
Microelectronics Processing 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ACS SYMPOSIUM SERIES 295 

Microelectronics Processing: 
Inorganic Materials 

Characterization 
Lawrence A. Casper, EDITOR 

Developed from a symposium sponsored by 
the Division of Industrial and Engineering Chemistry 

of the American Chemical Society 

American Chemical Society, Washington, DC 1986 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



Library of Congress Cataloging-in-Publication Data 
Microelectronics processing. 

(ACS symposium series, ISSN 0097 6156; 295) 
Includes bibliographies and indexes. 
1. M icroelectronics—Materials—Congresses. 
I. Casper, L. Α. II. American Chemical Society. 

Division of Industrial and Engineering Chemistry. 
III. Series. 
TK7874.M486 1986 621.3817 85 30648 
ISBN 0-8412-0934 0 

Copyright © 1986 
American Chemical Society 
All Rights Reserved. The appearance of the code at the bottom of the first page of each 
chapter in this volume indicates the copyright owner's consent that reprographic copies of the 
chapter may be made for personal or internal use or for the personal or internal use of specific 
clients. This consent is given on the condition, however, that the copier pay the stated per 
copy fee through the Copyright Clearance Center, Inc., 27 Congress Street, Salem, MA 01970, 
for copying beyond that permitted by Sections 107 or 108 of the U.S. Copyright Law. This 
consent does not extend to copying or transmission by any means—graphic or electronic for 
any other purpose, such as for general distribution, for advertising or promotional purposes, 
for creating a new collective work, for resale, or for information storage and retrieval systems. 
The copying fee for each chapter is indicated in the code at the bottom of the first page of the 
chapter. 
The citation of trade names and/or names of manufacturers in this publication is not to be 
construed as an endorsement or as approval by ACS of the commercial products or services 
referenced herein; nor should the mere reference herein to any drawing, specification, chemical 
process, or other data be regarded as a license or as a conveyance of any right or permission, 
to the holder, reader, or any other person or corporation, to manufacture, reproduce, use, or 
sell any patented invention or copyrighted work that may in any way be related thereto. 
Registered names, trademarks, etc., used in this publication, even without specific indication 
thereof, are not to be considered unprotected by law. 
PRINTED IN T H E UNITED STATES O F A M E R I C A 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



ACS Symposium Series 

M . Joan Comstock, Series Editor 

Advisory Board 
Harvey W. Blanch 
University of California—Berkeley 

Alan Elzerman 
Clemson University 

John W. Finley 
Nabisco Brands, Inc. 

Marye Anne Fox 
The University of Texas—Austin 

Martin L. Gorbaty 
Exxon Research and Engineering Co. 

Roland F. Hirsch 
U.S. Department of Energy 

Rudolph J . Marcus 
Consultant, Computers & 

Chemistry Research 

Vincent D. McGinniss 
Battelle Columbus Laboratories 

Donald E. Moreland 
USDA, Agricultural Research Service 

James C. Randall 
Exxon Chemical Company 

W. D. Shults 
Oak Ridge National Laboratory 

Geoffrey K. Smith 
Rohm & Haas Co. 

Charles S.Tuesday 
General Motors Research Laboratory 

Douglas B. Walters 
National Institute of 

Environmental Health 

C. Grant Willson 
IBM Research Department 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
in CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and
symposia; however, verbati
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

INTEGRATED CIRCUIT (IC) TECHNOLOGY has moved steadily toward 
increasing circuit density and improved performance during its brief history. 
These improvements have been achieved through the development of the 
microlithography process  which  permit  productio f device  with 
feature sizes of 1 μm. Submicromete
and production is expected later in this decade. 

This continuous reduction in size has been paralleled by advances in 
thin-film materials technology. In certain devices, materials structures that 
are only a few hundred nanometers in dimension are being used. Processing 
of semiconductor, conductor, and dielectric materials to such dimensions 
requires that the materials and processes be characterized to an extent 
unsurpassed in any other technology. Exceedingly small concentrations of 
impurity may result in significant degradation of the operating characteristics 
of the final products. Further, the economic viability of advanced IC 
production is directly linked to the achievement of high yield through the 
identification and elimination of yield inhibitors. 

The role of chemical analysis and materials characterization has become 
a central one in advanced IC fabrication. Starting materials, the raw 
semiconductor wafer, as well as each gas, liquid, and solid used in the 
processing sequence are coming under increasing scrutiny to assure the 
highest standards of purity. As a result, analytical methods for bulk 
chemicals and materials are often used at their lowest attainable detection 
limits, and techniques are being developed to meet new demands. 

Surface analytical tools have increased in use as device dimensions have 
decreased into the "near-surface" realm. High spatial resolution and high 
analytical sensitivity are basic requirements for the characterization of 
impurities and defects in near and submicrometer devices. Electron, ion, and 
photon beam techniques are widely employed to characterize IC fabrication 
at each processing step and to analyze failures as they occur in processing as 
well as in the field. 

The purpose of the symposium from which this book developed was to 
provide a forum for the discussion of advanced analytical techniques and 
their application to all aspects of IC processing. This task is rather large 
because nearly every major analytical technique finds application in some 
aspect of IC processing. The focus was narrowed by concentrating on the 

ix 
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inorganic side of analysis; the analysis of organics and polymers is yet 
another subject. 

Some important techniques are not discussed such as Rutherford 
backscatter and other accelerator techniques, whereas other topics overlap to 
a certain degree. Nevertheless, the chapters presented here provide a useful 
overview of current analytical practice and supplement material published in 
related books and in reports and proceedings that have been issued 
periodically by several technical societies. 

LAWRENCE A. CASPER 
Solid State Electronics Division 
Honeywell Inc. 
Plymouth, MN 55441 

July 1985 

x 
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1 
Analytical Approaches and Expert Systems 
in the Characterization of Microelectronic Devices 

D. E. Passoja1, Lawrence A. Casper2, and A. J. Scharman3 

1Linde Division, Union Carbide Corporation, Tarrytown, NY 10591 
2Solid State Electronics Division, Honeywell Inc., Plymouth, MN 55441 
3Central Scientific Laboratory

With further device miniaturization anticipated for 
microelectronics in the future, more stringent 
requirements will be placed on contaminants and 
impurities in the chemicals, materials and gases 
that are supplied to the industry. It is suggested 
that absolute determination of the role of a 
particular contaminant during device processing will 
be difficult. It is proposed that the present 
analytical "characterization" of a device is an 
image composed of texels - discrete picture elements 
- defined in a space of magnification and 
sensitivity. By viewing the microanalytical problem 
from a broader perspective based upon the geometric 
organization of the microscopic world, i t is also 
proposed that by the use of "expert systems", more 
structured analytical algorithms and some simple 
scaling laws i t should be possible to provide more 
efficient problem solving methods for the analyst. 

In the past 10 years the d r i v i n g f o r c e o f m i n i a t u r i z a t i o n i n the 
m i c r o e l e c t r o n i c s i n d u s t r y has r e s u l t e d i n a c o n s i s t e n t decrease i n 
the feature s i z e s o f i n t e g r a t e d c i r c u i t s . Commensurate with t h i s 
m i n i a t u r i z a t i o n there has been an incre a s e i n the complexity o f 
the technology base (Figures 1-3)• Whereas the e a r l y s o l i d s t a t e 
technology was based p r i m a r i l y on knowledge of systems and 
c i r c u i t s , m a t e r i a l s science and chemistry, had a s i g n i f i c a n t but 
l i m i t e d r o l e i n i t . With the advent o f the i n t e g r a t e d c i r c u i t , 
however, the technology base expanded and to i n c l u d e a broad range 
o f d i s c i p l i n e s t h a t i s now a continuum o f overlapping technologies 
merging to produce the f i n a l outcome: the i n t e g r a t e d c i r c u i t . 

In p r o g r e s s i n g from d i s c r e t e to i n t e g r a t e d devices a t the 
l e v e l s o f sma l l and medium s c a l e i n t e g r a t i o n , i t became necessary 
to i n c o r p o r a t e device p h y s i c s i n t o the technology base. As device 
s t r u c t u r e s were made p r o g r e s s i v e l y s m a l l e r , they behaved n e i t h e r 
as "bulk" three dimensional devices nor as s t r i c t two dimensional 
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2 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

Large Scale ^ 
Integrated Circuits 

Ver

Ultra Large Scale Integrated Circuits • 

Figure 1. Science and engineering d i s c i p l i n e s used i n the 
in t e g r a t e d c i r c u i t technology. 
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Figure 2. A p l o t showing a chronology o f minimum device 
f e a t u r e s i z e a c h i e v a b l e . 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 
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Figure 3. A p l o t showing the progress of i n c r e a s i n g device 
d e n s i t y . 
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4 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

devices. At these l e v e l s o f m i n i a t u r i z a t i o n , d e f e c t s and 
contaminants are not minor c o n s t i t u e n t s s i n c e f a i l u r e of only a 
small f r a c t i o n o f c i r c u i t s on the device l e v e l r e s u l t s i n a 
s u b s t a n t i a l decrease i n process y i e l d s . As m i n i a t u r i z a t i o n 
progresses f u r t h e r , d e f e c t s and contaminants w i l l become even more 
i n f l u e n t i a l on device y i e l d , performance and r e l i a b i l i t y . 

As the semiconductor i n d u s t r y progresses i n t o the l a t t e r p a r t 
o f t h i s decade, submicron technology w i l l become a r e a l i t y . Prom 
s c a l i n g laws we know t h a t t h i n f i l m s are not t h i n enough. For 
example i n metal-oxide-semiconductor (MOS) technology, gate oxides 
w i l l be 200 i n t h i c k n e s s or l e s s . Such l a y e r s should probably 
not be thought o f as t h i n f i l m s s i n c e they are more a c c u r a t e l y 
d e s c r i b e d as "surface r e g i o n " or using the terminology o f surface 
chemistry, " i n t e r p h a s e " r e g i o n . 

The high s e n s i t i v i t y o f VLSI technology to d e f e c t s and 
contamination has n e c e s s i t a t e d a s u b s t a n t i a l investment i n new 
processing technology. Contamination and defect c o n t r o l i s now a 
b a s i c requirement i n a l
new u l t r a - c l e a n technolog
m a t e r i a l s and chemicals  processe
which the wafers are exposed. 

At a more fundamental l e v e l , VLSI devices must be s t u d i e d to 
determine the complex r e l a t i o n s h i p s t h a t e x i s t between a device's 
s t r u c t u r e , composition and e l e c t r i c a l c h a r a c t e r i s t i c s . I t i s 
p r e s e n t l y uneconomic to achieve process c o n t r o l by determining the 
d e t a i l e d changes which occur i n a device's s t r u c t u r e and chemistry 
once processing begins. Process c o n t r o l i s u s u a l l y achieved 
i n s t e a d by monitoring c r i t i c a l parameters such as f i l m t h i ckness 
and e l e c t r i c a l c h a r a c t e r i s t i c s thereby e l i m i n a t i n g (or reworking) 
wafers t h a t are not i n the c o n t r o l range. 

The l a t i t u d e o f a process and the s e n s i t i v i t y of c e r t a i n 
designs to y i e l d l o s s e s a r e , i n p a r t , a d i r e c t r e f l e c t i o n of the 
e v o l u t i o n o f microscopic s t r u c t u r a l i m p e r f e c t i o n s t h a t develop 
d u r i n g p r o c e s s i n g . Such d e t a i l s as a d e f e c t ' s s c a l i n g behavior 
need to be s t u d i e d i n order t o determine the r e l a t i o n s h i p between 
t h e i r s p a t i a l e v o l u t i o n , formation mechanisms and frequency o f 
occurrence. This behavior i s q u i t e complex and w i l l c e r t a i n l y 
i n c l u d e more surface r e l a t e d i s s u e s as device dimensional s c a l i n g 
continues. I t would be expected t h a t a t some l e v e l of 
m i n i a t u r i z a t i o n the synergism between the accumulated process 
t r a n s i e n t s and randomness inherent a t the atomic l e v e l might 
represent a fundamental p h y s i c a l l i m i t a t i o n o f current technology 
and make f u r t h e r m i n i a t u r i z a t i o n d i f f i c u l t i f not i m p o s s i b l e . 

As surface s c i e n t i s t s , m a t e r i a l s c i e n t i s t s and chemists i t 
would be u s e f u l a t t h i s time t o step back and r e f l e c t on what 
impact f u r t h e r m i n i a t u r i z a t i o n w i l l have on us. Of p a r t i c u l a r 
i n t e r e s t to us i s the a n a l y s i s o f process performance and device 
y i e l d s u s i n g surface a n a l y s i s techniques. With f u r t h e r 
m i n i a t u r i z a t i o n w i l l i t be p o s s i b l e to make meaningful analyses on 
device f a i l u r e s i n an attempt to answer such questions as: why 
d i d t h i s device f a i l ? or w i l l i t soon be necessary to speak i n 
more general terms and develop answers i n terms of p r o b a b i l i t i e s . 
For example, i f one d i e i s c h a r a c t e r i z e d i n great d e t a i l should i t 
be considered as a unique observation or should i t be considered 
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1. PASSOJAETAL. Analytical Approaches and Expert Systems 5 

as p a r t o f an ensemble o f d i c e i n the process? I f the l a t t e r 
c o n s i d e r a t i o n i s the more appropriate one then the task o f 
c h a r a c t e r i z a t i o n i s to r e c o n s t r u c t a p r o b a b i l i t y d i s t r i b u t i o n ( f o r 
a s e t o f d i c e i n the process) from incompletely sampled data. 
This i s a f a m i l i a r problem which can be analyzed by usi n g the " 
maximum entropy method",(1-4) a technique used e x t e n s i v e l y 
elsewhere i n the f i e l d o f image a n a l y s i s . 

More s p e c i f i c a l l y , an important q u e s t i o n to be answered i s : 
i n f a i l u r e a n a l y s i s o f m i c r o e l e c t r o n i c devices what are the 
consequences o f m i n i a t u r i z a t i o n and what impact w i l l f u r t h e r 
m i n i a t u r i z a t i o n have on the way an a n a l y s i s i s performed? Simple 
questions such as - what technique should be used? and what i s a 
de f e c t , would I know one i f I saw one? appear to have answers a t 
one l e v e l o f m i n i a t u r i z a t i o n but a t another l e v e l the answers 
become more e l u s i v e and expensive to o b t a i n d i r e c t l y by d i r e c t 
m i c r o a n a l y t i c a l methods. 

As we look to the f u t u r e expansion o f t h i s technology base 
the a n a l y t i c a l problem  indeed look c h a l l e n g i n d
d i f f i c u l t . I t i s a n t i c i p a t e
the use o f machine i n t e l l i g e n c
problem s o l v i n g . We have assembled some necessary i n f o r m a t i o n 
t h a t we hope w i l l f o s t e r f u t u r e developments i n t h i s important 
a r e a . 

Problem S o l v i n g - A Look a t Expert Systems 

In the l a s t 15 years or so, s e v e r a l research groups working i n 
a r t i f i c i a l i n t e l l i g e n c e (AI) have been a b l e to make some formal 
statements concerning problem s o l v i n g . These methods have been 
used to develop some e f f e c t i v e , s p e c i a l i z e d computer based methods 
to analyze problems such as the i d e n t i f i c a t i o n of molecular 
s t r u c t u r e from mass s p e c t r a l data (DENDRAL) and d i a g n o s i s o f 
cardio-pulmonary diseases (PUFF)(5). These machine implemented 
"expert systems" are j u s t beginning to be a p p l i e d to s e l e c t e d 
problems wi t h notable success ( f o r example, PROSPECTOR'S 
i d e n t i f i c a t i o n o f a mineral deposit p o t e n t i a l l y worth $100 
m i l l i o n ) ( 5 ) . 

The meaning of knowledge i s d i f f i c u l t to d e f i n e yet we are 
aware o f i t s usefulness i n our everyday experiences. "Knowledge 
engineering" has been developed even though a p r e c i s e d e f i n i t i o n 
o f knowledge i s n ' t a v a i l a b l e . This has occurred because a 
pragmatic, working d e f i n i t i o n f o r knowledge has been adopted by 
the AI community. Knowledge can be s t a t e d i n general terms as:(5) 

Knowledge = Facts + B e l i e f s + H e u r i s t i c s 
This statement doesn't f a c i l i t a t e an understanding of knowledge i n 
d e t a i l but i n s t e a d d e f i n e s i t s boundaries i n r a t h e r broad terms. 

Knowledge a l s o contains c e r t a i n f e a t u r e s and although they 
are o f t e n expressed i n broad terms, they can be programmed to 
def i n e a knowledge base. D e s c r i p t i o n s u s i n g the knowledge base 
seem l i k e sentences i n a language whose elementary components 
c o n s i s t o f p r i m i t i v e f e a t u r e s or concepts. C e r t a i n d e s c r i p t i o n s 
w i t h i n t h i s system d e f i n e unique r e l a t i o n s h i p s t h a t can be used to 
develop and analyze other r e l a t i o n s h i p s . Two major themes o f 
knowledge r e p r e s e n t a t i o n are thus: 
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6 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

A r e p r e s e n t a t i o n system must s p e c i f y how to 
represent any chunk of knowledge i n a domain. 
A r e p r e s e n t a t i o n system must supply algorithms f o r 
manipulating i t s data s t r u c t u r e s and determining 
that some expressions " f o l l o w from" others.(5^) 
An e x p l a n a t i o n o f a s o l u t i o n to a problem can be developed by 

d e f i n i n g a path from a problem s t a t e to a s o l u t i o n s t a t e . An 
"expert system" i s thus a machine of a c c e s s i b l e knowledge 
r e p r e s e n t a t i o n that can be used to f i n d a s o l u t i o n to a problem by 
s e l e c t i n g an a p p r o p r i a t e path from a problem s t a t e to a s o l u t i o n 
s t a t e from a l a r g e number of p o s s i b l e a l t e r n a t i v e s ( 5 ) . In t h i s 
endeavor an a n a l y s t must be s u c c e s s f u l which i s d e f i n e d as: 
Success = f i n d i n g a good enough answer w i t h the a v a i l a b l e 
resources. 

