well process: 

1. Much less lateral-dopant-spread occurs for a retrograde-well having the 
same junction depth as a diffused-well. This is because ion implantation is 
a more anisotropic dopant-distribution process than diffusion (i.e., the 
lateral-straggle for implant energies of 500-keV is only -0.7-,um). In 
addition, little additional diffusion occurs after the implant is performed, 
since only a short anneal at a relatively low-temperature is needed to 
activate the implant. Thus, the total lateral-dopant-spread barely exceeds 1-
,um after all thermal processing (compared to at least 2-,um for the same 
well-depth using a diffused-well process).2 Figure 5-3 depicts the doping 
concentration profile of a high-energy implanted p-well. In this example, 
the implanted p-well is formed by boron implantation at 400-keV. 

In addition, high-energy implanters can place dopant beneath a shallow-

* In order to avoid excessive spread of the active-device electrical parameters, the 
surface concentration after the retrograde implant should be at least five times smaller 
than its final value - which will be set by subsequently performed, shallower low-dose 
implants specifically designed for threshold and punchthrough control. 
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trench-isolation oxide or a LOCOS field oxide, alJowing the CMOS twin­
well structure to be implanted after the dielectric isolation features are 
formed. (In diffused-wells, the well-dopants must be implanted before the 
field-oxide, and driven-in either before - or during - the field-oxidation 
step). Thus, since the high-energy implanted wells are formed after the 
long, high-temperature cycle needed to grow the LOCOS field-oxide, 
lateral-spread of the well-dopants is further reduced. (A higher threshold 
voltage can also be achieved in the LOCOS field-regions of the p-wells if 
the boron implant is done folJowing field-oxidation, because the boron 
does not segregate out into the oxide during the field-oxide growth-step.l) 
Hence, the 7-9-Jlm n+-to-p+ spacing required for a twin-well 1.2-,um 
CMOS process which uses conventional wells, can be reduced to -5-,um if 
retrograde wells are used instead. Such overall reduced lateral-dopant­
diffusion permits higher circuit-packing-densities. 

2. By combining the high-energy-implant step with the other lower-energy 
MOSFET channel implants (VT-adjust and punchthrough stopper) and 
since minimal thermal diffusion occurs, control of dopant levels throughout 
the depth of the wen becomes possible with fewer tradeoffs (a task that has 
been dubbed "Well Engineering"). This permits optimization of such key 

PHOSPHORUS. DOSE :c: 3 6 X 1012 cm-2 

I /-----------------7 
I I 
I I n·TYPE DOPING 3.3 X 101

$ cm-3 

I I 
If 

02 

SILICON DEPTH !1-1m) 

Fig. 5·2 Simulated doping profiles in PMOS channel regions: dashed lines, lightly 

doped substrate; solid lines, retrograde n-well. 3 (© 1982 IEEE). 
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Fig. 5·3 Example of the doping profile of a retrograde p-weJl (boron) implant (400 keY). 

MOSFET performance characteristics as: device speed (carrier mobility 
and, SID capacitance), inter-device leakage-currents, VT-control, punch­
through suppression, parasitic-transistor effects, and soft-error and latch-up 
resistance. That is, low surface-doping levels increase mobility and de­

crease capacitance. Heavier doping below the surface (retrograde doping) 
suppresses minority carrier collection by decreasing depletion widths; thus 
reducing soft errors and latchup susceptibility. This degree of flexibility in 
optimizing device parameters is not possible with diffused-wells. 

Besides the primary benefits of increased packing-density and greater process 
flexibility, retrograde-wells offer the following secondary advantages:5 

1. A retarded electric field is created in the parasitic-vertical-bipolar­

transistor, thereby reducing its current gain. This affords some extra 
protection against latchup. 

2. Susceptibility to vertical-punchthrough is reduced without having to 

significantly raise the surface-doping-concentration. 

3. The conductivity in the bottom of the well is increased, which also 
provides additional resistance against latchup. 

4. The shallower well depth should also make the drain of the parasitic 
n+ -to-n-well (or p+ -to-p-well) parasitic-PETs shallower. This contributes 
to improvements in both the short-channel threshold-roll-off-effect and 

the in the punchthrough characteristics of these parasitic field-region 
devices (see Vol. 3, Chap. 6). 
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5. The formation of retrograde-wells with high-energy implants results in 
a reduced-doping-concentration under the bottom of the source and drain 
regions, which reduces the source/drain-to-body junction-capacitance. 

