—

-

Semiconductor
Measurements & |

Instrumentatlon

EEEEEEEEEEEE

W.R. RUNYAN ano T.J. SHAFFNER

-~ I




Semiconductor
Measurements
and Instrumentation

W. R. Runyan
and
T. J. Shaffner

Second Edition

McGraw-Hill

New York San Francisco Washington, D.C. Auckland Bogota
Caracas Lisbon London Madrid MexicoCity Milan
Montreal New Delhi San Juan Singapore

Sydney Tokyo Toronto



Library of Congress Cataloging-in-Publication Data
Runyan, W. R.
Semiconductor measurements and instrumentation / W.R. Runyan and T.J.
Shaffner.—2nd ed.
p. cm.
Includes index.
ISBN 0-07-057697-1
1. Semiconductors. 2. Physical measurements. 1. Shaffner, T.J.
II. Title.
QC611.24.R86 1997
621.3815'2'0287--dc21 97-26081

cIP
McGraw-Hill

A Division of The McGraw-Hill Companies

%

Copyright © 1998 by The McGraw-Hill Companies, Inc.; 1975 by
Texas Instruments, Inc. All rights reserved. Printed in the United
States of America. Except as permitted under the United States
Copyright Act of 1976, no part of this publication may be reproduced or
distributed in any form or by any means, or stored in a data base or
retrieval system, without the prior written permission of the publisher.

1234567890 FGRFGR 90210987

ISBN 0-07-057697-1

The sponsoring editor for this book was Steve Chapman, the editing
supervisor was Donna King, and the production supervisor was
Sherri Souffrance.

Printed and bound by Quebecor | Fairfield.

This book is printed on recycled, acid-free paper containing
a minimum of 50% recycled, de-inked fiber.

McGraw-Hill books are available at special quantity discounts to use
as premiums and sales promotions, or for use in corporate training
programs. For more information, please write to the Director of Special
Sales, McGraw-Hill, 11 West 19th Street, New York, NY 10011. Or
contact your local bookstore.

Information contained in this work has been obtained by The Mc-
Graw-Hill Companies, Inc. (“McGraw-Hill”) from sources believed
to be reliable. It is distributed on an “as-is” basis without warranty.
Neither the author nor McGraw-Hill shall have any liability to
customer or any other person or entity with respect to any liability,
loss, or damage caused or alleged to be caused directly or indirectly
by the use of any of the instruments, chemicals, or techniques de-
scribed herein. This includes, but is not limited to, interruption of
service, loss of data, loss of business, residence, or anticipatory
profits, or consequential damages from the use of the hardware
design and/or the provided computer programs. This work is pub-
lished with the understanding that McGraw-Hill and its authors
are supplying information but are not attempting to render engi-
neering or other professional services. If such services are re-
quired, the assistance of an appropriate professional should be
sought.




Semiconductor
Measurements
and Instrumentation



Other Reference Books of Interest by McGraw-Hill

Handbooks

COOMBS ¢ Electronic Instrument Handbook

COOMBS -+ Printed Circuits Handbook

CHRISTIANSEN ¢ Electronics Engineers’ Handbook, 4 /e
JURAN AND GRYNA * Juran’s Quality Control Handbook
WAYNANT ¢ Electro-Optics Handbook

Other

HECHT ¢ The Laser Guidebook

SHEPHERD ¢ Integrated Circuit Design, Fabrication
SMITH * Thin-Film Deposition

SZE * VLSI Technology

VAN ZANT * Microchip Fabrication, 3/e

To order or receive additional information on these or any
other McGraw-Hill titles, in the United States please

call 1-800-722-4726 or visit us at www.ee.mcgraw-hill.com.
In other countries, contact your local McGraw-Hill
representative.