In the course of assembling expert o p i n i o n and t e c h n i c a l 
resources f o r t h i s paper, i t became apparent that c e r t a i n 
g u i d e l i n e s were being used by the m i c r o a n a l y s i s community to s o l v e 
m i c r o e l e c t r o n i c proces
aware of these g u i d e l i n e s
r u l e s e x i s t e d nor was t h e i  a p p l i c a t i o y 
problem was s o l v e d by the a n a l y s t s . T y p i c a l comments were made 
such as:(12) 

" people who know how to do these problems w e l l 
seem to be hard wired or born w i t h the knowledge..." 
" people who don't know the r u l e s don't do micro
a n a l y s i s because they're j u s t not e f f i c i e n t a t i t . . . " 

I t was g e n e r a l l y agreed that g u i d e l i n e s were indeed being used and 
they were considered to be " i n t u i t i v e l y obvious" to those who used 
them. 

The authors f e l t t hat s i n c e these g u i d e l i n e s seem almost 
t r i v i a l to some a n a l y s t s , but to others (perhaps the l e s s 
s u c c e s s f u l ones) they are unknown, we b e l i e v e d that i t would be 
h e l p f u l to s t a t e a few of them e x p l i c i t l y . Our purpose here i s to 
begin assembling shared knowledge so that we can develop more 
f o r m a l i z e d procedures and p r o t o c o l s w i t h hope to construct an 
expert system f o r s o l v i n g process r e l a t e d problems i n m i c r o c i r c u i t 
manufacturing. 

We s t a t e below some of the r u l e s that experts used f o r 
s o l v i n g m i c r o a n a l y s i s problems. The l i s t i s not meant to be 
exhaustive, nor i s i t complete. I t i s s t a t e d merely as an attempt 
a t assembling some c o l l e c t i v e knowledge from the m a t e r i a l s 
a n a l y s i s community on problem s o l v i n g . 

Some Expert's Opinions 

I t i s recognized t h a t any problem s o l u t i o n i s probably goal 
o r i e n t e d and t h a t answers must be obtained e f f i c i e n t l y . As 
experts we should t r y to r e p l a c e knowledge f o r search whenever 
p o s s i b l e s i n c e i t i s more e f f i c i e n t : l e a r n i n g must occur q u i c k l y 
from observations t h a t are made during any search. E r r o r s i n 
understanding and/or i n l e a r n i n g should be avoided s i n c e mistakes 
can propagate and grow i n the course of our search. I f t h i s 
occurs our problem s o l v i n g w i l l become i n e f f i c i e n t as i t 
progresses• 
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1. PASSOJAETAL. Analytical Approaches and Expert Systems 1 

Some Gui d e l i n e s f o r Problem So l v i n g ( 6 ) 

• Use low m a g n i f i c a t i o n f i r s t and work to higher and 
higher m a g n i f i c a t i o n s . Part of the b a s i s f o r t h i s 
approach appears to be inherent i n the d e f i n i n t i o n 
o f any microscopy problem. Low m a g n i f i c a t i o n 
d e f i n e s a s p a t i a l average o f some c h a r a c t e r i s t i c o f 
i n t e r e s t . Higher m a g n i f i c a t i o n observations u s u a l l y 
r e v e a l f l u c t u a t i o n s (higher moments of the 
d i s t r i b u t i o n ) and " s t r u c t u r e s w i t h i n s t r u c t u r e s " . 

• Try to develop an understanding (a working 
hypothesis) a t each m a g n i f i c a t i o n t h a t i s used by 
aski n g questions such as: I s t h i s o bservation 
s i g n i f i c a n t ? How can t h i s i n f l u e n c e the observed 
f a i l u r e ? Are there more of these d e f e c t s ? How 
could these d e f e c t s i n t e r a c t w i t h t h e i r 
environment? Are there p h y s i c a l models tha t are 
a v a i l a b l e t h a t would hel  t  e x p l a i  th  r o l f 
t h i s d e f e c t ? 

• Read the l i t e r a t u r
more e f f i c i e n t . 

• Use i n f o r m a t i o n from more than one source (when 
p o s s i b l e ) to i n t e r p r e t the i n f o r m a t i o n obtained from 
the m i c r o a n a l y s i s . 

• Recognize t h a t there are c e r t a i n types of problems 
and that each has a p a r t i c u l a r s t r u c t u r e . There are 
not an u n l i m i t e d number of problem types. The 
unique s t r u c t u r e s u s u a l l y depend upon s t a t i s t i c s 
that u n d e r l i e the phenomena that caused the defect 
i n the f i r s t p l a c e . I f p o s s i b l e , a complete 
d e s c r i p t i o n of a defe c t ' s d i s t r i b u t i o n f u n c t i o n ( s ) 
would probably be h e l p f u l , but t h i s i s u s u a l l y too 
expensive to measure or the problem i s too p o o r l y 
understood to spend much time on i t s measurement. 

• Information c o l l e c t e d from a h i e r a r c h i a l l e v e l i s 
more e f f i c i e n t than that c o l l e c t e d from a more 
fundamental l e v e l . This i s J . Ramsay's "molecular 
l e v e l i n f o r m a t i o n " observation ( i n t h i s symposium's 
proceedings). This can a l s o be s t a t e d i n a 
d i f f e r e n t way as: "By searching an ab s t r a c t e d 
r e p r e s e n t a t i o n of a space, the corabinatorimetries 
can be reduced. The search of the a b s t r a c t space i s 
quicker because i t i s s m a l l e r ; s i n g l e steps i n the 
a b s t r a c t space correspond to b i g steps i n the ground 
search space."(5) 

• Try to r e l a t e observations made at one m a g n i f i c a t i o n 
to those made a t another m a g n i f i c a t i o n . What s c a l e s 
are independent of one another? 

• Use s o l i d s c i e n t i f i c i n f o r m a t i o n i n any f a c t s t h a t 
are developed i n the search, don't t r y to invent new 
scie n c e . The chances are small that i t i s p o s s i b l e 
to do t h i s without making mistakes. 
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• Don't ask questions i n d e s c r i m i n a t e l y . I f t h i s i s 
done the problem w i l l grow u n c o n t r o l l a b l y s i n c e each 
question spawns new ones. Be conservative and 
tho u g h t f u l i n developing c r i t i c a l i n q u i r y . 

• Measurements are r e a l , s p e c u l a t i o n s about r e a l i t y 
are not. When i n doubt get some measurements! 

• A f t e r an a n a l y s i s has been done there i s a tendency 
to b e l i e v e i t , t h i s should be r e s i s t e d i f the 
r e s u l t s cannot be supported by some p h y s i c a l reason 
or c o r r e l a t e d w i t h other measurements. 

• Q u a n t i t a t i o n or transformation o f the problem i n t o a 
more a b s t r a c t one can be h e l p f u l s i n c e new modes o f 
t h i n k i n g can appear. This should be done w i t h some 
ca u t i o n s i n c e mistakes can be made. 

• Each a n a l y t i c a l technique has i t s l i m i t a t i o n s t h a t 
must be f u l l y understood i n the context o f each 
a p p l i c a t i o n . Don't push a n a l y t i c a l methods and 
techniques beyond t h e i  l i m i t  a p p l i c a t i o n s

• Avoid using a " s i n g l
u s u a l l y i n e f f i c i e n t
Background i n f o r m a t i o n i s u s e f u l s i n c e i t places the 
problem i n p e r s p e c t i v e ; t h i s p e r s p e c t i v e i s valu a b l e 
s i n c e i t forms a " s o l u t i o n space" th a t d e f i n e s the 
context o f the problem. 

Some Features o f the A n a l y t i c a l Image Space 

A general task t h a t microanalysts o f t e n encounter i s to c o l l e c t 
i n f o r m a t i o n concerning the s t r u c t u r e and composition o f f a i l e d 
devices or to c h a r a c t e r i z e some aspect o f a m i c r o e l e c t r o n i c 
manufacturing process. U s u a l l y a number o f a n a l y t i c a l techniques 
must be used i n order "to perform a c h a r a c t e r i z a t i o n " . We suggest 
that the meaning o f "to c h a r a c t e r i z e " , as understood by the 
a n a l y s t , can be developed f u r t h e r by borrowing some concepts used 
i n AI and image a n a l y s i s . 

Figure 4 d e s c r i b e s an elemental u n i t constructed from a set 
of orthogonal coordinates o f s e n s i t i v i t y and m a g n i f i c a t i o n . ( I n 
an i n t e r e s t i n g h i s t o r i c a l note, Weiner(7) considered m a g n i f i c a t i o n 
to be a trans f o r m a t i o n o f s p a t i a l c o ordinates, a p o t e n t i a l l y f a r 
more s i g n i f i c a n t concept than i s u s u a l l y a s c r i b e d to m a g n i f i c a t i o n 
nowadays. These coordinates are q u i t e f a m i l i a r to every a n a l y s t 
as they d i r e c t l y impact the cost o f an a n a l y s i s . Four p o i n t s are 
described i n t h i s space i n f a m i l i a r terminology as shown i n Figure 4. 

In order "to c h a r a c t e r i z e " something, the a n a l y s t u s u a l l y 
d e f i n e s some p o i n t i n t h i s space by the instrument t h a t he chooses 
and develops geometric and chemical i n f o r m a t i o n about the object 
of i n t e r e s t . 

The space i n the v i c i n i t y o f the chosen p o i n t can be extended 
somewhat by us i n g a s e r i e s o f overlapping techniques and thus 
d e f i n i n g movement i n the space. The extension i s r e a l i z e d once 
s p a t i a l v a r i a t i o n s i n composition are measured i n space-time 
determining an o b j e c t ' s " t e x t u r e " and thus the object i s 
" c h a r a c t e r i z e d " . The a n a l y s t e s s e n t i a l l y decides how to b u i l d an 
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image o f the object i n t h i s space by usi n g t e x t u r e p r i m i t i v e s or 
" t e x e l s " s i m i l a r to p i c t u r e p r i m i t i v e s or p i x e l s . 

Expressing t h i s i n a l e s s a b s t r a c t manner; the a n a l y s t must 
des c r i b e the o b j e c t w i t h as few m a g n i f i c a t i o n steps as are 
necessary i n order to span a given range. These depend upon the 
s t r u c t u r e under study and must be adjusted a c c o r d i n g l y . At each 
m a g n i f i c a t i o n , the o b j e c t under i n v e s t i g a t i o n i s s c r u t i n i z e d and 
i t s s t r u c t u r e and composition are determined as a f u n c t i o n of the 
s p a t i a l c oordinates. The a n a l y s t s dilemma can be best described 
by the f o l l o w i n g : 

M a g n i f i c a t i o n and S e n s i t i v i t y Considerations 

I n c r e a s i n g A. Low m a g n f i c i a t i o n -
Complexity Low s e n s i t i v i t y , "a l i t t l e b i t everywhere" 

and £• Low m a g n i f i c a t i o n -
Costs High s e n s i t i v i t y , "a s e n s i t i v i t y window" 

C. High m a g n i f i c a t i o
Low s e n s i t i v i t y

D. High m a g n i f i c a t i o
High s e n s i t i v i t y , " f o o l s rush i n . . . " 

the paradox o f no p o s i t i v e 
r e s u l t s a f t e r commencing. 

In the f o l l o w i n g s e c t i o n we touch on i s s u e s o f m a g n i f i c a t i o n 
and s e n s i t i v i t y by co n s i d e r i n g some s p e c i f i c examples. The 
observation of space and the m i c r o s t r u e t u r a l h e t e r o g e n e i t i e s 
embedded i n i t has a p h y s i c a l b a s i s that i s d e r i v e d from 
p r o b a b i l i t y d i s t r i b u t i o n s . As Prigogine(8-9) has suggested, 
macroscopic i r r e v e r s i b l e phenomena are a s s o c i a t e d w i t h p r o b a b i l i t y 
d i s t r i b u t i o n s and t h e i r e v o l u t i o n i n time. P a r t i t i o n i n g a system 
introduces an " i n t e r n a l " time to a system. The i n t r o d u c t i o n o f 
p a r t i t i o n s i n t o a system merely de f i n e s a subset th a t may be 
observed by i n c r e a s i n g the m a g n i f i c a t i o n . We f o l l o w P r i g o g i n e 1 s 
b a s i c l i n e of reasoning i n the examples t h a t f o l l o w by co n s i d e r i n g 
p r o b a b i l i t y d i s t r i b u t i o n s as a f u n c t i o n o f m a g n i f i c a t i o n ( i n s t e a d 
o f t i m e ) . Our d i s c u s s i o n i s not exhaustive but i l l u s t r a t e s what 
meaning p a r t i c u l a r s p a t i a l defect d i s t r i b u t i o n s can have f o r the 
a n a l y s t when a c h a r a c t e r i z a t i o n i s performed. 

Geometric Elements and P h y s i c a l C o n s t r a i n t s 

Figure 5 describes the geometric b u i l d i n g blocks or independent 
geometric f e a t u r e s o f which m i c r o e l e c t r o n i c devices are composed. 
The l i s t i s ordered to r e v e a l smaller and smaller geometric 
f e a t u r e s from the top to the bottom l i s t . By a p p l y i n g Rule 1 
above i t i s p o s s i b l e to f i r s t recognize the boule's s t r u c t u r e , 
then the wafer's e t c . At higher and higher m a g n i f i c a t i o n f i n e r 
and f i n e r s t r u c t u r a l d e t a i l s can be observed u n t i l f i n a l l y atoms 
can be seen. At each l e v e l o f m a g n i f i c a t i o n there i s a l i m i t e d 
f i e l d o f view and a l i m i t e d r e s o l u t i o n t h a t d e f i n e s a t e x e l s i z e ; 
we observe f i n i t e s e t s o f defects (generic) having given 
s t r u c t u r e s . The i n f o r m a t i o n t h a t i s c o l l e c t e d a t each 
m a g n i f i c a t i o n i s a r e s u l t o f knowing more and more about l e s s and 
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Sensitivity 

Magnification 

Figure 4. A schematic r e p r e s e n t a t i o n showing s e n s i t i v i t y and 
m a g n i f i c a t i o n space used f o r d e s c r i b i n g the v i r t u e s and 
l i m i t a t i o n s of an a n a l y t i c a l technique. 

Boule 

Wafer 

Chip-Die 

Circuit 

Inclusions 
Precipitates 

Dislocations, 
Stacking Faults 

Impurity 
Segregation 

Interfaces, 
Roughness 

Atoms, Electrons 

The Pristine World of 
the Device Physicist 

Figure 5. A block diagram showing j u s t some of the b u i l d i n g 
blocks that m i c r o e l e c t r o n i c devices are comprised o f . 
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l e s s of the s t r u c t u r e . Observations made a t higher and higher 
m a g n i f i c a t i o n r e s u l t i n more s p e c i a l i z e d knowledge about the 
mi c r o s t r u c t u r e . In order to describe the s t r u c t u r e o f the device, 
more area must be scanned and a cost i s a s s o c i a t e d w i t h t h i s 
a c t i v i t y . (A s i m i l a r problem has been discussed by A. Wheeler(11) 
and i s known as the t r a v e l i n g salesman problem. Here the problem 
i s to optimize the time that the salesman i s to v i s i t remote 
p o i n t s i n a search space.) 

P r o b a b i l i t y D i s t r i b u t i o n s 

S p a t i a l p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n s p l a y an e s s e n t i a l r o l e 
i n determining what i s observed and how observations are made i n 
m i c r o s t r u c t u r a l h i e r a r c h i e s . For purposes of i l l u s t r a t i o n , i n 
Figure 6 we consider a random two dimensional Gaussian 
d i s t r i b u t i o n (a Raleigh d i s t r i b u t i o n ) o f sm a l l s p h e r i c a l p a r t i c l e s 
of d e n s i t y N s i n the plane w i t h r a d i u s R. At low m a g n i f i c a t i o n 
we cannot observe any p a r t i c l e  th  r e s o l u t i o f
instrument i s too low
the m a g n i f i c a t i o n i s increa s e d
the spacing between the p a r t i c l e s increases a l s o . Figure 6 shows 
how the p a r t i c l e d i s t r i b u t i o n i n f l u e n c e s the time that i s r e q u i r e d 
to make a given number of observations (assuming that the 
observations are made a t constant r a t e ) . A minimum occurs a t the 
optimum m a g n i f i c a t i o n range; the shape of the minimum depends upon 
the p a r t i c l e s i z e d i s t r i b u t i o n f u n c t i o n . (See appendix f o r a 
f u r t h e r development of t h i s p o i n t . ) 

D i f f e r e n t d i s t r i b u t i o n s of m i c r o s t r u c t u r a l h i e r a r c h i e s r e s u l t 
i n d i f f e r e n t types o f observations. For example, Figure 7 shows 
the r e l a t i o n between the number of def e c t s per cm3 i n s i l i c o n vs 
length of the d e f e c t ( 1 0 ) . This r e l a t i o n s h i p i s q u i t e d i f f e r e n t 
than the one des c r i b e d above. As higher and higher m a g n i f i c a t i o n s 
are used more and more def e c t s are observed and the spacings 
between the de f e c t s i n c r e a s e but a t a much slower r a t e than i n the 
above example. This behavior probably a r i s e s from the 
agglomeration of p o i n t d e f e c t s that occur d u r i n g p r o c e s s i n g of the 
s i l i c o n . The e s s e n t i a l p o i n t to be made here i s that p r o b a b i l i t y 
d i s t r i b u t i o n s determine how observations are to be made. 