However, some concerns associated with the retrograde process should also be 
mentioned. First, the process requires a thick photoresist as a masking material 
for the high-energy implant. Typical resist thicknesses are 2.0-2.5-pm, and 
special exposure and development techniques are required for this process. 
Implant shadowing arising from the use of such thick resists must also be 
addressed. (We will address the challenges associated with the use of thick resists 
as high-energy-implant masks in more detail at the end of this section.) Questions 
have also been raised about the possibility that the high-energy implants could 
cause damage that may degrade device and circuit performance. 

5.1.2 Process Integration Issues Involving the Use of Retrograde Wells 
Advanced twin-well CMOS processes with both retrograde n- and p -wells (using 
short [-5 min] RTP well-drive-in steps), were reported for submicron applic­
ations as early as 1991.6 Further advances continued throughout the decade. 
Scaling CMOS to 0.5-pm and below reduces the well depths required to prevent 
vertical punchthrough and latchup. In turn, as device and isolation dimensions 
shrink with each device node, retrograde-well implant-energies for both DRAM 
and logic circuits are also gradually being reduced. However, the retrograde-well 
implants used for DRAM devices typically require higher doses than those used 
in logic devices (i.e., to achieve better minority-carrier suppression [soft-error 
rate]). This, in turn, requires a higher well-implant-energy (to avoid excessive 
dopant in the near-surface [channel] region). In addition, the well-depth and well­
dopant-concentration can be reduced if additional, lower-energy implants are 
precisely located with respect to the transistor structure (to suppress punch­
through of the MOSFET channels and enhance the field-isolation characteristics). 

The high-energy implant step used to form retrograde-wells in deep­
submicron-CMOS is typically performed together with the VT-adjust, 
punchthrough, and channel stop (isolation) implants. These implants are all done 
in the same implanter, without removing the wafers from the implant process 
chamber in between (unless channel engineering implants [that use high wafer­
tilt-angle for precision dopant placement] are required - see Sect. 5.4). Such a 
"chained" implant sequence is performed by doing the highest-energy implant 
first, with the lowest-energy implant being done last. This ensures that no ions 
traverse the end-of-range (EOR) damage of a previous implant. Note that because 
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of economic requirements for high equipment utilization, this sequence must be 
carried out in an implanter that has the capability of doing not only high-energy 
implants (e.g., up to about 1-MeV for the retrograde n-well implant), but also 
lower-energy boron implants (down to about 10-keV, for the NMOS Vradjust 
implant). 

An example of a "chained implant" retrograde twin-well CMOS process is 
given in Ref. 7. Here, a retrograde n-well is formed by a 600-keV, 3xi013 cm-2 
phosphorus implant. Then, a second phosphorus implant (150-keV, 4xi012 cm-2) 
is used to obtain both punchthrough prevention and intra-field isolation (channel 
stop), and a third phosphorus implant (70-keV, 6xl012 cm-2) sets the threshold 
voltage. In an identical manner, three selective boron implants are placed in the 
p-well region. The retrograde p-well implant is boron at 300-keV, 3xl013 cm-2. 
Then a punchthrough/channel-stop-implant at 150-ke V, 4x 101 2 cm·2 and a 
threshold-adjust-implant at 30-keV, 5.5x1QlZ cm·2 are added. The process 
displays very good inter-well isolation characteristics, which allows a minimum 
p+-to-n+ spacing 40% lower than the same process without retrograde wells. It 
also achieves very good intra-well isolation, allowing n+-to-n+ (and p+-to-p+) 

device separation of 0.5-,um, without an additional channel-stop implant. 
From a manufacturing perspective, the well-formation sequence thus appears 

to be a single implant step, reducing manufacturing complexity and cost. Figure 
5-4 compares an advanced diffused-well process with a high-energy implanted 
process up to gate oxidation, showing the process simplification possible with 
"well-engineering." Eliminating process steps has other benefits besides reducing 
cycle time. These include a reduction in work-in-progress (WIP) inventory, less 
wafer handling, and fewer defects. 