Acknowledgments

During the revision of this book, we were aided by discussions with
many of our colleagues and acquaintances, in particular, members of
the Metrology and Advanced Characterization Branch of the Compo-
nents and Materials Research Center (Peijun Chen, Marvin Cowens,
Monte Douglas, Walter Duncan, Hal Edwards, Michael Gribelyuk, Joe
Keenan, Hung-Yu Liu, Lissa Magel, Tom Moore, and Hun-Lian Tsai),
Kenneth E. Bean (retired) and Fred Meyer (now with MEMC South-
west) of Texas Instruments Incorporated, and Howard Huff of SEMA-
TECH. We are also grateful to Dieter K. Schroder of Arizona State
University for his review of the manuscript, the staff of Progressive
Publishing Alternatives for their editing of the manuscript, and the
staff of the Research and Semiconductor libraries (Cheryl Helmer, Pam
Ingram, and Helen Manning) of Texas Instruments for their help in
locating references. Finally, we thank our wives, Delma Runyan and
Jan Shaffner, for both their direct assistance and their forbearance
during the lengthy process of preparing this second edition.

viii



Preface

Like the first edition, this one is devoted to material characterization
and measurement, and does not discuss device measurements except
when some material property can best be deduced by using a device
structure. Also, like the first edition, this volume is designed primarily
for the practicing engineer, although it should be quite useful to semi-
conductor manufacturing supervisors and to college or associates de-
gree students whose interests lie in the area of semiconductor technol-
ogy. In addition, those in general semiconductor management may find
the chapters devoted to large analytical instruments (Chaps. 10—15)
helpful when examining laboratory and wafer fab capital budgets.

In the 20 years since the first edition, two changes in the semicon-
ductor industry have substantially increased our dependence on mea-
suring techniques which are required to adequately characterize semi-
conductor materials. One of these changes was the shift in emphasis
from bipolar to MOS technology, and the other was the continuing move
to smaller and smaller geometries. Fortunately, there has also been a
steady stream of new analytical instruments and measuring tech-
niques introduced which greatly simplify the task of characterizing ma-
terial for the newer and more stringent demands of ultra large scale
integrated circuits (ULSI). The availability of inexpensive and compact
computing power has led to the incorporation of very sophisticated
mathematical analysis into most of the new instruments. While such
capability can ease the engineer’s interpretive tasks, it can also lead to
serious misinterpretation of data if the machine is used for an appli-
cation in which the computer algorithms do not apply. Therefore, an
understanding of how an instrument is programmed, as well as a
knowledge of the measurement principles involved is absolutely essen-
tial.

None of the newer analytical instrument developments have obviated
the need for the older basic measuring techniques, so most of the con-
tents of the first edition have been incorporated with updates into the
first nine chapters of the second edition. The remaining six chapters
are devoted to the more complicated analytical instruments which are
used today as workhorse tools for semiconductor characterization, and
include some not considered, or even invented, 20 years ago.
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Two other technological changes have affected the content of this
book in a major way. One has been the changing emphasis on specific
semiconductors, like the fading of germanium as a major transistor
material, the phenomenal rise in silicon usage, and the increasing em-
phasis on semiconductor optoelectronic devices and their required ma-
terials. The other change has been the exponential increase in semi-
conductor related articles and the widespread accessibility of computer
based literature search data bases. The first change has led to the re-
moval in this edition of most of the information specifically relating to
germanium, and the inclusion of more gallium arsenide information.
With the second change has come the realization that it is no longer
practical to include all relevant references in a tutorial treatment such
as this, since they could easily occupy a full volume of their own. With
the data bases and search routines already available through library
and World Wide Web resources, such an inclusion seems unnecessary.