Defects i n an Oxide F i l m 

Figure 8 shows some of the m i c r o s t r u c t u r a l r e l a t i o n s h i p s t h a t are 
observed a t d i f f e r e n t m a g n i f i c a t i o n s i n an oxide f i l m on s i l i c o n . 
This example i s merely a more d e t a i l e d extension of the 
fundamental geometric f e a t u r e s shown i n Figure 4 as they apply to 
an oxide f i l m . 

D i f f e r e n t aspects o f the mi c r o s t r u c t u r e can be observed a t 
each m a g n i f i c a t i o n shown i n the f i g u r e . Each m a g n i f i c a t i o n 
r e v e a l s added i n f o r m a t i o n but the lower m a g n i f i c a t i o n images 
g e n e r a l l y r e v e a l the m i c r o s t r u c t u r a l h i e r a r c h i e s more e a s i l y . The 
i n t e r f a c e represents a d i s c o n t i n u i t y i n the p r o p e r t i e s and 
th e r e f o r e i t i s expected th a t t h i s area would be of great 
importance as indeed i t i s . The operation of an MOS device r e l i e s 
upon the process used to f a b r i c a t e i t as being a b l e to produce a 
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Figure 6. A p l o t of m a g n i f i c a t i o n vs. observation time showing 
how an optimal m a g n i f i c a t i o n range could be determined. 
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Density Counts: 1 Specimen, 100 Fields 
24 , . , 

22 . 

Log (Length fi m) 

Figure 7. The s i z e d i s t r i b u t i o n o f defects i n bulk s i l i c o n . 
Reproduced w i t h permission from Ref. 10. Copyright 1984 

Elec t r o c h e m i c a l S o c i e t y I n c . ' 

Figure 8. A schematic diagram showing the e f f e c t s o f 
ma g n i f i c a t i o n on the type o f in f o r m a t i o n from the S i - S i 0 2 
i n t e r f a c e revealed by microscopy. 
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w e l l d efined i n t e r f a c e w i t h a c o n s i s t e n t charge d i s t r i b u t i o n . 
Measurement of a C-V r e l a t i o n s h i p would y i e l d microscopic 
i n f o r m a t i o n , whereas a cross s e c t i o n a l TEM study would y i e l d 1 
dimensional i n f o r m a t i o n about the i n t e r f a c i a l s t r u c t u r e - more 
microscopic i n f o r m a t i o n . SIMS, on the other hand, would y i e l d 
more two dimensional i n f o r m a t i o n about the i n t e r f a c e a t a 
s e n s i t i v i t y range that i s lower than t h a t of the e l e c t r i c a l 
measurements i . e . sodium l e v e l s that would i n f l u e n c e the device 
would not be measured by t h i s method. To "solve the problem" the 
a n a l y s t must c h a r a c t e r i z e the s t r u c t u r e , r e l a t e i t to the 
microchemistry and then show how t h i s i n f l u e n c e s the operation of 
the d e v i c e . 

At each m a g n i f i c a t i o n s t a r t i n g from low to high we observe 
more and more d e t a i l e d i n f o r m a t i o n u n t i l atoms are observed. I t 
i s p o s s i b l e to d e s c r i b e a h i e r a r c h y of d e f e c t s s i n c e they are 
embedded i n the m a t e r i a l - they are merely members of a set o f 
d i s c r e t e o b j e c t s which represent d e v i a t i o n s from the i d e a l 
s t r u c t u r e . The a n a l y s t i  faced w i t h th  task f d e s c r i b i n  th
s e t s of d e f e c t s and c o n d i t i o n
the operation o f the device

A n a l y t i c a l Requirements 

The a n a l y t i c a l requirements i n IC p r o c e s s i n g equal or surpass 
those of any other i n d u s t r y and present a formidable problem to 
the a n a l y s t . The f a b r i c a t i o n o f a semiconductor device i n v o l v e s 
i n t e r a c t i o n of m a t e r i a l s , processes and environment to produce a 
complex, geometrical c o n f i g u r a t i o n o f many m a t e r i a l s . When 
processed through to the package l e v e l a t y p i c a l IC i s a composite 
o f semiconductors, metals, ceramics and polymers c o n t a i n i n g over a 
dozen d i s t i n c t m a t e r i a l s . 

In the process o f f a b r i c a t i o n these m a t e r i a l s have been 
exposed to a wide range of m a t e r i a l s or chemicals, ranging from 
plasmas to aggressive chemical etchants. Environmental e f f e c t s 
may a l s o be produced as a r e s u l t of exposure to ambients such as 
vacuum and high temperature, as w e l l as a i r laden w i t h moisture 
and a v a r i e t y of contaminants. 

In the face of t h i s complexity there are few a n a l y t i c a l 
techniques which do not apply1 An advanced IC process w i l l 
u t i l i z e t r a d i t i o n a l bulk chemical a n a l y s i s , i . e . chromatography, 
spectroscopy, t i t r i m e t r y , e t c . , as w e l l as the a r r a y of i o n and 
e l e c t r o n beam techniques f o r t h i n f i l m and s m a l l spot a n a l y s i s . 
In a d d i t i o n , process a n a l y s i s i s becoming more common where 
plasmas, gases, d i s t i l l e d water and other process "streams" are 
continuously monitored f o r a v a r i e t y o f c o n s t i t u e n t s . The goal o f 
such extensive a n a l y t i c a l support i s t o e s t a b l i s h and maintain the 
process "window". 

Ph i l o s o p h i e s d i f f e r on the need f o r a n a l y t i c a l i nstrumentation 
i n IC c h a r a c t e r i z a t i o n . These range from e x c e p t i o n a l l y complete 
(and expensive) support f a c i l i t i e s to bare-bone operations which 
r e l y on the more s o p h i s t i c a t e d techniques only when c a t a s t r o p h i c 
f a i l u r e occurs. The l a t t e r approach i s Edisonian i n nature, i . e . 
h i g h l y e m p i r i c a l . The problem a r i s e s t h a t through a l a c k of 
a n a l y t i c a l i n f o r m a t i o n the process window i s not w e l l d e f i n e d . 
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Excursions outside these process l i m i t s may produce a y i e l d crash 
o r , worse, a longer-term r e l i a b i l i t y problem. The 
w e l l - c h a r a c t e r i z e d process i s l e s s prone to such problems and when 
they do occur the c a p a b i l i t y i s a t hand to support f a i l u r e 
a n a l y s i s . 

The type and s o p h i s t i c a t i o n of m a t e r i a l s c h a r a c t e r i z a t i o n 
instrumentation made a v a i l a b l e f o r a given IC f a c i l i t y w i l l depend 
on s e v e r a l f a c t o r s : c o s t / b e n e f i t , q u a l i t y p e r c e p t i o n s , process 
complexity, m a t u r i t y of the process. Commercial support l a b s are 
becoming more r e a d i l y a v a i l a b l e to meet the VLSI challenge. The 
mix o f in-house versus e x t e r n a l l a b o r a t o r y support then becomes a 
matter of choice based on co n s i d e r a t i o n s o f sample turn-around 
time, maintaining s e c u r i t y of p r o p r i e t a r y devices or processes, 
and outside versus i n s i d e expenditures. 

Regardless o f the a n a l y t i c a l i n s t r u m e n t a t i o n mix, the a r t o f 
problem-solving remains. A person or team must make the d e c i s i o n s 
about a n a l y s i s : what, when, and how. There must be an a n a l y t i c a l 
"expert" be i t man or computer
appropriate technique. 

The choice o f technique and the i n t e r p r e t a t i o n o f r e s u l t i n g 
data c o n s t i t u t e s the a r t and science of a n a l y s i s . The science i s 
the c o n s i d e r a t i o n o f the many f a c t o r s i n choosing an a n a l y t i c a l 
technique, among them: 

• S p a t i a l r e s o l u t i o n 
• A n a l y t i c a l s e n s i t i v i t y 
• D e t e c t i o n l i m i t 
• I n t e r f e r e n c e s 
• Sample p r e p a r a t i o n 
• A n a l y t i c a l volume 
• Sample consumption or d e s t r u c t i o n 
• Elemental or molecular i n f o r m a t i o n 

Such complex i n f o r m a t i o n i s known by experts i n each 
a n a l y t i c a l a r e a . The problem f o r most p r a c t i t i o n e r s i s to o b t a i n 
the needed i n f o r m a t i o n or knowledge and proceed w i t h an a n a l y t i c a l 
scheme. The extent to which t h i s knowledge becomes a v a i l a b l e i n 
computerized "expert systems" the e a s i e r and more e f f i c i e n t t h i s 
task w i l l become. This creates more freedom f o r the a r t , or the 
i n t u i t i v e / c r e a t i v e s i d e o f a n a l y s i s . The c r i t i c a l r o l e of the 
a n a l y s t i s then the b u i l d i n g o f s c i e n t i f i c a l l y c o n s i s t e n t mental 
p i c t u r e , a concept or a model, to f i t the accumulated data. 

Conclusions 

The problem s o l v i n g g u i d e l i n e s used by vario u s experts appear to 
have a f a i r l y w e l l d e f i n e d s t r u c t u r e . The r u l e s themselves seem 
to be s e l f evident and q u i t e general but t h e i r general a p p l i c a t i o n 
i s not uniform s i n c e problem s o l v i n g i s p r e s e n t l y an a r t u s u a l l y 
based on the a n a l y s t ' s i n t u i t i o n and i n d i v i d u a l problem s o l v i n g 
a b i l i t y . We suspect that w i t h f u r t h e r m i n i a t u r i z a t i o n t h i s 
approach w i l l not s u f f i c e but w i l l need to be repl a c e d by more 
c o n s i s t e n t , systematic methods that are machine based. This 
should standardize the methods and make them more e f f i c i e n t . 

New manufacturing technology w i l l probably i n c r e a s e the need 
f o r machine o r i e n t e d problem s o l v i n g methods. Any movement of the 
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technology toward v a r i a b l e p o i n t - t o - p o i n t m i c r o f a b r i c a t i o n such as 
l a s e r p r o c e s s i n g w i l l o n l y a c c e l e r a t e the need f o r p r o t o c o l s and 
more s t anda rd ized problem s o l v i n g methods. With ref inement o f our 
manufactur ing p roces se s , m a t e r i a l changes w i l l be produced a t 
h igher r e s o l u t i o n thereby i n c r e a s i n g the i n f o r m a t i o n 
content /volume o f our manufactured i t e m s . The need f o r more 
e f f i c i e n t m i c r o s c o p i c i n f o r m a t i o n c o l l e c t i o n and a n a l y s i s i s 
t he re fo re expected to accompany these t r e n d s . 

The advances i n technology tha t have d r i v e n the 
m i n i a t u r i z a t i o n t rends have c rea ted a complex s i t u a t i o n f o r 
m i c r o a n a l y s i s t ha t can o n l y become more complex i n the f u t u r e . 
Even though t e c h n o l o g i c a l advances might improve the r e s o l u t i o n o f 
some o f our i n s t r u m e n t a t i o n , m i n i a t u r i z a t i o n i t s e l f w i l l on ly 
compl ica te our a b i l i t y to c h a r a c t e r i z e dev ices i n the f u t u r e . 
A r t i f i c i a l i n t e l l i g e n c e and exper t systems appear to have an 
e x c e l l e n t p o t e n t i a l f o r enhancing our problem s o l v i n g a b i l i t y . I t 
i s expected tha t w i t h proper development, t h i s t o o l c o u l d become 
an e s s e n t i a l i t em i n th  m i c r o a n a l y s e  r e p e r t o i r f technique
i n tomorrow's t echno logy
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Appendix 

I t i s suggested tha t the c o s t / m a g n i f i c a t i o n curve shown i n F i g u r e 
6 i s fundamental . The p a r t i c u l a r one shown i s d e r i v e d from man 
as an observer o f e i t h e r the mic roscop ic o r the macroscopic 
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world. Man's time frame i s d i c t a t e d by h i s own i n t e r n a l 
clockwork that has evolved and has s u r v i v a l value to him - t h i s 
i s t r a n s l a t e d i n t o cost i n our contemporary s o c i e t y . 
M a g n i f i c a t i o n i s d i c t a t e d by the r e s o l u t i o n o f h i s measuring 
device which, f o r a scanned m i c r o a n a l y t i c a l device i s 0.2mm or 
what h i s eye can observe on a CRT i n the d i f f r a c t i o n l i m i t . 
Taking the p a r t i c l e s i z e d i s t r i b u t i o n to be Gaussian and the two 
dimensional d i s t r i b u t i o n f u n c t i o n to be Raleigh i t i s p o s s i b l e to 
w r i t e : 

S i z e d i s t r i b u t i o n : P(r)=A exp (-Nor 2 ) 
Planar spacing: P(1)=2N S1 exp ( 2 N gr ) 

I t i s evident t h a t by i n c r e a s i n g the m a g n i f i c a t i o n i t becomes 
p o s s i b l e to observe the p a r t i c l e s i n the plane o f observation and 
that the p r o b a b i l i t y of observing them approaches 1 as t h e i r 
magnified s i z e becomes greater than 0.2mm. I t i s p o s s i b l e to 
observe a l l p a r t i c l e s >0.2mm or the p r o b a b i l i t y of observation i s 
the i n t e g r a l o f the pdf up to the l i m i t Mr : P ( r ) d r = e r f (-N sr 2). 
On the other hand the spacin
the number of p a r t i c l e
w i t h m a g n i f i c a t i o n . Th  shap y
i n f l u e n c e s : the i n c r e a s i n g p r o b a b i l i t y o f observing a p a r t i c l e , 
the standard d e v i a t i o n o f the p a r t i c l e pdf and the decreasing 
d e n s i t y o f p a r t i c l e s on the plane o f observation. 

RECEIVED July 8, 1985 
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Electrical Characterization 
of Semiconductor Materials and Devices 

Dieter K. Schroder 

Center for Solid State Electronics Research, Arizona State University, Tempe, AZ 85287 

A few selected techniques that are representative of 
recent advances are described as examples of the much 
broader field of s em icon d uc tor electrical 
characterization. In particular, resistivity, carrier 
concentration, junction depth, generation/recombination 
lifetime, deep level transient spectroscopy and MOSFET 
mobility measurements are discussed. The importance of 
non-contacting methods is stressed and recent trends in 
this direction are outlined. This paper serves as an 
introduction to some of the following papers in this 
volume. 

Most semiconductor devices operate w i t h e l e c t r i c a l i n p u t and out p u t 
s i g n a l s . Some, such as l i g h t e m i t t i n g diodes, use e l e c t r i c a l inputs 
to g i v e o p t i c a l o u t p u t s , w h i l e o t h e r s , l i k e p h o t o d e t e c t o r s , use 
o p t i c a l i n p u t s t o g i v e e l e c t r i c a l o u t p u t s . The e l e c t r i c a l 
c h a r a c t e r i s t i c s of a l l of these devices are th e r e f o r e i m p o r t a n t , and 
e l e c t r i c a l c h a r a c t e r i z a t i o n i s t h e u l t i m a t e t e s t . There are, of 
course, n o n - e l e c t r i c a l c h a r a c t e r i z a t i o n techniques i n use. They are, 
however, l a r g e l y employed as va r i o u s types of process monitors during 
d e v i c e f a b r i c a t i o n o r as c h a r a c t e r i z a t i o n t o o l s d u r i n g f a i l u r e 
a n a l y s i s . 

C h a r a c t e r i z a t i o n techniques f a l l i n t o three main ca t e g o r i e s 

• process monitors 
• f a i l u r e a n a l y s i s 
• device performance i n d i c a t o r s . 

N o n - e l e c t r i c a l methods f a l l , by and l a r g e , i n t o t h e f i r s t two 
cat e g o r i e s , w h i l e e l e c t r i c a l methods f a l l i n t o a l l three. 

The b a s i c mechanisms i n the m a t e r i a l or device that are u t i l i z e d 
by the v a r i o u s c h a r a c t e r i z a t i o n techniques are g e n e r a l l y w e l l known. 
Much progress has been made i n the l a s t few years i n t h e r e s o l u t i o n 
and s e n s i t i v i t y of the equipment used. The d r i v i n g f o r c e has been an 
in c r e a s i n g complexity of c i r c u i t s and devi c e s , more q u a l i t y c o n t r o l , 
as w e l l as computer a u t o m a t i o n of t e s t equipment, formerly under 
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manual c o n t r o l . This has g e n e r a l l y meant more e x p e n s i v e equipment, 
bu t t h e h i g h e r c o s t o f m a t e r i a l g r o w t h , c i r c u i t d e s i g n and 
manufacturing operations has j u s t i f i e d the investments i n e x p e n s i v e 
c h a r a c t e r i z a t i o n equipment. 

I w i l l l i m i t myself here to a d i s c u s s i o n of some recent trends i n 
e l e c t r i c a l c h a r a c t e r i z a t i o n by using examples of a few techniques. 
N o n - e l e c t r i c a l methods are discussed i n s u b s t a n t i a l d e t a i l i n some of 
the f o l l o w i n g chapters. 

Device C h a r a c t e r i s t i c s 

One o f t h e e a s i e s t ways t o v i s u a l i z e t he m a t e r i a l and d e v i c e 
c h a r a c t e r i s t i c s t h a t need t o be m e a s u r e d i s t o c o n s i d e r a 
semic o n d u c t o r d e v i c e . F or t h i s I have chosen i n Figure 1 a metal-
o x i d e - s e m i c o n d u c t o r f i e l d - e f f e c t t r a n s i s t o r ( MOSFET) a s 
r e p r e s e n t a t i v e of a t y p i c a l semiconductor device. Indicated on i t 
are the important m a t e r i a l and d e v i c e parameters t h a t need t o be 
measured. Only some of the  addressed i  t h i  chapter  Othe
devices could have been
the parameters of i n t e r e s
dev i c e . 