The cycle-time and cost savings obtained from such a "chained-implant" 
sequence was assessed by SEMATECH. They sponsored a comparison of a 
baseline diffused-well process with a high-energy retrograde-well process at two 
different chip manufacturers. The high-energy processes were engineered to 
achieve minimum cycle-time and maximum cost savings, while maintaining the 
same basic device and circuit parametric data (and thus were identical to the 
baseline processes after gate-oxidation). Significant improvements in cycle-time, 
cost, and device-performance were achieved by both companies. 

By chaining these implants, the doping-profile in the well-regions of the 
MOSFETs has a modulated characteristic as depicted in Fig. 5-5 (where the term 
"modulated" means that the doping-concentration-profile has several maxima 
and minima).? The incorporation of such multiple implants to form a modulated 
well has become a firmly established processing approach in chip production. 
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Field Oxide 

a) b) 

Fig. 5·4 Fabrication sequences for: a) conventional-diffused-well and; b) high-energy­
implanted-well processes. 

Another issue of using high-energy implants to introduce the well and 
isolation dopants involves implant shadowing. That is, as shown in Fig. 5-6a, 
thick photoresist films must be used as masks against the high-energy implant 
(e.g., 2.0-2.5 f.J.m thick). The doping asymmetry resulting from high energy 
implants with a small (7°) tilt angle can have significant effects on retrograde 
well structures and inter-well isolation. Figure 5-7 depicts the simulated doping 
profiles from a I MeV phosphorus implant with a 7° tilt.8 The simulation 
accounted for the fact that opposite comers of the photoresist will wear down and 
carbonize differently because of the asymmetry in the incoming ion beam. As the 
sidewall shape of the photoresist changes with time, this will affect the implanted 
profile in the silicon. The doping profiles in Fig. 5-7 clearly show a bulge of 
lightly doped material on the shadow side of the profile. More seriously, on the 
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Fig. 5·5 Modulated n-well structure for advanced devices, showing the functions of each 

implant.7 

incoming side, a channel doped to 20% of the peak-concentration extends from 
the projected range up to the surface. Doping variations such as these can 
adversely affect the mobilities and junction-capacitances of the resulting devices. 
This will also make it harder to maintain adequate isolation structures as isolation 
widths scale below 400-nm. These problems can be mitigated by reducing the 
tilt-angle to the 2-4° range, using 0°-tilt. However, using 0°-tilt-implants is not 
always possible, due to channeling effects (which are severe at high energies). 

An alternative solution to the implant shadowing problem during high-energy 

0oMX100% 
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I 
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Fig. 5-6 The geometric effects of ion implantation into a narrow active region: a) low-tilt­
angle shadowing and well misalignment; b) low-tilt quad implant provides both lateral 

and vertical (no channeling) uniformity. 
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Fig, 5-7 Normalized doping profile of 1 MeV phosphorus implantation. a) On the shadow 
side (a) a lowly doped bulge is found (according to Monte Carlo simulation). b) On the 
incoming side, Monte Carlo simulation shows a trunk. 8 

7°-tilt implants is to reposition the wafers part-way through the implant process. 
If the wafers are repositioned four times, and 25% of the total dose is implanted 
with the wafer in each position (quad implant), all the areas of the exposed 
silicon surface will receive the same implant dose, eliminating the implant­
shadowing problem (Fig. 5-6b). That is, well profiles are symmetric, both 
laterally and vertically, and shadowing effects near the surface are compensated. 

A high-energy batch-implanter capable of performing low-tilt quad-implants 
without unloading the wafers from the disk addresses the isolation scaling 
problem with high productivity. Since it is not practical to scan a high-energy ion 
beam, implanters with fixed beams and batch end-stations using simultaneous 
disk spinning and scanning is the method-of-choice for process uniformity. The 
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Fig. 5-8 In situ quad implants can be run on a batch end-station with orthogonal tilt axes 
(designated a and~). 

quad-implant capability is achieved with a disk chamber as shown in Fig. 5-8.9 
Here the disk can be independently tilted in two orthogonal directions. Such 
batch high-energy implanters are sold by Axcelis Corp. Single-wafer high-energy 
implanters are also commercially available. A model offered by Applied 
Materials also permits tilting the wafer and repositioning it several times during 
an implant step. Higher tilt-angle control is claimed for such single-wafer high­
energy implanters compared to the batch types.IO 