Lists of symbols are included at the end of each chapter. Duplicate
symbols, but with different meanings, will be found from chapter to
chapter. The duplication arises because semiconductor technology has
embraced parts of many fields, such as chemistry, electrochemistry,
radiochemistry, physics, high-energy physics, electrical engineering,
and mechanical engineering. Each of these has developed its own time-
proven symbols, many of which overlap between disciplines, so it is not
surprising that semiconductor characterization encounters the same
redundancy. It appears that having a single table of symbols over such
diverse subject matter would be extraordinarily confusing. Hence, we
have grouped the symbols by technology field in individual lists at the
end of each chapter.
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Introduction

The values obtained when many of the measurements discussed in
later chapters are made may depend on the orientation of the crystal-
lographic face on which the measurements are made, and on the direc-
tion in which the applied stress (e.g., voltage, force) is applied. Because
of these dependencies, and because the outcome of many semiconductor
processes is dependent on wafer crystal orientation, considerable em-
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phasis must be placed on orientation. Some of the more common ori-
entation-sensitive properties are given in Table 1.1. Table 1.2 sum-
marizes orientation-dependent semiconductor processing steps that
may be encountered. In general, if a property is anything other than a
scalar, it will be orientation sensitive in most crystalline materials (1).
However, those properties described by a second-rank tensor, and this
includes almost all of the properties of common interest in the semi-
conductor industry (resistivity, thermal conductivity, and impurity
diffusivity), are independent of direction in cubic crystals (which en-
compasses the majority of the present commercially important semi-
conductors).

There are, however, some problems in trying to predict behavior a
priori. They arise when it is difficult to determine the defining equation
of the property (e.g., hardness or etch rate) or because an apparently
simple measurement of one property may in some subtle way involve
additional phenomena. Further, there may be physical constraints such
as very thin layers or very small diameter filaments under which a
crystal can no longer be considered as three dimensional. Under such
circumstances, properties normally isotropic may become orientation
dependent. It is this phenomenon which causes orientation differences
in the carrier mobility of silicon inversion layers.

Crystallography (2)

To help clarify the nomenclature used in discussing the orientation
methods in this chapter and the crystallographic defects in chapter 2,
a brief discussion of pertinent crystallography and crystallographic ter-
minology is given in this section.

Crystalline material is distinguishable by its atoms being arranged
in a periodic array. By repeatedly translating the unit cell, which may
contain one or more atoms, the periodic array can be reproduced. The
orientation of a crystal surface is described in terms of its relation to
the faces of that unit cell or to the cell axes (the crystallographic axes).
The determination of the cell size and shape and the location of atoms
within the cell is done by x-ray methods, and will have been done long
before any semiconducting material becomes commercially important.
Such data can be found in standard references, but for convenience, the
cell dimensions and crystal symmetry are given in Table 1.3 for some
of the more common semiconductors. The cubic diamond lattice (which
diamond, silicon, and germanium have) can be described as two inter-
penetrating face centered cubes displaced by V4 the unit cell dimension
a, along the x, y, and z directions as shown in Figure 1.1a. Figure 1.1b
shows an isometric view of the position of the atoms, while Figure 1.1c
shows the direction of the atomic bonds. The III-V compounds (e.g.,
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TABLE 1.1 Partial Listing of Directional Properties of Crystals

Tensor Form of
rank Property Symbol Relates relation Isotropic in
0 Density é Mass to volume A scalar toa | All classes
Heat capacity C Heat transferred scalar
to temperature
changes
1 Pyroelectric co- P, Electrical polar- A vector toa | None
efficient ization to tem- scalar
perature
change
2 Electrical con- Tk Current density
ductivity to applied field
Electrical mo- Kk Current density
bility to applied field
and number of
carriers
Thermal con- k; Heat transferred | A vector toa | All cubic
ductivity to temperature vector
gradient
Diffusion coef- D, Current density
ficient to concentration
gradient
Thermal ex- a;, Elongation to A scalar and
pansion temperature 2d-rank
change tensor
3 Piezoelectric dijx Polarization to A vector toa | None
coefficient applied stress 2d-rank
tensor
4 Elastic con- Ciint Stress to elonga- Two 2d-rank | None
stants tion tensors
Piezoresistance T Change of resis-
tivity to applied
stress
- Hardness Force to inden-
tion
- Breaking Stress to fracture
strength
— Chem etch Amount of mate-
rate (some rial removed to
etchants) time