The c h a r a c t e r i s t i c s are: 

• R e s i s t i v i t y 
• Substrate 
• Source and d r a i n 
• Gate ( p o l y - s i l i c o n , s i l i c i d e , metal) 

• C a r r i e r Concentration 
• Source and Drain 
• Implanted Channel, Channel Stop 

• I n s u l a t o r 
• Charge Density 
• I n t e r f a c e State Density 

• M o b i l i t y 
• Channel 

• Resistance 
• Source and Drain 
• Contact 

• I m p u r i t i e s 
• Deep Level I m p u r i t i e s 
• Oxygen and Carbon 
• Generation/Recombination L i f e t i m e 
• S t r u c t u r a l I m p e r f e c t i o n s ( d i s l o c a t i o n s , s t a c k i n g 

f a u l t s ) 
• P h y s i c a l Dimensions 

• J u n c t i o n Depth 
• E p i t a x i a l F i l m Thickness 
• Channel Length and Width 
• Oxide Thickness 

For o t h e r d e v i c e s t h e r e w i l l be m i n o r v a r i a t i o n s i n t h e s e 
p a r a m e t e r s . A d e t a i l e d d i s c u s s i o n of a l l of these f a c t o r s i s beyond 
the scope of t h i s a r t i c l e . I w i l l use some examples t o i l l u s t r a t e 
recent trends i n e l e c t r i c a l c h a r a c t e r i z a t i o n . 

Some of these trends are: 
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F i g u r e 1 . A MOSFET used h e r e as a r e p r e s e n t a t i v e semiconductor 
device. I n d i c a t e d a r e the v a r i o u s parameters t h a t need t o be 
c h a r a c t e r i z e d . 
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• Measurement of i n c r e a s i n g l y smaller features 
• Instrumentation w i t h i n c r e a s i n g s e n s i t i v i t y 
• Non-contacting measurement techniques 
• Computer data a c q u i s i t i o n and d i s p l a y . 

Non-Contacting Measurements 

Most e l e c t r i c a l c h a r a c t e r i z a t i o n techniques r e q u i r e p h y s i c a l contacts 
between the w a f e r and the measuring instrument. They can be non-
permanent c o n t a c t s ( e . g . f o u r - p o i n t probe) o r permanent c o n t a c t s 
( e . g . e v a p o r a t e d m e t a l ) . For some a p p l i c a t i o n s such permanent 
contacts are not p e r m i s s i b l e . They may, f o r example, c r e a t e damage 
or l e a v e r e s i d u e s that are d e l e t e r i o u s during subsequent processing. 
N o n - c o n t a c t i n g methods a l l o w complete i n s p e c t i o n of a l l w a f e r s 
because no p h y s i c a l contact i s made. 

Various p r i n c i p l e s a r e u t i l i z e d . R e s i s t i v i t y i s measured by 
i n s e r t i n g t h e w a f e r between two c o i l s connected t o an o s c i l l a t o r . 
The time v a r y i n g magneti  f i e l d s t  b  th  o s c i l l a t o r  induc
eddy c u r r e n t s i n the w a f e r
s u p p l i e d by the o s c i l l a t o r
s t a b i l i z e the o s c i l l a t o r i s an accurate measure of the r e s i s t i v i t y . 

By c o m b i n i n g t h i s t e c h n i q u e w i t h c a p a c i t i v e c o u p l i n g o r 
ultrasound r e f l e c t i o n , wafer thickness and wafer f l a t n e s s i n f o r m a t i o n 
i s a l s o obtained. A f u r t h e r step i s t o wafer-map t h e d a t a . U s i n g 
o p t i c a l scanning, surface defect maps are generated (1) and i n s u l a t o r 
t h ickness v a r i a t i o n s are measured e l 1 i p s o m e t r i c a l l y and d i s p l a y e d . 
As d i s c u s s e d f u r t h e r on, r e c o m b i n a t i o n l i f e t i m e maps can a l s o be 
generated by non-contacting methods. 

The t r e n d i n non-contacting c h a r a c t e r i z a t i o n i s i t s extension to 
m a t e r i a l or device parameters, measured by c o n t a c t i n g t e c h n i q u e s i n 
the p a s t . Furthermore, i t i s being combined more and more w i t h two-
or three-dimensional data d i s p l a y . 

R e s i s t i v i t y 

The f o u r - p o i n t probe i s commonly used f o r r e s i s t i v i t y measurements 
( 2 ) . I t i s w e l l understood and, u n t i l r e c e n t l y , was l a r g e l y manually 
operated w i t h a l i m i t e d number of data p o i n t s per w a f e r . Computer 
advances have added a d i m e n s i o n t o t h i s technique that gives very 
u s e f u l information. 

By p l a c i n g t h e m e c h a n i c a l probe s t e p p i n g as w e l l as the data 
a c q u i s i t i o n under computer c o n t r o l , i t i s easy t o g a t h e r many dat a 
p o i n t s per wafer and d i s p l a y the data i n a way f o r c e r t a i n trends to 
become o b v i o u s . For example, i n F i g u r e 2 such d a t a p o i n t s a r e 
p l o t t e d as c o n t o u r s of equ a l r e s i s t a n c e ( 3 ) . These p l o t s c l e a r l y 
show non - u n i f o r m i t i e s l i k e gas flow patterns during e p i t a x i a l growth 
or d i f f u s i o n . They have a l s o been s u c c e s s f u l l y used to c h a r a c t e r i z e 
implant patterns of i o n implanters (1) . A s y s t e m a t i c v a r i a t i o n of 
the i m p l a n t e d dose a c r o s s a w a f e r , which may be the r e s u l t of the 
implant beam or substrate holder motion of the implanter, g i v e s r i s e 
to t h r e s h o l d voltage v a r i a t i o n s of MOSFETs across that wafer. Doping 
u n i f o r m i t y mapping techniques a r e now b e i n g a c c e p t e d by i m p l a n t e r 
vendors f o r the c h a r a c t e r i z a t i o n and q u a l i f i c a t i o n of t h e i r systems. 
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F i g u r e 2. Examples of r e s i s t a n c e p l o t s u s i n g w a f e r mapping. 
Courtesy of D.S. P e r l o f f . 
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Doping and C a r r i e r Concentrations 

The d o p i n g c o n c e n t r a t i o n i s o f t e n c o n f u s e d w i t h t he c a r r i e r 
c o n c e n t r a t i o n . In uniformly and moderately doped s u b s t r a t e s t h e two 
ar e v i r t u a l l y i d e n t i c a l at room temperature. This i s no longer true 
when t h e s u b s t r a t e i s h e a v i l y doped o r when a d i f f u s e d o r i o n -
i m p l a n t e d l a y e r i s measured. Even i f a l l t h e dopant atoms a r e 
e l e c t r i c a l l y a c t i v e , t he c a r r i e r c o n c e n t r a t i o n i n h e a v i l y - d o p e d 
m a t e r i a l i s lower than t h e doping c o n c e n t r a t i o n , as described by 
Fe r m i - D i r a c s t a t i s t i c s ( 4 ) . T h i s i s f u r t h e r a g g r a v a t e d i f , f o r 
example, the ion-implanted l a y e r i s not wholly a c t i v a t e d or i f there 
i s a steep doping g r a d i e n t . I t i s i m p o r t a n t t h a t one i s aware of 
these d i f f i c u l t i e s . 

Various techniques are used f o r t h e s e measurements. The most 
popular are capacitance-voltage (C-V) p r o f i l i n g , spreading r e s i s t a n c e 
and secondary i o n mass spectroscopy (SIMS). SIMS i s not a s t r i c t l y 
e l e c t r i c a l c h a r a c t e r i z a t i o n technique, but i s included here because 
i t i s r o u t i n e l y used to  th  dopant ato  d i s t r i b u t i o n  Th
b a s i s f o r these t h r e
b r i e f l y describe them. 

C-V P r o f i l i n g 

C-V p r o f i l i n g r e q u i r e s a rev e r s e - b i a s e d space-charge r e g i o n ( s c r ) . 
I t can be implemented w i t h any one of these devices: 

• Schottky b a r r i e r contact 
• permanent metal contact 
• temporary mercury contact 
• temporary l i q u i d contact 

• pn j u n c t i o n 
• MOS c a p a c i t o r or t r a n s i s t o r 

I n t h e c o n v e n t i o n a l approach, t he c a r r i e r c o n c e n t r a t i o n i s 
deter m i n e d by measuring t h e c a p a c i t a n c e as a f u n c t i o n of reverse-
biased voltage ( 5 ) . The c a r r i e r c o ncentration p and the depth W a r e 
given by 

p = -2 / ( q K g e o A 2 d ( l / C 2 ) / d V ) (1) 

W = K e A/C (2) s o 
-1 9 where q = 1.6x10 c o u l , K e i s the semiconductor d i e l e c t r i c s o 

c o n s t a n t , A i s t h e device area, C i s the measured capacitance and V 
i s the a p p l i e d v o l t a g e . 

By v a r y i n g the a p p l i e d v o l t a g e , the scr width i s increased and a 
p l o t of p vs. W i s obtained. There are two l i m i t s ( i ) how c l o s e t o 
the s u r f a c e , and ( i i ) how deep i n t o the wafer can the d e v i c e be 
p r o f i l e d . L i m i t ( i ) i s s e v e r a l Debye l e n g t h s from the s u r f a c e and 
l i m i t ( i i ) i s set by the voltage breakdown of the device ( 6 ) . 

F r e q u e n t l y i t i s d e s i r a b l e t o p r o f i l e d e e p e r t h a n v o l t a g e 
breakdown a l l o w s . T h i s i s e s p e c i a l l y important f o r h e a v i l y doped 
l a y e r s where the breakdown l i m i t a l l o w s o n l y an e x t r e m e l y s h a l l o w 
p r o f i l e measurement. A c l e v e r s o l u t i o n i s t he e l e c t r o c h e m i c a l 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



24 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

p r o f i l e r shown i n Figure 3 (_7) • The Schottky b a r r i e r i s created by a 
l i q u i d - s e m i c o n d u c t o r c o n t a c t , e l i m i n a t i n g d e v i c e p r o c e s s i n g and 
making the measurement v e r y easy. A f i x e d v o l t a g e c o u p l e d w i t h a 
c a p a c i t a n c e measurement g i v e s one datum point on a p-W p l o t . The 
a p p l i c a t i o n of a current to the e l e c t r o l y t e causes the semiconductor 
to be e t c h e d , w i t h the etch depth c o n t r o l l e d by the du r a t i o n of the 
current flow. Both p and W are remeasured f o r the next p o i n t and so 
on. An e n t i r e p-W p l o t i s g e n e r a t e d i n t h i s manner w i t h no depth 
l i m i t a t i o n . 

An e x a m p l e of s u c h a p l o t i s shown i n F i g u r e 3, where the 
increment between experimental d a t a p o i n t s i s 3 5A, making t h i s an 
e x t r e m e l y h i g h r e s o l u t i o n i n s t r u m e n t . I t i s p r e f e r a b l e t o a 
conventional C-V p r o f i l e r because i t has no depth l i m i t a t i o n and uses 
w a f e r s w i t h o u t t h e need t o f a b r i c a t e d e v i c e s . I t i s d e s t r u c t i v e , 
however, by leaving an approximately 1 mm diameter hole i n the wafer. 

Spreading Resistance P r o f i l i n g 

In the spreading r e s i s t a n c
the s e m iconductor (_8)
a p p l i e d between the contacts and the r e s i s t a n c e i s measured. I t i s 
t h e sum of s e v e r a l components, w i t h t h e dominant one b e i n g t h e 
spreading r e s i s t a n c e under the probes. The succe s s of t h i s method 
r e s t s on two c h i e f f e a t u r e s : ( i ) a m e c h a n i c a l arrangement t h a t 
allows the probes t o c o n t a c t t he semiconductor s u r f a c e i n a w e l l 
c o n t r o l l e d manner, and ( i i ) a c a l i b r a t i o n of the measured spreading 
r e s i s t a n c e to c a l i b r a t e d s t a n d a r d w a f e r s . I f these s t a n d a r d s a r e 
c a l i b r a t e d i n doping r a t h e r t h a n c a r r i e r c o n c e n t r a t i o n s , the SRP 
a c t u a l l y gives doping c o n c e n t r a t i o n as a f u n c t i o n of d i s t a n c e . 

For s h a l l o w i m p l a n t e d or d i f f u s e d l a y e r s , the semiconductor i s 
angle-bevelled and the probe moved a l o n g t h e b e v e l l e d s u r f a c e . A 
s h a l l o w a n g l e c o u p l e d w i t h s h o r t probe s t e p s , a l l o w s e q u i v a l e n t 
shallow depth steps. Examples are given i n (_8) with depth r e s o l u t i o n 
of 200X. The accuracy i s l i m i t e d by the c o r r e c t i o n f a c t o r s i n the 
algo r i t h m used i n the data r e d u c t i o n . 

Secondary Ion Mass Spectroscopy 

In the SIMS technique, an oxygen or cesium i o n beam i n c i d e n t on the 
s a m p l e , s p u t t e r s atoms from the s u r f a c e . E i t h e r n e g a t i v e l y or 
p o s i t i v e l y charged ions are mass analyzed and t h e i r d ensity d i s p l a y e d 
as a f u n c t i o n of s p u t t e r time. By using c a l i b r a t i o n standards, the 
den s i t y i s c a l i b r a t e d as c o n c e n t r a t i o n / c m , and by measuring t h e 
s p u t t e r c r a t e r depth/ the time a x i s i s converted to a distance a x i s , 
g i v i n g a dopant concentration v s . depth p l o t . 

This technique gives the t o t a l dopant conc e n t r a t i o n , not j u s t the 
e l e c t r i c a l l y a c t i v e p o r t i o n . We mention i t here, even though i t i s 
not an e l e c t r i c a l c h a r a c t e r i z a t i o n technique i n the sense that the 
others are, because i t i s r o u t i n e l y used t o c h a r a c t e r i z e t he dopant 
c o n c e n t r a t i o n and depth of ion-implanted and d i f f u s e d l a y e r s . When 
the dopant atoms are e l e c t r i c a l l y a c t i v e , then SIMS i s found t o g i v e 
r e s u l t s v e r y c l o s e t o those o b t a i n e d from s p r e a d i n g r e s i s t a n c e 
measurements (_9) . When e l e c t r i c a l a c t i v a t i o n i s not comple t e , t h e n 
t h e r e w i l l be s i g n i f i c a n t d e v i a t i o n s between SIMS and SRP or C-V 
data. 
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F i g u r e 3. A schem a t i c of the e l e c t r o c h e m i c a l p r o f i l e r and a 
c a r r i e r c o n c e n t r a t i o n v s . depth p l o t . The example i s a Zn 
d i f f u s i o n i n t o GaAs. Courtesy of R.J. Roedel. 
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J u n c t i o n Depth 

A l l of the three preceding techniques a r e used t o measure j u n c t i o n 
d e p t h . There i s g e n e r a l agreement between the three techniques f o r 
deep j u n c t i o n s w i t h j u n c t i o n depths of t h e o r d e r o f 1-2 jxm o r 
g r e a t e r . However, f o r s h a l l o w j u n c t i o n s i t i s b e l i e v e d that SIMS 
g i v e s t h e most a c c u r a t e r e s u l t s . T h i s q u e s t i o n i s under a c t i v e 
i n v e s t i g a t i o n a t p r e s e n t because j u n c t i o n s w i t h depths of <.0.5 urn 
are not easy to measure p r e c i s e l y . 

The t r e n d i s f o r f i n e r r e s o l u t i o n i n these measurements so that 
i n c r e a s i n g l y shallower j u n c t i o n s can be unambiguously determined. A 
b e t t e r u n d e r s t a n d i n g of j u s t e x a c t l y what i s measured i s a l s o being 
addressed. For example, i n SRP t h e a l g o r i t h m s t o e x t r a c t doping 
c o n c e n t r a t i o n d a t a from the measured spreading r e s i s t a n c e are being 
improved. 

Deep L e v e l I m p u r i t i e s 

I m p u r i t i e s t h a t p e r t u r
semiconductor, g e n e r a l l
These i m p u r i t i e s a r e d i v i d e d i n t o s h a l l o w l e v e l i m p u r i t i e s whose 
e n e r g i e s l i e close to e i t h e r the conduction or valence band edge and 
deep l e v e l i m p u r i t i e s w i t h energy l e v e l s deeper i n t h e bandgap. 
There i s no p r e c i s e d e f i n i t i o n , but t h o s e i m p u r i t i e s whose energy 
l e v e l s l i e w i t h i n about 0.1 eV of t h e band edges a r e g e n e r a l l y 
considered t o be shallow. 

O p t i c a l t e c h n i q u e s l i k e p h o t o l u m i n e s c e n c e (10) and i n f r a r e d 
p h o t o t h e r m a l spectroscopy (11) work w e l l f o r the c h a r a c t e r i z a t i o n of 
shallow l e v e l i m p u r i t i e s , w h i l e e l e c t r i c a l t e c h n i q u e s work w e l l f o r 
deep l e v e l i m p u r i t i e s . There are a number of methods that have been 
used f o r e l e c t r i c a l c h a r a c t e r i z a t i o n . I w i l l only d i s c u s s deep l e v e l 
t r a n s i e n t s p e c t r o s c o p y (DLTS), however, because i t has become the 
most popular and gives a f a i r l y complete c h a r a c t e r i z a t i o n . 