5.2 SUPERSTEEP RETROGRADE (SSR) CHANNEL DOPING PROFILES 
The appropriate choice of substrate doping and engineering of doped layers 
under the gate are critical to optimum performance of deep-submicron MOSFETs 
(with respect to drain-to-source punchthrough, threshold voltage, and channel 
mobility). Specifically, the doping-density in the region between the source and 
drain must increase as the gate-length is reduced to prevent punchthrough. As 
shown in Fig. 5-9, the mean channel-doping-density needed to control punch­
through when gate lengths scale below about 0.13-.um begins to exceed 
5xl017fcm3. However, to avoid reduction of carrier mobility in the channel, the 
doping at the surface must be kept below 5xJ017;cm3 to obtain the universal 
mobility curve.ll To allow the surface concentration to be kept below this value, 
and still have a mean doping concentration in the channel above this number, a 
vertical retrograde doping concentration profile is needed in the channel region. 
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Fig. 5-9 Doping density required for punchthrough control.11 

Assume that a lighter doped surface layer with a concentration of lxto17Jcm3 

exists down to a depth X1 (taken to be approximately 1/2 of the source/drain 

junction depth Xj), and that at that depth the doping abruptly changes to the value 
needed for the heavily doped punchthrough-control layer. Figure 5-l 0 shows the 

scaling required for X1 at each technology generation. Because the transition in 

doping concentration from the lighter doped region near the surface to the heav­
ily doped punchthrough-control region below must occur over such a short dis­

tance, the gradient in the doping concentration must be very steep. Hence, such a 

doping concentration profile is termed a super-steep retrograde (SSR) profile. 

Using X
1 
.. X j2 

250 180 130 100 70 50 

Technology Generation (nm) 

Fig. 5·10 Typical thickness of lighter-doped layer and total number of impurity atoms for 
J017/cm3 surface doping density_! I 
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The formation of SSR channel-doping-profiles for technology nodes from 
0.18-,um down to about 0.1-,um is done using ion implantation (in place of the 
conventional Vradjust implant step). In these implant processes, however, 
higher-mass dopants are substituted for the dopants typically used to carry out the 
V1 adjust implants. That is, indium (In) is used instead of boron (B) for the 
NMOS devices, and either arsenic (As) or antimony (Sb) replace phosphorus (P) 
in PMOS devices. Heavier implant species provide steeper as-implanted profiles 
(due to their smaller straggle), and the heavier ions have reduced diffusivity 
(keeping the as-implanted profile from spreading out during subsequent thermal 
processes). Thus, well-profiles implanted with In and As (using implant energies 
in the 100-200-keV range) can be fabricated with sufficiently low doping 
( -5x I016fcm3) at the gate-oxide interface, and a higher peak doping level 
( -lx I018fcm3) 80-nm below the gate oxide. (Note that peak doping 
concentrations of indium cannot be made higher than about I018fcm3 because of 
the solubility limit of indium atoms in silicon.) 

Figure 5-lla shows indium doping-profiles for various annealing 
temperatures, up to 1000°C.l2 It is evident that little change occurs in the as­
implanted indium doping profile for annealing temperatures up to 1 000°C, 
making it a promising candidate for forming SSR channel-doping-profiles. 
Indium implants for retrograde-channels in NMOSFETs have been reported in 
some cases to improve subthreshold-slopes relative to conventional boron 
implanted-channels, 12,13 while in another case it was found to have degraded the 
subthreshold-slope.14 It is generally agreed that SSR doping-profiles are effective 
at reducing short-channel-effects and drain-induced-barrier-lowering, but it is not 
equally certain whether this translates into overall improvement in device 
performance (as this also depends on many other variables, including gate-oxide­
thickness, gate-length, and junction-doping). Figures 5-Ilb and llc, respectively, 
show the vertical concentration-doping-profile for an SSR and a conventional 
process for PMOSFETs (Sb for SSR, and P for the conventional process), and 
NMOSFETs (indium for SSR, and boron for the conventional process).lS 