Oxidation rate

Ton implant
depth

Crystal growth
rate

Amount of mate-
rial oxidized to
time

Ion penetration
depth to energy

Amount of crys-
tal grown to
time
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TABLE 1.2 Some Orientation-Sensitive Semiconductor
Processing Steps

Crystal growth from melt Wafer polishing (mechanical)
Crystal growth from vapor Ion implanting

Oxidation (for Si) Diffusion

Alloy contact formation Chemical etching

Scribe and break

gallium arsenide, indium arsenide, indium antimonide, gallium phos-
phide) have a zinc blende structure, which looks like the diamond lat-
tice except that the group III atoms occupy only the sites on one of the
interpenetrating cubes, while the group V atoms occupy the sites of the
other cube.

Plane indices

The various planes that pass through a crystal are described in terms
of the reciprocals of intercepts of that plane with the crystallographic
axes. In the case of cubic crystals the three axes are mutually perpen-
dicular and oriented parallel with the edges of the unit cell. The inter-
cept reciprocals are expressed as the smallest possible integers having
the same ratio, and for crystal systems with three axes, the indices for
a single plane are written as (hk{). These are referred to as Miller
indices, after William H. Miller, a nineteenth-century British miner-
alogist. Since the reciprocals of the intercepts of all planes are reduced
to ratios of the smallest possible integers, all parallel planes have the
same indices. For the hexagonal crystal system, in which there are
three coplanar axes as well as one perpendicular to the plane of the
first three, the indices are (hkif); h, k, and i are related through 2 +
k = —1i, so that again, only three indices are actually needed. To indi-
cate a hexagonal system, the terminology A%:¢ is often used. A complete

TABLE 1.3 Crystal Symmetry of Some Common Semiconductors

Cadmium sulfide Hexagonal a=4.1368A,c=6.7163 A

Gallium arsenide Cubic zinc blende a=b5.6534 A

Germanium Diamond a=5257A

Gray selenium Hexagonal a=436Ac=496A

Indium antimonide Zinc blende a=648A

Lead sulfide Cubic a=>59A

Silicon Diamond a = 5.43073 A

Silicon carbide Diamond; hexagonal a = 4.3596 A; a = 3.0806 A,
¢ = multiples of 2.52 A
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Figure 1.1 (a) View of diamond lattice showing position of two interpenetrating face cen-
tered cubes. (b) Isometric view of diamond lattice. (¢) Direction of atomic bonds in the
diamond lattice. (b) Adapted from R. G. W. Wyckoff, 1960. Crystal structures, New York:
Interscience Publishers. (¢) Adapted from J. Hornstra, 1958. J. Phys. Chem. Solids 5:
129-141.

family of planes, resulting from permuting a given set of indices (in-
cluding negative values) is denoted by braces; e.g., {111} represents the
eight planes (111), (111), (111), (111), (111), (111), (111), and (111). The
bar over an index number indicates a negative value.
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Crystallographic directions

Directions are vectors, and if the vector goes from zero to the point
x =a,y = b, z = ¢, then the direction coordinates are [abc]. The small-
est set of integers [hk{] having the ratio of a:b:c are referred to as crys-
tallographic directions, and like planes, all parallel directions have the
same indices. For the cubic system, an [hk{] direction is perpendicular
to an (hk{) plane. A complete family of directions is written as (hk{).

Relative position of planes

Examples of the position of various low-index planes in the cubic and
hexagonal systems are shown in Figure 1.2. Probably the easiest way
to visualize the positions of the various planes is by means of a model.
Figure 1.3 is a photograph and a pattern for a very convenient paper
model for cubic crystals. The pattern has been reduced for publication
and should be enlarged to simplify actual model construction. The
model shape is not a standard crystallographic form but rather is com-
prised solely of the complete sets of {100}, {110}, and {111} planes. Some-
times in older crystallographic literature a direction may be given, not

(1

(1210) o (0001)

Figure 1.2 Examples of low-index planes.