B e f o r e d i s c u s s i n g DLTS, i t i s a p p r o p r i a t e t o t a l k about some 
device parameters that are a f f e c t e d by these i m p u r i t i e s . The main 
parameters a r e t h e r e c o m b i n a t i o n and g e n e r a t i o n l i f e t i m e s because 
they a f f e c t j u n c t i o n leakage c u r r e n t , device s w i t c h i n g speed, l i g h t 
e m i t t i n g d i o d e e f f i c i e n c y and a number of other device performance 
i n d i c a t o r s . 

Recombination-Generation L i f e t i m e 

A s e miconductor i n t h e n o n - e q u i l i b r i u m s t a t e e i t h e r has e x c e s s 
c a r r i e r s , due to an e l e c t r i c a l forward b i a s or o p t i c a l e x c i t a t i o n , or 
i t has a d e p l e t i o n of c a r r i e r s , due t o an e l e c t r i c a l r e v e r s e b i a s . 
I n t h e former the excess c a r r i e r s recombine i n a c h a r a c t e r i s t i c time 
- the r e c o m b i n a t i o n l i f e t i m e , r . I n t h e l a t t e r c a r r i e r s a r e 

r 
generated i n a c h a r a c t e r i s t i c time - the generation l i f e t i m e , r • 

The recombination l i f e t i m e f o r e l e c t r o n s i s given by 
T r " < V t h V " 1 ( 3 ) 

where o~n i s the capture c r o s s - s e c t i o n , v ^ the t h e r m a l v e l o c i t y and 
the deep l e v e l impurity c o n c e n t r a t i o n , r depends on the capture 

c r o s s - s e c t i o n and impurity c o n c e n t r a t i o n . 
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The generation lifetime is (12) 

T G « T R exp[(E T-E i)/kT] (4) 

where E T and E^ are the impurity and i n t r i n s i c energy l e v e l s , 
respectively. Clearly, the generation lifetime i s very s e n s i t i v e l y 
dependent on the energy l e v e l , while the recombination lifetime i s 
not. A comparison of Equations 3 and 4 shows that T can be much 
higher than T , which is generally observed experimentally (12) . 

There are numerous techniques to measure the recombination 
l i f e t i m e * Some of the better known are photoconductive decay (13) , 
diode reverse recovery (14), diode open circuit voltage decay (15) , 
surface photovoltage (.16.) and forward-biased pn junction I-V 
characteristic (17) . I w i l l describe one particular photoconductive 
decay method, because i t is a relatively new, non-contact method that 
requires no junctions. This makes i t very suitable for a large 
number of measurements as for a process sequence characterization 
tool. 

It i s the microwav
pulses incident on the wafe
modulating i t s c o n d u c t i v i t y . These non-equilibrium e-h pairs 
recombine causing a conductivity change. A microwave signal i s 
directed onto the wafer, reflected from i t , detected, amplified and 
displayed. The microwave r e f l e c t i v i t y i s dependent on the wafer 
conductivity. Hence the displayed signal is a representation of the 
time dependent excess carrier density. The temporal behavior of this 
signal is determined by the recombination lifetime. The advantage of 
this technique over conventional photoconductive decay is the absence 
of contacts to the wafer. 

Wafer mapping i s e a s i l y accomplished. A representative two-
dimensional r map i s shown i n Figure 4 (19) . The data are coded 
through the number of horizontal lines for each location. The more 
l i n e s , the higher the r . The numerical values are also available 
and two cross-sections through the two-dimensional display are also 
shown. 

The lower l i m i t for short l i f e t i m e s i n t h i s technique i s 
determined by the op t i c a l excitation source turn-off time to about 
0.1 /us. For shorter l i f e t i m e s s t e a d y - s t a t e d i f f u s i o n length 
measurements are more suitable. The diffusion length is related to 
the recombination l i f e t i m e by the equation L »^{DT ). Suitable 
techniques are surface photovoltage and scanning electron microscope 
electron beam induced current. They lend themselves to li f e t i m e s 
down to the nano-second range. 

In contrast to T measurements, i n which the decay of excess 
carriers is monitored1; the generation lifetime is determined from the 
reverse-biased pn junction leakage current or from the pulsed MOS 
capacitor (20) • In the l a t t e r and the more popular of the two, an 
MOS-C is pulsed into deep depletion and the capacitance is monitored 
as a function of time. An appropriate analysis of the C-t response 
yields T . 

An important point i n T and T measurements i s that r i s 
measured in the scr of a revers%-biasecF device. The thickness of^the 
scr i s t y p i c a l l y a few microns and is located near the surface. It 
is furthermore determined by the applied gate voltage and therefore 
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F i g u r e 4. A r e c o m b i n a t i o n l i f e t i m e wafer map taken on a 3 inch 
diameter s i l i c o n wafer. Two sec t i o n s through the data a r e shown. 
A l s o shown i s a schematic of the microwave r e f l e c t i o n measurement 
technique. Courtesy of K. Hunter. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2. SCHRODER Electrical Characterization of Semiconductor Materials 29 

under the experimenter's contr o l . The distance over which T is 
measured is the minority carrier diffusion length, which is typically 
around 100 um for n-type S i of 10 /LIS recombination lifetime. It is a 
property of a p a r t i c u l a r material and t h e r e f o r e not under the 
experimenter's contr o l . So the generation l i f e t i m e i s measured 
within a few microns from the surface, while the recombination 
lifetime is measured over a much larger distance. This has important 
implications. 

Equation 4 states that for a wafer with uniformly distributed 
recombination/generation centers (N^) , r is generally higher than 
T Y . If N T i s non-uniformly d i s t r i b u t e d , then this discrepancy is 
further enhanced. An example of t h i s i s found i n modern S i 
integrated c i r c u i t processing. The high oxygen concentration of 
Czochralski-grown si l i c o n has led to a process sequence in which the 
oxygen is diffused out of a region near the surface, sometimes called 
the denuded zone. This zone is typically around 20 urn wide. In the 
wafer i n t e r i o r the oxygen i s made to p r e c i p i t a t e , causing a high 
density of structural defect h  dislocation d stackin
f a u l t s . These defect
from the denuded zone. Consequently
high perfection for high y i e l d devices with a correspondingly high 
generation l i f e t i m e . The recombination l i f e t i m e , determined 
p a r t i a l l y by the denuded zone but largely by the precipitated 
interior, is li k e l y to be very low. Measurements, using the pulsed 
MOS-C f o r both T and T , have given (2_1) T * 2.7 i s and 
T « 1.8 /LIS• The ra?io i s over 1000 and i s c l e a r l ^ the re s u l t of 
d i f f e r i n g r e g ions of the wafer having s i g n i f i c a n t l y d i f f e r e n t 
properties. 

The trend here is for simpler lifetime measurement methods and a 
better understanding of the mechanisms within the device or material, 
giving r i s e to the measured values. For example, for the denuded 
zone/precipitated interior intrinsic gettering mechanism, a high T 
and low is clearly an indicator of a successful process. 

Deep Level Transient Spectroscopy 

The l i f e t i m e s of the previous section depend on the concentration, 
capture cross-section and energy level of the impurities. Lifetime 
measurements, however, cannot e a s i l y be used f o r these 
determinations. DLTS is the technique most frequently used instead. 
It i s based on the concept in Figure 5 (22). First consider the n-
type Schottky b a r r i e r diode of Figure 5 (a) with no deep l e v e l 
impurities. A reverse bias -V^ creates a scr of width W. When the 
bias i s reduced to zero, the scr i s a l s o reduced. The scr 
capacitance, being inversely proportional to W, is small and equal 
for cases A, C and D and large for case B. If the voltage i s pulsed 
between zero and -V., the capacitance follows almost instantaneously 
and no time-dependent capacitance is observed. 

A d i f f e r e n t behavior is observed when deep level impurities are 
present, as indicated in Figure 5(b). This figure i s a composite 
showing the device and i t s scr, but superimposed on i t is the energy 
level corresponding to the impurity, N_. It i s merely shown for 
convenience. I n i t i a l l y , the device has Deen reverse biased for some 
time and N_ is empty of electrons (A). A short pulse brings i t to 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



30 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

F i g u r e 5. A s c h e m a t i c r e p r e s e n t a t i o n of DLTS and the 
corresponding C-t response. 
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zero bias (B) and then back to -V,. During the zero bias pulse, 
is f i l l e d with electrons and when the bias is returned to -V, , those 
N T in the scr are i n i t i a l l y f i l l e d with electrons (C). since the 
capacitance is given by 

C = N/K e Q/2(VV.-V) (5) 
S O Dl 

the space-charge Q - q(N* - NT) at (C). Electrons are then thermally 
emitted, indicated by arrows in (C), and as time progresses Q qN^ 
(D) i.e. when a l l electrons have been emitted, the charge i n the scr 
i s i d e n t i c a l to Figure 5(a). Hence the capacitance, which i s 
i n i t i a l l y C c rises to Cp, with a time constant 

T = ( ( j v . N ) " 1 exp (E_/kT) (6) e n tn c T 

where N is the effective density of states in the conduction band. 
Note that r contains both d Ê , t  b  show  (22) that th
capacitance change AC i

N T * 2^AC/CA (7) 

We see then that the main parameters that characterize deep 
impurity l e v e l s can be extracted from DLTS measurements. The 
technique is implemented by repeatedly pulsing the sequence in Figure 
5 and detecting the C-t transient with a lock-in amplifier or boxcar 
integrator (22) . The measurement is usually performed as a function 
of temperature. 

Although only the impurities in the scr can be detected by DLTS, 
i t i s always p o s s i b l e to increase the reverse-bias voltage to 
increase the scr width. It is d i f f i c u l t , however, to pulse to high 
voltages. Therefore, the width i s ultimately limited by voltage 
breakdown considerations. Then, one can etch the wafer repeatedly, 
form Schottky barrier devices each time and measure to profile the 
concentration. 

The DLTS method has been well accepted and i s used by many 
laboratories. The trend is to place both the data a c q u i s i t i o n and 
data in t e r p r e t a t i o n under computer control. In addition to making 
the measurement easier, i t allows certain signal processing of the 
experimental data that simplifies parameter extraction. 

Mobility 

For the f i n a l example, I have chosen the MOSFET mobility measurement 
because depending on how i t i s measured, d i f f e r e n t values are 
obtained i f the data interpretation is done incorrectly. 

The drain current-drain voltage relationship of a MOSFET is (23) 

h ' ( z / U J K 0 X I V e - 2 V V D / 2 ) V D - K V D + 2 « r ) 1 - 5 - ( 2 ^ ) 1 - 5 ] (8) 

where K is a constant that depends on doping and oxide capacitance 
and the other symbols have t h e i r usual meaning. From the drain 
conductance g« » 9I-V9VL at constant V- we derive for V n << 20- an 
effective mobility as 
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» « t " W W 1 ( 9 ) 

Here 0„ i s the Fermi p o t e n t i a l and V T i s the t h r e s h o l d v o l t a g e . 
A f i e l d - e f f e c t m o b i l i t y i s s o m e t i m e s d e f i n e d , u s i n g t h e 

trans conductance g • 9I-/8V,, at constant V.., as m JD \j u 

IX = Lg m/(ZC V J (10) FE m ox D 
When t h e s e two measured m o b i l i t i e s are compared, g e n e r a l l y F E i s of 
smaller v a l u e . The reason f o r t h i s i s t h e m o b i l i t y v a r i a t i o n w i t h 
gate v o l t a g e . I t d e c r e a s e s w i t h i n c r e a s i n g gate v o l t a g e , and t h a t 
v a r i a t i o n i s not considered i n E q u a t i o n 10. I f i t i s c o n s i d e r e d , 
then the equation should be w r i t t e n as 

The d i f f i c u l t y w i t h t h i s e x p r e s s i o n i s t h a t g e n e r a l l y ^ M e f f / 9 V Q * s 

not known a p r i o r i and f o
be used. R e p r e s e n t a t i v
i n ( 2 4 ) . I m e r e l y w i s h t o p o i n t out t h i s f a c t w h i c h i s u s u a l l y 
overlooked. 

A f u r t h e r c o m p l i c a t i o n f o r m o b i l i t y measurements i s t h e d e v i c e 
s e r i e s r e s i s t a n c e R • Both d r a i n and t r a n s conductance are degraded 
by R g according t o 

= g D / ( l ^ D R 8 ) ; g; - (12) 

R values of s e v e r a l hundred ohms a r e sometimes found i n MOSFETs. 
They can degrade the m o b i l i t y from i t s i n t r i n s i c value by 50% or more 
(2 5 ) . 

There i s no p a r t i c u l a r t r e n d here, j u s t a note of c a u t i o n . Be 
aware what i s measured and be c e r t a i n t h a t e x t r a n e o u s f a c t o r s l i k e 
r e s i s t a n c e do not degrade the m o b i l i t y . 

Summary 

S e m i c o n d u c t o r m a t e r i a l and d e v i c e c h a r a c t e r i z a t i o n i s a v e r y 
comprehensive s u b j e c t and worthy of a book by i t s e l f . I n t h i s 
c h a p t e r , I have l i m i t e d m y s e l f t o a few s e l e c t e d t o p i c s . I have 
chosen them because they a r e r e l a t i v e l y new and perhaps not w e l l -
known. In some cases, the technique i s o l d , but by combining i t w i t h 
modern computer-automated d a t a - a c q u i s i t i o n and d i s p l a y , i t i s 
s i g n i f i c a n t l y enhanced. 

The trend i n c h a r a c t e r i z a t i o n i s toward higher s e n s i t i v i t y , non-
c o n t a c t i n g wherever p o s s i b l e and computer-automation. For example, 
i o n - i m p l a n t a t i o n i s capable of sheet r e s i s t a n c e u n i f o r m i t y t o b e t t e r 
t h a n 1% a c r o s s a w a f e r . I t i s only w i t h computer-driven f o u r - p o i n t 
probe measurements, tha t t h i s type of u n i f o r m i t y can be m e a n i n g f u l l y 
d i s p l a y e d . 

L i f e t i m e c h a r a c t e r i z a t i o n i s i n f r e q u e n t l y u t i l i z e d f o r MOSFETs. 
However, w i t h denuded s u r f a c e z o n e / p r e c i p i t a t e d b u l k w a f e r 
f a b r i c a t i o n , b o t h g e n e r a t i o n and r e c o m b i n a t i o n l i f e t i m e s a r e 
extremely u s e f u l process d e s c r i p t o r s . T h e i r meaning should be b e t t e r 
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understood than i t is today. They are also very useful as a check on 
process cleanliness. This chapter addresses these concepts. 
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Dopant Profiles by the Spreading Resistance Technique 

Robert G. Mazur 

Solid State Measurements, Inc., Monroeville, PA 15146 

Spreading resistance profiles are made by stepping a 
pair of specially-conditioned "point"-contact probes 
across the bevelled surface of a sample. The near-
zero-bias resistance between the probes is measured at 
each point. Measurement accuracy depends very strongly 
on properly calibrating the probes with known-
resistivity samples. In addition, a theoretically-
derived correction factor must be calculated and applied 
to each raw data point to account for the effects of PN 
junctions and other boundaries in the sample. At its 
current level of development, the spreading resistance 
technique can provide detailed dopant density profiles 
on essentially all silicon structures of interest, in
cluding as-grown crystals and diffused, ion-implanted, 
and epitaxial wafers. For silicon, there are no limits 
on dopant density and essentially no limits on the depth 
resolution. A spatial resolution as low as 1 nanometer 
per point has been reported and layers with a thickness 
as little as 20 nanometers have been profiled. This 
paper details the current state-of-the-art of the 
spreading resistance technique and presents a number of 
typical examples. 

D i e t e r Schroder has j u s t presented a comprehensive review of the 
e l e c t r i c a l techniques used i n c h a r a c t e r i z i n g semiconductor m a t e r i a l s 
( 1 ) . One point that I'd l i k e to develop f u r t h e r i s the need f o r 
high s p a t i a l r e s o l u t i o n dopant p r o f i l i n g . As you know, i n the world 
of m i c r o e l e c t r o n i c s , the emphasis i s always on the "micro"; 
everything i s f a n t a s t i c a l l y s m a l l . This i s because both the 
operating speed and the manufacturing y i e l d of i n t e g r a t e d c i r c u i t s 
improve as i n d i v i d u a l device elements are made smaller and more 
chips are put on a wafer. This m i n i a t u r i z a t i o n process generates a 
need f o r high s p a t i a l r e s o l u t i o n dopant p r o f i l i n g , because making 
devices s m a l l e r means making the doped l a y e r s of which they're 
composed t h i n n e r . At the present time, many devices use 
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ion-implanted, d i f f u s e d , or e p i t a x i a l l a y e r s only a few tens or 
hundreds of nanometers t h i c k . To get the dopant co n c e n t r a t i o n 
p r o f i l e s needed i n process development and c o n t r o l of these t h i n 
l a y e r s , we must s e c t i o n and evaluate them w i t h a s p a t i a l r e s o l u t i o n 
on the order of one nanometer. 

One method that has the required s p a t i a l r e s o l u t i o n i s the 
spreading r e s i s t a n c e technique (2,3)• This technique i s based on 
measuring the contact r e s i s t a n c e of s p e c i a l l y - p r e p a r e d point-contact 
diodes. I n t h i s paper, I w i l l f i r s t describe the spreading 
r e s i s t a n c e technique as i t e x i s t s today and present some t y p i c a l 
examples. Then I ' l l t r y to give you a perspective on spreading 
r e s i s t a n c e by d i s c u s s i n g i t i n r e l a t i o n to SIMS. I ' l l f i n i s h by 
i n d i c a t i n g those s i t u a t i o n s i n which the spreading r e s i s t a n c e 
technique i s most e f f e c t i v e l y used f o r c h a r a c t e r i z i n g semiconductor 
m a t e r i a l s . 