The use of SSR channel-doping-profiles is entering some mainstream process 
flows, despite disagreements over their advantages compared to conventional 
channel-profiles. In late 1999, the successful fabrication of 100-nm-gate-length 
devices was reported. They were built using SSR channel-profiles, source/drain­
extensions, and deep source/drain-regions for contact. A 1 00-nm-process yielded 
devices with 1.04-mA/,um (NMOS) and 0.46 -mAJ,um (PMOS) on-currents at 1 .5 
V with 3-nA/,um off-current. This process uses indium and arsenic as the implant 
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Fig. 5·11 a) SIMS data of indium proftles over a large range of annealing temperatures. 
Conventional and retrograde doping profiles (simulated) for b) NMOS and c) PMOS .12 

species for the SSR-channel-doping-profiles, low-energy boron and arsenic 
source/drain-extensions, and high-angle pocket-implants.l6 

The source for indium ions in implant processes is InCl3, a solid material at 
room temperature. The production of ion beams from solid InCI3 presents some 
special challenges for ion implanters. First, InCI3 is hygroscopic (i.e., it readily 
absorbs moisture), and thus may require excessive outgassing if not handled 
properly outside of the ion-source vaporiser. In addition, although InCl3 is a 
solid, it has a low melting-point. Thus, indirect heating from a second vaporiser 
in the ion-source may cause unintentional vaporization. Both of these effects can 
lead to premature loss of the source charge, as well as the problem of indium 
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coating in and around the source area. Finally, even during normal operation, 
indium tends to drift down the beamline, covering the beamline components. 
This creates a risk of cross-contamination, since the indium atoms can be dis­
lodged from these surfaces if they are struck by ion beams of other species. 

Two ion-implanter features can adequately suppress such effects. First, active 
cooling in the source eliminates indirect heating, decreasing indium-loss and 
excess beamline-coating. Second, an electrostatic (or other) filtering element near 
the end-station greatly reduces the magnitude of such cross-contamination, 
allowing all species to be run on a single implanter. The latest generations of 
single-wafer, medium-current-implanters incorporate such features.17 

5.2.1 Fabricating SSR Profiles for Sub-0.1 11111 MOSFETs 
When gate-lengths scale below 0.1-J.Lm, it probably will no longer be possible to 

create SSR channel-doping-profiles using ion implantation (even if In and As are 
used as the implanted species). For example, if a lightly-doped surface-layer is 
established for a 50-om-generation MOSFET (with a doping concentration of 
lx1Q17fcm3), the heavily-doped punchthrough-controllayer (IQ19fcm3) will have 

begin at a depth of just 7 -nm beneath the silicon surface. Since the width of the 
surface-inversion-layer is typically thinner than 7-nm, the channel electrons will 

still be located primarily in the lightly-doped surface-region. However, thin 
surface-layers with such an abrupt doping-concentration-increase cannot be 
fabricated with ion implantation (and its ancillary annealing processes). Other 
doping techniques, such as low-temperature selective-epitaxy (of perhaps Si-Ge 
layers 19) will likely be needed for 50-nm and beyond MOSFETs. * 

5.3 SOURCE/DRAIN ENGINEERING IN DEEP·SUBMICRON CMOS 
In deep-submicron MOSFETs. the typical source/drain contact-structures consist 

of two regions: 1) A shallow source/drain-extension-region (SDE), with a 
junction-depth Xj; and 2) A deeper contact-source/drain-region, with a junction­
depth Xjc· As also described in Chap. 1, when MOSFETs were first designed 
with such two-region source/drain-structures,, the first-region had lighter doping 
than the second-region (and it was in fact called a lightly-doped drain (LDD) re-

* Figure 5-10 also shows a graph of NT (the total number of impurity atoms in the lightly 
doped layer) versus technology generation. For 50-nm and below, this value approaches a 
smaii number ( < 10), so that for cases where the doping density is important to device 
operation, any device parameter depending strongly on NT will show large statistical 
fluctuations from device-to-device. If all parameters depend only very weakly on NT then 
the layer may as well be undoped, 18 so that V T-control relates to the positioning of the 
step (i.e., the increase in doping) and the doping in the heavily doped layer. 

UMC 1334
UMC v. AICP



196 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV 

gion. This region was added to the single-region MOSFET drain-structures at 
about the time when MOSFETs were scaled below 1.5-J.Lm. Its function was to 
reduce the peak electric-field (and thus hot-electron-injection) near the drain-end 
of the channel. However, as MOSFETs gate-lengths were scaled to the deep­
submicron regime, the power-supply voltages also had to be reduced, and this 
resulted in a significant decrease in the peak e.Iectric-field near the drain. Hence, 
the LDD region was no longer needed to suppress hot-carrier-injection effects. 

However, in deep-submicron MOSFETs the SDE-region remains a part of the 
drain structure. But, its role now is to reduce short-channel-effects. The drain 
contact-region is· required to accommodate the thickness of the salicide contact­
layer and minimize junction-leakage. Nevertheless, the junction depth Xjc of the 
contact-region should not be larger than that needed to meet these conditions. 
That is, the greater the junction-depth, the larger must be the width of the 
sidewall-spacer. This, in turn, will result in a longer SDE-region (which increases 
the value of the parasitic SDE-resistance, RsDJY· In Sect 5.3.1.3, we will see that 
to enable a MOSFET to deliver improved performance as the gate length is 
scaled, it is critical that the source/drain contact design should minimize both the 
parasitic series-resistance-effects and the salicide-substrate contact-resistance. In 
addition, to ensure that short-channel-effects are effectively controlled as the 
MOSFET is scaled, both Xj and Xjc will also have to appropriately scaled,. 

Figure 5-12 shows the depths of the source/drain-region junctions and 
undoped channel-region as MOSFETs are scaled below 200-nm (where LL is the 
lithographically-drawn gate-length), as taken from the ITRS 1999 study.20 The 
design rules used in ITRS 2001 to calculate these same values have been relaxed 
slightly from those in the 1999 study: 1) the source/drain-contact junction-depth 
is 1.1 LL (±33%), compared to 0.8 LL; 2) the source/drain-extension junction­
depth is 0.55 LL (±25%), compared to 0.4 LL; and 3) the undoped region near the 
Si!gate-oxide interface in a super-steep retrograde doped channel (SSR) is 0.3 LL 
(±25%), compared to 0.2 LL. Creating and maintaining these ultra-shaJlow 
junctions remains a fundamental challenge for doping and metrology techniques. 

In this section we will discuss two subjects related to the formation of the 
source/drain-structure in deep-submicron MOSFETs, namely: 1) the issues 
involved in keeping the value of the resistance of the drain region Rs (which is 
the sum of the parasitic resistance components and contact resistance), to a value 
that is sufficiently low to meet the requirements of scaled-MOSFET device­
design, and 2) the process technology needed to form shallow SDE-junctions. 
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Fig. 5·12 Source/drain junction and undoped-channel depths for planar CMOS on bulk-Si. 

5.3.1 Resistance of Deep-Submicron Source/Drains 
In the planar MOSFET, the device-region in which transistor-action occurs is the 
channel under the gate. The current coming from the metal-interconnect lines 
must flow frorn the metal-Si-contact to the edge of the channel through the 
source or drain regions (Fig. 5-13). In the MOSFET, current enters the contact 
perpendicular to the wafer-surface, and then travels parallel to the surface in 
order to reach the channel. The total parasitic series-resistance, Rs, of the current 
path from the contact to the edge of the channel of a single-region drain (i.e., one 

(0) 

(b) Rsh 

Fig. 5-13 Schematic drawing showing: a) current paths within the source and drain 
regions, of a planar MOSFET and; b) their corresponding representative series resistance 

components.21 (© 1987 IEEE). 
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that does not have an LDD or a SDE) can be modeled by the sum of four 
components;21 

(5.1) 

where Reo is the contact resistance between the metal and the source/drain 
region, Rsh is the sheet resistance of the bulk region of the source and drain, Rsp 
describes the resistance of the current lines crowding near the channel end of the 

source, and Rae is the accumulation-layer resistance. 
If the MOSFET drain has an SDE, the R5h component of Rs can be replaced 

by RsDE• as indicated in Fig. 5-14, so that Rs is now given by: 

(5.2) 

In any case, the value of Rs must be viewed from the perspective of how it 
affects the performance of a MOSFET. Specifically, its value must be compared 
to that of the channel-resistance Rsat of the MOSFET in its ON state: 

Rsat = V ooflosat (5.3) 

When the external resistance of the source + drain regions is equal to 
approximately 10% of the value of Rsat• the saturation-drain-current Iosat is 
reduced by about 8%. In most MOSFET design approaches, the goal is to keep 
Iosat from being reduced by no more than 10% due to such series-resistance of 
the source and drain regions. Thus, it is useful to analyze the components of R5, 

so that it can be understood what factors can be adjusted to keep the value of Rs 
to the value which will meet the Iosat-degradation design goal. 