The Spreading Resistance Technique 

Figure 1 i l l u s t r a t e s th
spreading r e s i s t a n c e measurements
and then stepped across the be v e l l e d surface of a semiconductor 
sample; at each p o i n t , the probes are lowered onto the sample 
surface and the r e s i s t a n c e between the two probes i s measured and 
p l o t t e d . The technique i s r e f e r r e d to as the spreading r e s i s t a n c e 
technique because the dominant r e s i s t a n c e of a point contact diode 
occurs i n a very small volume beneath the probe, where the current 
r a p i d l y spreads out i n t o the sample. Spreading r e s i s t a n c e p r o f i l e s 
are u s u a l l y computer-processed to y i e l d r e s i s t i v i t y or dopant 
conce n t r a t i o n p r o f i l e s . 

F i g u r e 2 shows a t y p i c a l automatic spreading r e s i s t a n c e system. 
I t c o n s i s t s of a mechanical apparatus to operate the probes and step 
them across a be v e l l e d t e s t chip and an e l e c t r o n i c s sub-system to 
ac q u i r e , process and p l o t the data. 

The spreading r e s i s t a n c e technique i s c h a r a c t e r i z e d by four 
major f e a t u r e s : 

1) s p e c i a l probes and mechanical apparatus to make the 
con t a c t s ; 

2) the use of a very low a p p l i e d voltage during the r e s i s t a n c e 
measurements; 

3) a c a l i b r a t i o n procedure using samples of known r e s i s t i v i t y ; 
4) a m u l t i - l a y e r c o r r e c t i o n procedure to c o r r e c t f o r boundary 

e f f e c t s . 

Probes. The most important parts of a spreading r e s i s t a n c e system 
are the probes and the mechanical apparatus that operates them. 
Figure 3 i s a close-up view of a p a i r of spreading r e s i s t a n c e probes 
mounted on gra v i t y - l o a d e d probe arm assemblies. Note that the probe 
arms are mechanically massive, thus p r o v i d i n g a s t a b l e and r i g i d 
mounting f o r the probe p i n s . Each probe arm i s supported by a 
kinematic-design bearing system wit h a t o t a l of f i v e point c o n t a c t s . 
This c o n s t r u c t i o n gives the probe arm only one degree-of-freedom, a 
r o t a t i o n around a h o r i z o n t a l a x i s . When the probe arm i s pivoted to 
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1. R = T— ( s i n g l e probe) 

2. R = f ( p , r ad ius c o n d u c t i v i t y type , o r i e n t a t i o n , 
surface f i n i s h , e t c . ) 

Figure 1. A schemati
spreading r e s i s t a n c e
Ref. J3. Copyright 1984 American S o c i e t y f o r T e s t i n g and 
M a t e r i a l s . 

F i g u r e 2. An ASR-100C/2 Automatic Spreading Resistance Probe. 
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b r i n g the probe i n t o contact w i t h the t e s t sample, the probe p i n 
i t s e l f makes the s i x t h point contact between the probe arm assembly 
and the r e s t of the apparatus, e l i m i n a t i n g a l l s i x 
degrees-of-freedom. This i s important, because i t means that the 
probe doesn't move l a t e r a l l y ( i . e . , " s c r u b " ) when i t makes contact 
w i t h the sample. Because the probe doesn't "scrub," probe t i p wear 
i s e s s e n t i a l l y e l i m i n a t e d and damage to the semiconductor surface i s 
minimized. 

Figure 4 i s a sc a l e drawing of a spreading r e s i s t a n c e probe t i p 
and the nominal contact s i z e f o r a 10 gram probe l o a d . The probe 
t i p s are a hard tungsten-osmium a l l o y ; they have a 
p r e c i s e l y - c o n t r o l l e d shape and are massive i n r e l a t i o n to the 
contact spot diameter. Because of t h e i r r e l a t i v e s i z e and hardness, 
the probes do not undergo gross deformation during measurements. 
When set down, they deform only e l a s t i c a l l y ; thus they make very 
re p r o d u c i b l e mechanical c o n t a c t s . 

E l e c t r i c a l l y , we have to " c o n d i t i o n " the probes i n a s p e c i a l 
way to get a good contact  Thi  i  becaus  a l l s i l i c o
samples are covered w i t
t h i c k . Since the probe
through the oxide l a y e r the way that other probes would. Instead, 
we achieve an e l e c t r i c a l contact w i t h the r i g h t c h a r a c t e r i s t i c s by 
c o n t r o l l i n g the micro-topography of the probe t i p s such that the 
contact area c o n s i s t s of a large number of microscopic p r o t r u s i o n s , 
or " a s p e r i t i e s . " These a s p e r i t i e s are s u f f i c i e n t l y small that they 
f r a c t u r e the oxide by pressure alone, generating a micro-contact 
under each a s p e r i t y . Because of the c o n t r o l l e d shape of the probe 
t i p , the r e s u l t a n t c l u s t e r of micro-contacts i s c l o s e l y enough 
grouped that i t acts e l e c t r i c a l l y as a s i n g l e contact. I n recent 
years we've learned to c o n d i t i o n probes so that we get a large 
number of micro-contacts, thus reducing the pressure at each of 
them. This minimizes probe pene t r a t i o n and produces good p r o f i l e s , 
even on the extremely t h i n l a y e r s now common i n s i l i c o n technology. 
As an example of current c a p a b i l i t y , one spreading r e s i s t a n c e probe 
user r e c e n t l y reported p r o f i l i n g an ion-implanted l a y e r j u s t 20 
nanometers t h i c k . 

The improvement i n spreading r e s i s t a n c e p r o f i l e s obtained 
through c o n t r o l l i n g probe p e n e t r a t i o n i s i l l u s t r a t e d i n Figure 5. 
The s t r u c t u r e i s an NPNN"1- t r a n s i s t o r . The lowest p l o t was done 
s e v e r a l years ago with 20 gram penetrating probes; the middle p l o t 
shows the improvement obtained at that time by using a 
Gorey-Schneider probe g r i n d e r to c o n t r o l probe p e n e t r a t i o n ( 4 ) . The 
uppermost p r o f i l e was measured r e c e n t l y , using c o n t r o l l e d low 
pen e t r a t i o n 10 gram probes, a l s o conditioned w i t h a Gorey-Schneider 
probe g r i n d e r , but done according to our current procedures and 
c r i t e r i a ( 5 ) . 

A f u r t h e r example of the depth r e s o l u t i o n p o s s i b l e w i t h 
p r o p e r l y conditioned spreading r e s i s t a n c e probes i s shown i n Figure 
6. This i s a narrow-base NPN t r a n s i s t o r , p r o f i l e d w i t h probes 
loaded to about 5 grams and w i t h a very shallow bevel angle to 
ob t a i n a depth increment of j u s t 2.6 nanometers per point (Figure 
6a). Note that i t i s p o s s i b l e to achieve even f i n e r r e s o l u t i o n by 
simply going to a smaller h o r i z o n t a l step on the bevel s u r f a c e , 
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Figure 3. A p a i r of standard spreading r e s i s t a n c e probe arm 
assemblies w i t h probe pins attached, shown i n measurement p o s i t i o n 
on a b e v e l l e d t e s t sample. 

Fi g u r e 4. Scale drawing of a spreading r e s i s t a n c e probe t i p and 
t y p i c a l microcontact c l u s t e r s produced at various degrees of probe 
c o n d i t i o n i n g . Reproduced w i t h permission from Ref • 5. Copyright 
1984 American Societ y f o r T e s t i n g and M a t e r i a l s . 
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Figure 5. Spreading r e s i s t a n c e p r o f i l e s of an NPNN"1" t r a n s i s t o r 
s t r u c t u r e , as measured w i t h p e n e t r a t i n g probes and w i t h c o n t r o l l e d 
low p e n e t r a t i o n probes. Reproduced w i t h permission from Ref. _5. 
Copyright 1984 American Society f o r T e s t i n g and M a t e r i a l s . 
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Figure 6. Spreading r e s i s t a n c e p r o f i l e s of a narrow base NPN 
t r a n s i s t o r . 
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y i e l d i n g a p o i n t - t o - p o i n t depth increment of j u s t 1.02 nanometers 
(Figure 6b). 

This d i s c u s s i o n of the mechanical and e l e c t r i c a l p r o p e r t i e s of 
spreading r e s i s t a n c e contacts makes i t c l e a r that the probes used 
d i f f e r from any others p r e v i o u s l y used i n e i t h e r p o i n t - c o n t a c t diode 
work or i n semiconductor e l e c t r i c a l measurements. 

System E l e c t r o n i c s . I n a d d i t i o n to using s p e c i a l i z e d contacts and 
mechanical apparatus, spreading r e s i s t a n c e p r o f i l i n g a l s o r e q u i r e s 
s p e c i a l i z e d e l e c t r o n i c s . I n p a r t i c u l a r , we use an ohmmeter wi t h a 
very low a p p l i e d voltage of 5 mV (2.5 mV across each probe). This 
low voltage minimizes s e v e r a l e f f e c t s normally a s s o c i a t e d w i t h point 
contact diodes; e.g., excess c a r r i e r i n j e c t i o n . The ohmmeter's 
s i n g l e l o g a r i t h m i c range spans r e s i s t a n c e s from 1 ohm to 10 y ohms, 
a l l o w i n g measurements on m a t e r i a l w i t h a r e s i s t i v i t y of from l e s s 
than 10" 6 ohm-cm on up to the i n t r i n s i c l e v e l . 

C a l i b r a t i o n . The t h i r d
technique i s i t s use o
are made on r e a l s i l i c o
b a s i s of simple theory doesn't hold (Figure 1, equation 1). 
Instead, the measured r e s i s t a n c e , R m, depends not only on the sample 
r e s i s t i v i t y p and the contact radius a, but a l s o on the sample's 
c o n d u c t i v i t y type, c r y s t a l l o g r a p h i c o r i e n t a t i o n , and surface f i n i s h 
(see Figure 1, equation 2 ) . 

Therefore, we make r e s i s t i v i t y measurements by f i r s t generating 
c a l i b r a t i o n curves on k n o w n - r e s i s t i v i t y samples of the same type, 
o r i e n t a t i o n , and surface f i n i s h as the t e s t specimens to be 
p r o f i l e d . C a l i b r a t i o n curves are generated f o r a p a r t i c u l a r p a i r of 
probes at a p a r t i c u l a r time, using k n o w n - r e s i s t i v i t y samples of the 
highest q u a l i t y a v a i l a b l e . This c a l i b r a t i o n procedure i s a 
p a r t i c u l a r l y noteworthy c h a r a c t e r i s t i c of the spreading r e s i s t a n c e 
technique. I t means that spreading r e s i s t a n c e i s a comparison 
method, and that i t s u l t i m a t e accuracy i s therefore l i m i t e d only by 
the c a l i b r a t i o n m a t e r i a l a v a i l a b l e . F o r t u n a t e l y , i t ' s now p o s s i b l e 
to o b t a i n complete sets of c a l i b r a t i o n samples from the N a t i o n a l 
Bureau of Standards. 

M u l t i l a y e r C o r r e c t i o n s . F i n a l l y , the spreading r e s i s t a n c e 
technique, as we use i t today, i s a l s o c h a r a c t e r i z e d by the use of a 
m u l t i l a y e r c o r r e c t i o n procedure. Co r r e c t i o n s to the raw data are 
necessary because of the e f f e c t s of boundaries, such as PN or 
low-high j u n c t i o n s , i n the v i c i n i t y of the probes. These 
c o r r e c t i o n s are made using a method based on a point-by-point 
s o l u t i o n of the Laplace equation, t r e a t i n g each point on the 
spreading r e s i s t a n c e p r o f i l e as a separate sub-layer i n the 
s t r u c t u r e ; hence the term " m u l t i l a y e r . " A considerable amount of 
work has been done on these c o r r e c t i o n s over the l a s t f i f t e e n years, 
beginning w i t h the o r i g i n a l m u l t i l a y e r c a l c u l a t i o n s of Schumann and 
Gardner at IBM ( 6 ) , and continued by D'Avanzo, Rung, and Dutton at 
Stanford U n i v e r s i t y (7) and by S. C. Choo and h i s co-workers at the 
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U n i v e r s i t y of Singapore (8) • As a r e s u l t of t h i s work, we now have 
programs that enable us to do a r a t h e r e f f e c t i v e job of making 
spreading r e s i s t a n c e c o r r e c t i o n s . 

More r e c e n t l y , a d d i t i o n a l work to improve the accuracy of 
c a l c u l a t e d c o r r e c t i o n f a c t o r s has been done by Berkowitz and Lux at 
F o r t Monmouth ( 9 ) , by Piessens, Vandervorst, and Maes at the 
U n i v e r s i t y of Leuven i n Belgium (10), and, again, by Choo and h i s 
group i n Singapore (11)• These newer procedures and programs are 
now being implemented; they o f f e r the promise of g i v i n g us even 
b e t t e r c o r r e c t i o n s i n the f u t u r e . 

F i g u r e 7 i s an example of a spreading r e s i s t a n c e p r o f i l e 
c o r r e c t e d w i t h a m u l t i l a y e r procedure. I t shows a shallow boron i o n 
implant i n t o a P-type s u b s t r a t e , along w i t h the c a r r i e r 
c o n c e n t r a t i o n p r o f i l e derived from the spreading r e s i s t a n c e data, 
and a t h e o r e t i c a l curve ( s o l i d l i n e ) , c a l c u l a t e d w i t h the program 
SUPREM I I . Notwithstanding the f a c t that we don't know whether the 
experimental p r o f i l e or the t h e o r e t i c a l c a l c u l a t i o n i s the more 
c o r r e c t , the r e l a t i v e l y d t betwee  the  give
idea of the accuracy of
c o n c e n t r a t i o n p r o f i l e . 

F i g u r e 8 i s a more recent spreading r e s i s t a n c e and c a r r i e r 
c o n c e n t r a t i o n p r o f i l e of a low dose boron ion-implant i n t o an N-type 
s u b s t r a t e . The peak i n the spreading r e s i s t a n c e p r o f i l e at about 9 
x 10 b ohms i n d i c a t e s the p o s i t i o n of the PN j u n c t i o n . The 
c a l c u l a t e d c a r r i e r c oncentration r i s e s from a value of 1 0 1 7 cm~^ at 
the surface to a maximum of about 2 x 1 0 1 7 cm"^ before f a l l i n g to a 
low value at the PN j u n c t i o n at a depth of 1.2 urn. This p r o f i l e was 
done w i t h 10 gram, c o n t r o l l e d low p e n e t r a t i o n probes, using a 
nominal 17 1 bevel angle and a step increment along the bevel surface 
of 5 urn to give a p o i n t - t o - p o i n t depth increment of 210A or 21 
nanometers• 

Spreading Resistance P r o f i l e Accuracy 

An obvious question at t h i s point i s "how accurate are the 
co n c e n t r a t i o n p r o f i l e s derived from spreading r e s i s t a n c e 
measurements ?" 

I n our day-to-day p r o f i l i n g at SSM, we depend p r i m a r i l y on 
comparisons w i t h theory (as i n Figure 7 ) , or on comparisons between 
the known i o n implant dosage and a dosage c a l c u l a t e d by i n t e g r a t i n g 
the dopant p r o f i l e . For example, i n Figure 8, the known implant 
fluence was 2 x 1 0 1 6 cm~2 w h i l e the dosage c a l c u l a t e d from the 
c a r r i e r c o ncentration p r o f i l e was 1.5 x 1 0 1 6 cm"^ • We a l s o 
f r e q u e n t l y compare the measured sheet r e s i s t a n c e of a l a y e r w i t h a 
P s value c a l c u l a t e d from the measured r e s i s t i v i t y p r o f i l e . 

We expect to get a b e t t e r idea of spreading r e s i s t a n c e p r o f i l e 
accuracy from a "round r o b i n " t e s t now i n progress i n the ASTM F - l 
committee. This t e s t i s being done i n various l a b o r a t o r i e s 
throughout the world and w i l l r e s u l t i n an experimental 
determination of the p r e c i s i o n of the spreading r e s i s t a n c e 
technique, i n support of a published ASTM standard on spreading 
r e s i s t a n c e p r o f i l i n g (12). 
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Figure 7. Spreading r e s i s t a n c e , c a r r i e r concentration and SUPREM 
I I p r o f i l e s of a boron ion-implant. Reproduced w i t h permission 
from Ref. 4. Copyright 1981 S o l i d State Technology. 
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Figure 8. Spreading r e s i s t a n c e and c a r r i e r c o ncentration p r o f i l e s 
of a boron ion-implant i n t o an N-type substrate as measured wit h 
c o n t r o l l e d low p e n e t r a t i o n , 10 gram probes. 
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I n a d d i t i o n , a number of authors have r e c e n t l y published 
comparisons of spreading r e s i s t a n c e and SIMS p r o f i l e s . For example, 
Marek Pawlik of the GEC Research L a b o r a t o r i e s i n England and Jim 
E h r s t e i n of the N a t i o n a l Bureau of Standards both gave papers 
comparing spreading r e s i s t a n c e and SIMS at the February, 1984 
Symposium on Semiconductor Processing i n San Jose (13,14). Jim 
Eh r s t e i n ' s paper was a c t u a l l y a three-way comparison of boron 
implants using spreading r e s i s t a n c e , SIMS, and a Neutron Depth 
P r o f i l i n g (NDP) method which i s now under i n v e s t i g a t i o n at the NBS 
and which w i l l be described i n a paper to be given l a t e r at t h i s 
meeting by R. G. Downing of the N a t i o n a l Bureau of Standards. 