Metal 
Gate Spacer 

Body 

Fig. 5-14 Schematic drawing of the components of source or drain resistance in a deep­
submicron MOSFET. 
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For future scaling, the value of Rsat (actually RsatW, normalized per unit 
device width) is given by: 

RsatW = Yootoxi(0.47vsatEox [Voo- VT]) = toxl(0.376vsatEox) (5.4) 

Equation 5-4 indicates that since t0 x will continue to be made smaller as 
MOSFETs are scaled, the value of RsatW will also decrease as the devices are 
scaled. This implies that the value of Rs will also have to be made lower with 
each technology node. Before we examine in detail the implications of a 
decreasing Rsat (and therefore also a decreasing Rs), we first need to give a more 
thorough discussion of the physical meaning of the parasitic resistance 
components of the drain contact region, namely Rae• Rsp• and RsoE· 

5.3.1.1 Physical Meaning ol Rae• Rsp• and Rs oE: Let us discuss the physical 
origins of the three parasitic resistance components of the drain/source-regions, 
with respect to deep-submicron NMOSFET structures. Figure 5-15 depicts the 
doping gradient of an n+-p junction at the source (or drain) end of an NMOSFET. 
The dotted lines indicate contours of constant doping concentration. We define 
the end of the MOSFET channel as the location where the metallurgical junction 
occurs (i.e., where N0 == NA at the surface). When the MOSFET is turned ON, an 
inversion layer is induced along the length of the channel (i.e., in the substrate­
region - where for this NMOSFET the doping is p-type). However, because the 
gate is an equipotential region, the positive bias needed to turn the MOSFET ON, 
will have a different effect on the silicon region under the gate if it is doped n­
type. That is, in the region where the drain doping overlaps under the gate edge, 
an accumulation-layer (instead of an inversion-layer) is formed (dark region in 
Fig. 5-15). 

The length of the accumulation-region is determined by the point where the 
induced (accumulated) carrier-concentration at the surface equals the background 
doping level. For example, a typical bias induces -1019/cm3 carriers in the ac­
cumulation layer while the maximum doping level in the source/drain region is in 
the JQ20_1021;cm3 range. Therefore, the accumulation-layer has a more negli­
gible effect in the more heavily doped region of the drain (i.e., further away from 
the channel edge). Nevertheless, there is still a component of resistance due to 
the resistance of the accumulation-layer in series with the channel-ON-resistance, 
and this component is referred to as the accumulation-resistance, Rae· Both the 
accumulation-layer and the inversion-layer have about the same thickness (which 
is given by Xc,and to which we will refer again in the discussion on Rsp). In any 
case, for deep-submicron MOSFETs, the length of the accumulation-layer is so 
short, that Rae does not play a significant role in causing the value of Rs to 
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JUNCTION 

Fig. 5-15 Details of structures near the vicinity of the channel end. The dotted lines are 

contours of constant concentration. Dark region represents the accumulation layer.21 (© 

1987 IEEE). 

rise as the devices are scaled. Hence, we will not consider this component any 

further in discussing the problem of the increase in Rs as the MOSFET is scaled. 
Let us consider Rsp next, as this parasitic resistance component does play a 

role in the increase of Rs as the devices are scaled in the deep-sub micron regime. 
Qualitatively, for a non-abrupt junction (i.e., where the doping contours are 
spaced over some finite distance, as depicted in Fig. 5-15), Rsp arises because 
after leaving the channel, the current does not immediately spread into the bulk 

of the source-drain regions (where the resistance effect is given by Rsoi'· 
Instead, the carriers leave the accumulation layer and spread out as they move 
from the thin accumulation layer into the (laterally) uniformly-doped SDE-region 
of the source or drain SDE (Fig. 5-16). 22 This resistance component is called the 

spreading resistance, Rsp· 
An analytical approximation for calculating the value of Rsp is given by: 

Rsp ~ (2p/rtW) In <PXj/Xc) (5.5) 

where p is the resistivity of the SDE-region, and Xc is the inversion-/ 
accumulation-layer thickness, and p is a constant that varies from 0.37 to 0.9 
(depending on the method of derivation). For the purpose of this discussion, an 
intermediate value of0.58 will be used.21 

The value of the series-resistance component RsoE of the SDE-region as 
shown in Fig. 5-14 can be estimated from (i.e., R = pl/A): 
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Resistivity PJ 

Fig. 5·16 Schematic diagram showing the resistance component associated with the 
injection region where the current spreads from a thin surface layer into a uniformly 
doped source or drain region. 22 (© 1983 IEEE) 

(5.6} 

Without resorting to a two-dimensional analysis to calculate the length of the 

SDE region lsDE• a reasonable estimate of its value is LL/2 (where LL is the 

lithographically drawn gate-length). Thus, since xj - 0.55 LL (as described in the 
introduction of this section), with scaling the ratio of lsoE to the SDE junction­

depth Xj will remain approximately 1.2. 

The sum of Rsp and RsoE will give the value of the parasitic series resistance 
component of the SDE region of the drain contact structure. That is, when Eq. 

5.5 and 5.6 are added together we get: 

(Rsp + RsowW = p CZsoEIXj) [1 + (2Xlrt Lsow In (~Xj/Xc)] (5.7) 

From Eq. 5-7 it can be seen that, in effect, Rsp multiplies the resistance of the 

SDE region by the quantity given in the brackets of Eq. 5-7. This quantity is 

expected to range from a factor of 2.09 at the 250-nm generation to about 1.48 at 

the 50-nm generation, which indicates the Rsp plays a significant role in the 

parasitic resistance of deep-submicron MOSFETs, and it would be beneficial if 
methods could be developed that could reduce its value. 

5.3.1.2 Comparing the Resistance of the SDE Region (R5p + RsoEl to Rsa1: With 

the equations derived in Sect. 5.3.1.1 it becomes possible to estimate the values 

of (Rsp + RsoE) that will be required for MOSFETs scaled down to 50-nm. (Note 

that this analysis was adapted from Ref. 23.) The center curve of Fig. 5-17 shows 

the calculated values of the channel resistance RsatW (in n-cm) of MOSFETs 
from the 0.25-,um (250-nm) node down to the 50-nm node. The upper and lower 

curves show what the value of 20(Rsp + RsoE)W would be if the SDE region had 
sheet resistance values of 500-.Q/sq and 1000-Q/sq, respectively. Note that 
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o Calculated Values 

1.7'1019/cm:l 

• • • • • · • • • • • • • Uniformly Doped Extension 

250 180 130 100 70 50 

Technology Generation (nm) 

Fig. 5·17 Allowed values of drain (or source) extension resistance considering both bulk 

extension resistance RsnE and extension spreading resistance R5P.23 

values are shown for n-channel devices, p-channel devices would be about 20% 
higher. In addition, 20(R5 p + Rs0 i)W is used because the source and drain 
contact regions each contribute to the resistance in series with RsatW. 

The data in Fig. 5-17 indicates that the sheet resistance values of (Rsp + RsoE) 
will need to be about 650-ntsq for 250-nm MOSFETs and about 900-ntsq for 
50-nm MOSFETs if the value of 20(Rsp + Rs 0 i)W needed to limit the 
degradation in Iosat to 8-10% is to be achieved. However, since the junction­
depths of the SDE-regions decrease as the gate-lengths are reduced, in order to 
keep the sheet-resistance-values in the 650-900-Wsq range, the average doping­
densities in the SDE-regions will have to be increased. As shown in Fig. 5-17, 
the peak values of doping will have to exceed I019Jcm3 (e.g., for the 50-nm node, 
the peak doping will have be 5.5xt019Jcm3). 

By 2001 it was determined that junctions whose depth was 35-nm could be 
fabricated with 0.5-keV implants and spike-anneals, but that this was about as 
low as could be practically achieved (see Sect. 5.3.3). Thus, for 0.1-pm 
technologies, it will be possible to fabricate SDE-regions with adequately 
shaUow junctions and sufficiently low-values of sheet-resistance. However, it is 
not clear if it will be possible to do this for 50-nm devices, since the junction­
depth will have to decreased to about 20-25-nm, and this will mean that the sheet 
resistance will have to be significantly increased above 350-Wsq. 

Also note that the model for Rsp given by Eq. 5-5 does not include the effect 
of the steepness of the lateral-doping-concentration-gradient of the SDE-implant. 
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