Comparison of Spreading Resistance and SIMS. Figure 9 i s taken from 
Jim E h r s t e i n ' s paper at the San Jose Symposium. I t shows the dopant 
conce n t r a t i o n p r o f i l e s of three i o n implants of i U B i n t o an N-type 
s u b s t r a t e , as measured a f t e r annealing by SIMS, NDP, and spreading 
r e s i s t a n c e . The implants were done at 70 keV, w i t h fluences of 1 x 
1 0 i b , 4 x 1 0 i b , and 1 x 1 0 l b 2

These p r o f i l e s sho
p h y s i c a l p r o f i l i n g method  spreading  technique

F i r s t , SIMS and NDP both show an increase i n boron 
conc e n t r a t i o n at the s u r f a c e , due to a r e d i s t r i b u t i o n of boron i n t o 
a t h i n oxide grown during the annealing process. This boron i s not 
e l e c t r i c a l l y a c t i v e and i s therefore not seen by the spreading 
r e s i s t a n c e probe. 

Second, there i s a hump i n the boron concentration at about 0.2 
um i n both the SIMS and NDP p r o f i l e s which i s not seen i n the 
spreading r e s i s t a n c e p r o f i l e because i t i s due to undissolved boron 
which i s a l s o not e l e c t r i c a l l y a c t i v e . 

F i n a l l y , there i s a s i g n i f i c a n t d i f f e r e n c e i n the concentration 
of boron measured by spreading r e s i s t a n c e and by SIMS at boron 
concentrations below about 1 0 w cm~^. At the present time, we do 
not have a l o g i c a l mechanism to e x p l a i n t h i s discrepancy. E h r s t e i n 
et a l suggest that the discrepancy may be caused by a " s p i l l - o v e r " 
of c a r r i e r s from the PN j u n c t i o n . However, they a l s o report that 
the j u n c t i o n s were copper-stained and that the s t a i n agreed c l o s e l y 
w i t h the j u n c t i o n p o s i t i o n i n d i c a t e d by the spreading r e s i s t a n c e 
p r o f i l e s . Thus, i t i s not c l e a r whether we're seeing an a r t i f a c t of 
the spreading r e s i s t a n c e technique, whether there i s s t i l l some 
problem w i t h SIMS measurements at low c o n c e n t r a t i o n , or whether the 
discrepancy i s m a t e r i a l s - r e l a t e d due to some as-yet unknown 
mechanism. 

Since the other discrepancies between SIMS and spreading 
r e s i s t a n c e are c l e a r l y r e l a t e d to the f a c t that the spreading 
r e s i s t a n c e technique measures only e l e c t r i c a l l y - a c t i v e i m p u r i t i e s , 
i t i s tempting to suppose that the cause of the low c o n c e n t r a t i o n 
discrepancy i s the same. This hypothesis gets some support from 
Marek Pawlik's paper on ion-implanted s i l i c o n - o n - s a p p h i r e (14), i n 
which he reports a s i m i l a r discrepancy between SIMS and spreading 
r e s i s t a n c e at low boron concentrations. Pawlik a s c r i b e s the 
discrepancy to the i n t e r s t i t i a l d i f f u s i o n of boron, due to defects 
i n the deposited SOS f i l m . This suggests the p o s s i b i l i t y t h a t , i n 
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1 0 2 V 

DEPTH (pm) 

Figure 9. Spreading r e s i s t a n c e , SIMS, and NDP (Neutron Depth 
P r o f i l i n g ) p r o f i l e s of a 1 0 B ion-implant i n t o an N-type s u b s t r a t e . 
Reproduced w i t h permission from Ref. 13. Copyright 1984 American 
So c i e t y f o r T e s t i n g and M a t e r i a l s . 
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E h r s t e i n 1 s work, the A U B may a l s o have d i f f u s e d i n t e r s t i t i a l l y , 
perhaps as a r e s u l t of defects remaining from the i o n - i m p l a n t a t i o n 
damage• 

The end r e s u l t s of these comparisons between SIMS and spreading 
r e s i s t a n c e are that the two techniques agree w e l l at high 
c o n c e n t r a t i o n s , but that there i s a s i g n i f i c a n t , unresolved 
discrepancy at low concentrations. Furthermore, there i s a 
developing consensus that the two techniques are complementary 
r a t h e r than competitive. This i s due to the primary d i f f e r e n c e 
between them; that i s , SIMS i s species s e l e c t i v e , whereas spreading 
r e s i s t a n c e sees only the net c a r r i e r c o n c e n t r a t i o n , regardless of 
the chemical nature of the i m p u r i t i e s c o n t r i b u t i n g the c a r r i e r s . 
C l e a r l y , when used i n combination, SIMS and spreading r e s i s t a n c e 
give more u s e f u l i n f o r m a t i o n than e i t h e r does by i t s e l f . 

Spreading Resistance A p p l i c a t i o n s 

I can suggest some s i t u a t i o n
measurements are p a r t i c u l a r l
u l t i m a t e i n range of a p p l i c a t i o n  y o u ' l  spreading 
r e s i s t a n c e technique i s v i r t u a l l y u n l i m i t e d , at l e a s t f o r s i l i c o n . 
Spreading r e s i s t a n c e measurements are r o u t i n e l y made on m a t e r i a l 
w i t h dopant concentrations ranging from greater than 1 0 z l cm"-* to 
near i n t r i n s i c m a t e r i a l (<10 A icm"*). A l s o , j u s t about any device 
s t r u c t u r e can be p r o f i l e d , without regard to the number of d i f f e r e n t 
l a y e r s or to the l a y e r c o n d u c t i v i t y types or thic k n e s s e s . Even 
p o l y c r y s t a l l i n e s i l i c o n i s e a s i l y and ac c u r a t e l y p r o f i l e d . 

The spreading r e s i s t a n c e technique w i l l a l s o serve you w e l l 
when you need very high s p a t i a l r e s o l u t i o n . Spreading r e s i s t a n c e 
p r o f i l e s are done w i t h a r e s o l u t i o n as l i t t l e as one nanometer per 
p o i n t — a n d t h i s i s not a fundamental l i m i t . The technique i s s t i l l 
being developed, w i t h s m a l l e r , l i g h t e r , and l e s s - p e n e t r a t i n g probes 
a d e f i n i t e p o s s i b i l i t y . A l s o , since spreading r e s i s t a n c e probes can 
be spaced as cl o s e together as about 15 to 20 urn, very small 
patterned s t r u c t u r e s or devices can be p r o f i l e d . 

Spreading r e s i s t a n c e p r o f i l i n g i s c u r r e n t l y the most accurate 
method a v a i l a b l e f o r depth measurements of PN jun c t i o n s or other 
features i n s i l i c o n , because the probe arm assemblies and the t e s t 
specimen are mounted on p r e c i s i o n m i c r o - p o s i t i o n e r s . A l s o , bevel 
angles can be measured to w i t h i n +2% w i t h an o p t i c a l device f i t t e d 
to the microscope used i n spreading r e s i s t a n c e measurements. This 
combination of p r e c i s e angle measurements and the l a t e r a l p o s i t i o n 
accuracy provided by the micrometers means that spreading r e s i s t a n c e 
p r o f i l e s can give j u n c t i o n depths accurate to about 2 or 3%. 

Spreading r e s i s t a n c e p r o f i l e s are generated q u i c k l y , so the 
technique i s u s e f u l when speed i s e s s e n t i a l . Most s i l i c o n 
s t r u c t u r e s can be be v e l l e d and measured and the raw data then 
processed and p l o t t e d as a r e s i s t i v i t y or c a r r i e r c o ncentration 
p r o f i l e i n l e s s than t h i r t y minutes. 

F i n a l l y , spreading r e s i s t a n c e i s r e l a t i v e l y inexpensive. The 
c a p i t a l equipment inv o l v e d costs w e l l under $100,000, and many 
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systems are s a t i s f a c t o r i l y operated by w e l l - t r a i n e d t e c h n i c i a n s or 
h o u r l y o p e r a t o r s . 

The spreading r e s i s t a n c e technique does take a b i t of l e a r n i n g , 
p r a c t i c e , and p a t i e n c e . However, when i t ' s done r i g h t , there i s 
r e a l l y no match to the s e n s i t i v i t y and d e t a i l i n the r e s u l t a n t 
p r o f i l e s . T h a t ' s why the spreading r e s i s t a n c e technique has made 
and w i l l cont inue to make a s i g n i f i c a n t c o n t r i b u t i o n to the a c t i v i t y 
tha t we ' re a l l concerned wi th—the never-ending task of 
c h a r a c t e r i z i n g semiconductor m a t e r i a l s . 
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4 
Scanning Electron Microscopic Techniques 
for Characterization of Semiconductor Materials 

Rodney A. Young and Ronald V. Kalin 

Solid State Electronics Division, Honeywell Inc., Plymouth, MN 55441 

The Scanning Electron Microscop
analytical tool, has proven to be indispensable for 
characterizing semiconductor devices and materials. This paper 
focuses attention on the working principle of the SEM and the 
signals available for analysis. Techniques for applying these 
signals for characterization of semiconductor devices and 
materials are grouped into three categories: imaging, x-ray 
microanalysis, and electrical. Imaging techniques vary from 
standard quality control inspection to in-depth cross-sectional 
analysis which is required for technlogy development. The 
advantages of having energy dispersive (EDS) and wavelength 
dispersive (WDS) x-ray spectrometers for x-ray microanalysis are 
also discussed. Voltage contrast and Electron Beam Induced 
Current (EBIC), two electrical techniques usually used for 
circuit analysis, have been proven useful for semiconductor 
materials characterization. The SEM has been integrated into 
semiconductor technology development and will continue to evolve 
to meet the challenges of Very Large Scale Integration (VLSI) 
processing. 

The scanning electron microscope (SEM) i s the most versatile 
a n a l y t i c a l instrument available for the characterization of 
semiconductor devices and materials. M I n no f i e l d of physical 
sciences has the SEM been more productive than in the 
semiconductor industry; without the SEM the industry would not be 
nearly as advanced as i t i s — conversely, without the enormous 
economic impetus of the semiconductor industry, the sophisticated 
advancements i n SEM instrumentation would not have come as 
quickly or in great a profusion as they have" (1). As very large 
scale integration (VLSI) technologies approach near-micron 
geometries, the importance of the SEM i s becoming even greater as 
the usefulness of the optical microscope diminishes. The s p a t i a l 
resolution of the modern SEM (typi c a l l y 40 A) approaches the 
resolving power of a transmission electron microscope (TEM), yet 
i s without the d i f f i c u l t and time-consuming sample preparation 
required for TEM analysis. The typical magnification range of 10 
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to 200,000x allows entire semiconductor chips or 60 nanometer 
thin films to be viewed in the SEM. The main advantage of the 
SEM over the optical or transmission electron microscope for 
defining surface morphology i s the greater depth of f i e l d of the 
SEM image. Because objects viewed in the secondary electron 
image mode appear three-dimensional, interpretation of the SEM 
image i s quickly assimulated even by a casual observer. The only 
sample preparation required i s to coat insulating surfaces with a 
thin conducting layer. As the low beam energy performance of 
modern SEMs continue to improve, the SEM can be operated i n a 
"non-loading" condition which makes coating of nonconducting 
layers unnecessary. 

This review paper focuses attention on the working principle of 
the SEM and the signals available for analysis. Techniques for 
applying these signals for characterization of semiconductor 
devices and materials are presented along with a summary of how 
the SEM has evolved to mee  processing

Working Principle 
A simplified diagram of a SEM i s shown in Figure 1. An electron 
gun emits electrons (by thermionic or f i e l d emission) which are 
accelerated down the column by a large potential energy 
(ty p i c a l l y 1-30 keV). Electromagnetic lenses and mechanical 
apertures are used to demagnify and focus the electrons to form 
an electron probe of small diameter and high current density. 
The lenses are adjusted to change the focal length of the primary 
electron beam to focus the image, and to change the electron beam 
diameter and current density. The a b i l i t y to change the focal 
length of the electronic lenses and size of the apertures allows 
the electron microscopist to optimize the s p a t i a l resolution and 
depth of f i e l d to obtain the desired image or signal. The 
scanning c o i l s deflect the electron beam over the surface of the 
specimen in a raster pattern. The scanning c i r c u i t s allow the 
operator to vary the size of the area scanned (to change 
magnification), and to scan at slow speeds for photography or at 
T.V. scan rates (15 KHz) for observation purposes. The video 
amplifier synchronizes the raster scan of the SEM cathode ray 
tube (CRT) with the raster scan of the electron probe s t r i k i n g 
the sample. This ensures a one-to-one correspondence between the 
signal collected from any particular point on the specimen 
surface and the brightness of the analogous point on the CRT 
screen. The SEM i s usually equipped with one large viewing CRT, 
and one high resolution CRT ( t y p i c a l l y 2500 lines) for 
photography. Most SEMs are equipped with video signal processing 
c i r c u i t s such as Y-modulation, d i f f e r e n t i a t i o n , or gamma 
processing to aid in discriminating surface d e t a i l or images with 
wide ranges i n gray (contrast) levels. 

One important component of the SEM not indicated in Figure 1 i s 
the specimen stage. The stage must allow precise, fine movements 
in t i l t , rotation, and a l l three axes to allow observing large 
samples i n a l l possible orientations. Stages can be adapted to 
provide heating/cooling, tensile stress, and e l e c t r i c a l 
interfacing to IC packages or wafers to match the needs of the 
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Figure 1. Diagram of SEM and signals available. 
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analysis. The electron column and specimen stages are both 
mounted on a specimen chamber which must be large enough to allow 
the introduction of large samples without compromising the 
optimum positioning of the various signal detectors. The 
specimen chamber usually has numerous removeable ports which 
allow various detectors or other accessories to be added to the 
instrument. The specimen chamber and electron column are 
maintained at a high vacuum (~ 10-3 Pa) by a high speed vacuum 
system. To maintain a vacuum r e l a t i v e l y free of hydrocarbon 
contamination, the f i n a l , or high vacuum, pump i s usually a 
l i q u i d nitrogen trapped o i l diffusion pump or turbomolecular 
pump. 

Beam-Specimen Interactions 
The primary electrons of the electron beam interact with the 
specimen producing a large number of detectable signals. 
Multiple scattering of the incident or primary electrons as they 
enter the specimen cause  the  t  follo  trajectories
This diffusion of the electro
atomic number of the specime
primary electrons. A useful equation derived by Everhart and 
Hoff C2) describes the electron beam energy dissipation range for 
low atomic number elements as: 

R Q = 4.0EB 1* 7 5 

where R Q = range i n mass thickness in ug/cm2 (density x range or 
pR) and Eg = electron beam energy i n KeV. This equation i s v a l i d 
for atomic numbers 10 £ Z £ 15 and the beam energies 5 < Eg < 25 
KeV. Figure 2 shows the depth of signal generation and the spa
t i a l resolution of the signals as determined by Goldstein (3). 
Thus a 10 KeV primary electron beam s t r i k i n g pure s i l i c o n results 
in an energy dissipation range of approximately 1 micrometer. 
E l a s t i c c o l l i s i o n s of the primary electrons with atoms i n the 
specimen result i n the generation of backscattered electrons. 
Since backscattered electrons may lose very l i t t l e energy they 
can be generated from deep within the specimen and s t i l l escape 
the surface. Inelastic c o l l i s i o n s result in gradual energy loss 
of the incident electrons u n t i l they are absorbed by the specimen 
(detected as absorbed electrons). Most of the incident electron 
energy loss results in the generation of heat. However, incident 
electron-specimen interactions also create x-rays, secondary and 
Auger electrons, and v i s i b l e and infrared l i g h t (4). 

The secondary electrons are low energy (ty p i c a l l y < 50 eV) and 
therefore escape only when created close to the surface of the 
specimen; because of their limited diffusion inside the specimen 
they do not degrade the s p a t i a l resolution of the probe. For 
these reasons secondary electrons mainly y i e l d information about 
surface morphology. Like the backscattered electrons, the x-ray 
photons can approach the energy of the incident electrons and 
therefore are generated over a large volume. The spa t i a l 
resolution of x-ray analysis i s generally on the order of one 
micrometer. The c r y s t a l , thermal, and magnetic properties of 
specimen can also be examined in the SEM by using specialized 
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techniques (5). Table I l i s t s the signals available i n a SEM and 
the i r application to characterization of semiconductor materials. 

Imaging Techniques 
Optical microscopy i s a very important part of routine inspection 
of semiconductor devices and materials. The problems encountered 
with optical microscopes include limited magnification and depth 
to f i e l d due to the wavelength of v i s i b l e l i g h t . The highest 
useable magnification i s approximately 1500X. To achieve t h i s , 
very high quality optics are required and a very stable platform 
i s needed for the microscope. An example i s shown in Figure 3, 
which i s an optical photograph of a VLSI bipolar transistor; note 
the edges are poorly defined and the depth of f i e l d i s very 
shallow. With continued scaling of semiconductor device features 
and thin films, i t i s evident that optical microscopy has limited 
use for inspection and characterization. 

By using the secondary electro  emissio  mod f th  SEM th
resolution and the dept
100. Because of their lo  energy  pat
secondary electrons in the specimen i s only 10-100A, so only 
those within a thin layer close to the surface leave the speci
men. The majority of the secondary electrons are emitted from an 
area with a diameter comparable to that of the primary electron 
beam. The secondary electrons are accelerated to the detector by 
applying a positive voltage (the collector voltage) to a faraday 
cage or ring which surrounds the detector. This positive voltage 
can vary from a negative 50 volts to a positive « 250 volts. The 
detector normally consists of a s c i n t i l l a t o r and a photo-
mul t i p l i e r . Once near the detector the secondary electrons are 
further accelerated by a positive 10-12 k i l o v o l t potential on the 
s c i n t i l l a t o r . The photons emitted as a result of the secondary 
electrons s t r i k i n g the s c i n t i l l a t o r are collected by the photo-
mult i p l i e r which feeds the corresponding amplified signal to the 
video amplifier of the SEM. The high collection efficiency of 
the detector combined with the small emission s i t e of the secon
dary electrons results in micrographs with a surprising simi
l a r i t y to optical photographs but with dramatic improvements i n 
resolution and depth of f i e l d . A good SEM micrograph i s shown i n 
Figure 4 where the same bipolar transistor as shown in Figure 3 
has been magnified 15,000 times. 

Sometimes the surface being analyzed w i l l have l i t t l e or no 
texture; such an image i s d i f f i c u l t to interpret. When this i s 
the case Y-modulation can be employed. This i s accomplished by 
ve r t i c a l l y deflecting the beam on the viewing CRT where the 
amount of deflection i s proportional to signal intensity. The 
surface d e t a i l of the specimen w i l l be accentuated by this image 
processing technique. An example of this i s shown in Figure 5. 
The biggest drawback of this technique i s that topography can be 
generated which i s not characteristic of the sample surface. 

Another imaging technique used to inspect and analyze semi
conductors i s the use of backscattered electrons. Backscattered 
electrons travel i n r e l a t i v e l y straight lines due to their high 
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////////. 

Auger Electrons 

Continuum X-rays 

Fluorescent X-rays 

777777777 

Incident Electrons 
(Electron Probe) 

Secondary Electrons 

Backscattered Electrons 

Figure 2. Depth and spatial resolution of signals. (Reproduced with 
permission. Copyright 1974 ASTM.) 

Table I. Ma t e r i a l Information Provided by SEM Images 

Type of Image Signal Used Ma t e r i a l Information 

Secondary e l e c t r o n 
Stereo p a i r 
Voltage contrast 

Magnetic domain 

Backscattered 
e l e c t r o n 

E l e c t r o n channeling 
pattern 

Absorbed e l e c t r o n 
Cathodluminescence 
X-ray dot map or 
l i n e scan 

EBIC 

Thermal wave 

Same 
Secondary e l e c t r o n 
Secondary e l e c t r o n 

Secondary and back-
scattered electrons 

Same 

Secondary and back-
scattered electrons 
Same 
V i s i b l e or IR l i g h t 

X-rays fluoresced 
by E beam 

Electron-hole p a i r s 

Thermally generated 
acoustic waves 

Surface topography 
Surface topography 
Surface p o t e n t i a l compo
s i t i o n 

Magnetic properties 

Composition, topography 

C r y s t a l l i n e state 

Composition, topography 
Compositon, structure 

Elemental d i s t r i b u t i o n 

Structure, c r y s t a l l i n e 
defects 

Subsurface structure, 
thermal properties 
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Figure 3. Optical photograph of VLSI bipolar transistor 
1500X. 

Figure 4. Secondary electron SEM photograph of same 
transistor 15,000X. 
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energy and are not affected by lo c a l low le v e l e l e c t r i c a l or 
magnetic f i e l d s on the surface and can be used to obtain high 
contrast images of the surface. Backscattered electron y i e l d 
i s r e lative to atomic number concentration, with higher yields 
corresponding to increasing atomic number. Using this technique 
i t i s possible to identify materials which d i f f e r by < 1 mean 
atomic number (6). 

A secondary electron detector can be employed to detect 
backscattered electrons i f the high voltage on the detector 
s c i n t i l l a t o r i s turned o f f . However, since the secondary 
electron detector i s usually positioned to prevent a direct " l i n e 
of sight" from the sample to the detector, the backscattered 
electron image may have a shadowing problem. Another detector 
which i s used for backscattered electron detection i s a s i l i c o n 
P-N junction, 25 mm or greater i n size. When backscattered 
electrons enter the semiconductor, electron-hole pairs are 
generated. The current generated b  thi  interactio  b
amplified and interface
generation. The detecto
the pole piece of the f i n a l lens, resulting i n a high resolution, 
shadowless backscattered electron image. 

Figure 6 shows a backscattered electron image of the bipolar 
transistor shown i n the previous two figures.The bright areas are 
metal contacts that have PdSi2 on the surface. They appear 
brighter because more backscattered electrons are being emitted 
i n that area. The gray background i s s i l i c o n dioxide and the 
dark ring i s an iso l a t i o n groove. The i s o l a t i o n groove appears 
dark due to the steep edges and the rough texture of the oxide at 
the bottom which causes greater backscattered electron scat
tering. 

Cross-Section Analysis 
By sectioning a multilayered semiconductor structure and staining 
i t with a selective etch, a great deal can be learned about 
design and process characteristics. The die or a small piece of 
wafer i s placed into an exacto knife holder and the area of 
interest i s located using an optical microscope. Various g r i t s 
of paper and polishing compound are used to grind down to the 
area of interest. The edge i s polished and cleaned using 
deionized water or alcohol, and stained using a selective etch to 
highlight the features of interest. There are several types of 
etches which stain various materials; reference i s made to papers 
on this subject (7-9). The SEM micrograph shown i n Figure 7 
i l l u s t r a t e s various layers which make-up a N-channel Metal-Oxide-
S i l i c o n (NMOS) transistor. Note the s i m i l a r i t i e s between the 
designers drawing (Figure 7a.) and the stained cross-section 
(Figure 7b). 

X-Ray Micro Analysis 
Of a l l the signals created by the interaction of the primary 
electron beam with the specimen in the SEM, x-rays are probably 
the most commonly used for material characterization. X-ray 
photons are generated when an electron from the incident beam 
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Figure 5. Y-modulation SEM photograph of same transistor 15,000X. 

Figure 6. Backscatter electron SEM photograph of same 
transistor 15,000X. 
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Figure 7a. Cross sectional diagram of NMOS transistor 

Figure 7b. Secondary electron SEM photograph of NMOS 
transistor 7500X. 
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ejects an inner s h e l l electron from an atom, allowing an electron 
from another s h e l l to f i l l the vacancy. The discrete energy 
released by this electron transition creates a characteristic x-
ray photon. Every element has a spec i f i c atomic structure and 
therefore a unique set of x-rays. Two techniques are used to 
analyze the energy and wavelength of x-ray radiation, energy 
dispersive x-ray spectroscopy (EDS) and wavelength dispersive x-
ray spectroscopy (WDS). The components of EDS and WDS x-ray 
spectrometers are i l l u s t r a t e d in Figure 8. Each spectrometer has 
unique performance characteristics which complement each other, 
making i t desirable to have both on one SEM. Table II summarizes 
the performance characteristics of these two x-ray spectrometers. 

The s o l i d state detector most often used in EDS passes x-rays 
through a thin beryllium window which s t r i k e a biased p-i-n 
(p-type, i n t r i s i c , n-type) lithium-drifted s i l i c o n c r y s t a l . The 
interaction of the x-rays in the S i ( L i ) detector create electron-
hole pairs, where the numbe f electron-hol  pair  created i
related to the energy o
create more electron-hol
collected and converted to a voltage pulse, which i s amplified 
before being sent to a multi-channel analyzer (MCA). The MCA 
sorts the pulses by assigning them to memory locations 
corresponding to preestablished voltage ranges calibrated to 
correspond to the energy of the x-ray. The contents of the 
memory locations comprise the x-ray spectrum, which i s displayed 
by a CRT or X-Y recorder. High energy backscattered electrons 
leaving the sample create continuum x-rays which are not charac
t e r i s t i c of the material and show up as background noise (see 
Figure 9). 

EDS has a greater colle c t i o n and quantum efficiency than WDS, and 
since a l l x-rays between 1-20 KeV can be seen simultaneously the 
time i t takes to acquire enough data for qualitative analysis i s 
greatly reduced. The energy range of this detector allows ele
ments from sodium to uranium to be detected. EDS quantitative 
analysis can be used routinely to monitor thin f i l m metal and 
oxide processes. The data i n Table 3 compares EDS to wet chemi
c a l techniques (10) for analysis of phosphorus doped s i l i c o n 
dioxide. The average relative error i s only 2.6 percent. The 
EDS quantitative analysis i s standardless, u t i l i z i n g the MZAF M 

algorithm (11). The MZAF M algorithm improves the accuracy by 
making corrections for atomic number (Z), x-ray absorption (A), 
and x-ray fluorescence (F) effects. 

Wavelength detectors use a crys t a l to d i f f r a c t x-rays into a 
detector. Only x-rays which strike the cr y s t a l at the proper 
angle and with a defined wavelength are diffracted into the x-ray 
detector by the analyzing c r y s t a l . This i s expressed by Bragg*s 
Law: 

nX = 2d sin 8 

where n = order of d i f f r a c t i o n , X = wavelength of d i f f r a c t i o n x-
rays, d = interplanar spacing of the analyzing c r y s t a l and 8 = 
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ELECTRON 
BEAM 

ENERGY DISPERSIVE SPECTROMETER 
EDS 

WAVELENGTH DISPERSIVE SPECTROMETER 
WDS 

Figure 8. Diagram of EDS and WDS detector systems. 

Table I I . Performance C h a r a c t e r i s t i c s of EDS and WDS 

C h a r a c t e r i s t i c s 
WDS 

Cr y s t a l D i f f r a c t i o n 
EDS 

S i ( L i ) Detector 

Quantum e f f i c i e n c y 
X-ray acceptance 
range 

Data c o l l e c t i o n time 
Elements detected 
Energy r e s o l u t i o n 

S e n s i t i v i t y 

Variable < 30% 

Spectrometer re s o l u 
t i o n ^10eV 

Minutes to hours 
A l l > B 
C r y s t a l dependent 
^5eV 

0.1-0.01% 

^100% for 2-16KeV 

Ent i r e u s e f u l energy 
range 

Minutes 
A l l > NA 

Energy dependent ^150eV 

1-0.1% 
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2.66 

Si K«3 x-Ray Energy (KEV) 

Figure 9. EDS and WDS x-ray spectra comparison. 

Table I I I . Quantitative Analysis of Phosphorus-Doped Oxide Films 
by EDS 

Sample 
Actual EDS Relative 

Concentration Computed Absolute Error 
( i n wt %) Concentration Error (%) 

1.26 1.21 .05 4.0 
1.56 1.51 .05 3.2 
2.50 2.44 .06 2.4 
3.55 3.55 .00 0.0 
3.63 3.75 .12 3.3 
3.97 3.81 .16 4.0 
4.50 4.24 .26 5.8 
5.55 5.64 .09 1.6 
5.76 5.76 .00 0.0 
7.26 7.32 .06 0.8 
7.75 7.93 .18 2.3 
8.88 8.68 .20 2.3 
9.63 9.39 .24 2.5 

10.25 10.16 .09 0.9 
11.32 10.72 .60 5.3 
11.84 11.38 .56 3.9 
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the angle between cry s t a l surface and the incident and diffracted 
x-rays. Typically, several different crystals are used in a WDS 
spectrometer. The interatomic spacing varies with each c r y s t a l , 
allowing element x-ray lines from Boron to Uranium to be 
detected. Once the x-rays are diffracted they enter a gas flow 
proportional counter tube through a thin polyproplyene window. 
The counter tube body acts as a cathode, and inside a fine wire 
with a positive bias of approximately 1700 volts acts as an 
anode. As an x-ray enters the body i t w i l l ionize the Argon in 
the f i l l e r gas (90% Argon - 10% methane) creating a photoelectron 
cascade. The positive voltage on the anode results i n secondary 
ionizations, increasing the t o t a l charge collected by several 
orders of magnitude. The signal i s amplified further, processed 
by a single channel analyzer (SCA), and sent to the inputs of an 
X-Y plotter or CRT. 

The advantages of WDS are the improved energy resolution which 
allows better element resolution
r a t i o s , and higher coun
combination results i n y y 
approximately 1-2 orders of magnitude. Figure 9 clearly shows 
the better peak-to-background ratios and energy resolution of WDS 
compared to EDS. 

The location of elements on a sample can be displayed using two 
techniques, x-ray dot mapping or x-ray l i n e p r o f i l e s . X-ray 
maps are generated by placing a M d o t M on the CRT of the SEM at 
each location (of the area scanned) where the element of interest 
i s detected by the x-ray spectrometer. The x-ray l i n e p r o f i l e i s 
created by slowly scanning one l i n e across the area of interest 
on the specimen. As i n Y-modulation, the deflection i n the 
v e r t i c a l orientation (Y-axis) of the SEM CRT i s dependent upon 
the x-ray signal intensity at that location. Figures 10a and b 
show an x-ray dot map and l i n e p r o f i l e of a metal conductor which 
opened during a r e l i a b i l i t y electromigration experiment. The two 
x-ray imaging techniques clearly show the sp a t i a l distribution 
location of chromium i n the metal stripe. 

E l e c t r i c a l Techniques 
Voltage contrast and Electron Beam Induced Current (EBIC), two 
e l e c t r i c a l techniques usually used for c i r c u i t analysis, have 
proven useful for semiconductor materials characterization. 
For both techniques the device to be tested i s placed i n the 
chamber of the SEM, and e l e c t r i c a l connections are made to the 
device. 

Figure 11 i l l u s t r a t e s how the voltage contrast image i s formed. 
The electron beam i s raster scanned over the device i n the usual 
manner. Since the energy of the secondary electrons i s very low 
the i r emission (and collection) i s affected by lo c a l e l e c t r i c 
f i e l d s on the chip surface. In Figure 11, section "A** has a 
positive bias creating a l o c a l retarding e l e c t r i c f i e l d which 
suppresses the emission of secondary electrons causing section 
"A* to appear darker than section M B M . On a typic a l SEM the 
voltage resolution i s approximately 1 voltage. Quantitative 
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Figure 10a. Chromium X-ray dot map 2000X. 

Figure 10b. Chromium X-ray l i n e p r o f i l e 2000X. 

Incident Electrons 

Figure 11. Voltage contrast mechanism. 
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voltage measurements are possible only i f the secondary electron 
emission remains the same for different measuring points on the 
IC surface. Factors which a l t e r secondary electron emission and 
thereby degrade the voltage resolution include topography, d i f 
ferences i n material and their surface condition (12). I f a 
secondary electron analyzing scheme i s added and the detrimental 
effects mentioned above can be minimized, the voltage resolution 
can be improved to resolve voltage differences on the order of 
1 m i l l i v o l t . 

An example of the application of voltage contrast i s i n the ana
l y s i s of integrated c i r c u i t test structures. Such structures are 
used to provide empirical information about defect densities to 
estimate product y i e l d . A t y p i c a l metal defect test structure 
has three layers of metal to test for within-layer opens and 
shorts plus layer-to-layer i s o l a t i o n leakage. E l e c t r i c a l tests 
can verify these parameters, but cannot always c l a s s i f y the cause 
of the defect. Figure 12  show  secondar  electro  imag f 
t h i s structure with a meta
cessing defects, such a
are present which could cause a metal short. By applying a nega
t i v e bias or voltage to the l e f t metal stripe and a positive bias 
to the right hand metal s t r i p e , small metal "streamers"- become 
clearly v i s i b l e between the metal stripes. This i s the cause of 
the shorting problem. Due to their location and s i z e , these 
metal streamers could not be i d e n t i f i e d by high resolution secon
dary or backscattered electron images. 

Electron beam induced current (EBIC) has been used to 
characterize many e l e c t r i c a l and physical properties of 
semiconductors. E l e c t r i c a l properties defined include the 
minority c a r r i e r life-time and diffusion length, (13) e l e c t r i c a l 
junction location and depletion width (14). Physical properties 
such as oxide defects, metalization in t e g r i t y (15) and bulk 
c r y s t a l defects (16) have been quantified by using EBIC. 

When an electron beam strikes a semiconductor material, electron-
hole pairs are generated; a 15 KeV electron can generate over 
3,000 electron-hole pairs i n s i l i c o n . I f the carrier generation 
takes place a few diffusion lengths away from any junction space 
charge region, the excessive carriers w i l l recombine within the 
semiconductor. I f these mobile carriers reach or are created 
within the depletion region of a p-n junction they are swept out 
by the existing junction potential giving r i s e to an external 
reverse current. This electron beam induced current may be 
amplified to produce an image and thereby gain information about 
e l e c t r i c a l and structural characteristics of the junction. 
Figure 13 shows the EBIC experimental set-up for a p-n junction 
device and resultant signal intensity which i s proportional to 
the f i e l d intensity i n the depletion region. 

One of the y i e l d limitations in an advanced bipolar technology i s 
the collector-emitter leakage due to "pipes' - which are associated 
with material defects (17), and generally the pipe density w i l l 
increase with shallower junctions required for VLSI technologies. 
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Figure 12a. Secondary electron SEM photograph of shorted metal 
lines 10,00QX. 

Figure 12b. Voltage contrast SEM photograph of same metal lines 
10,0Q0X. 
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Figure 13. EBIC signal formation and intensity i n P-N diode 
structure. 
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A typ i c a l pipe detector test structure consists of 1,000 
transistors connected in p a r a l l e l . Although the presence of 
pipes can be ver i f i e d e l e c t r i c a l l y , i n the past the rela t i v e 
density and location of pipes was v e r i f i e d by a destructive 
technique involving a selective chemical etch to decorate the 
pipes (18). EBIC can be used to nondestructively determine the 
location and density of piped transistors. Figure 14a shows 
secondary electron image of three VLSI bipolar transistors which 
have no obvious process related defects which would indicate the 
location of a pipe. Figure 14b shows an EBIC image of the same 
three transistors. The center transistor i s a functional tran
s i s t o r with the emitter-base appearing bright, while a reduced 
signal l e v e l on the two outside transistors across the emitter-
base junction indicated the r e s i s t i v e effect of a pipe defect. 
The dark base-collector junction in the piped transistors i s also 
an indication of abnormal charge collection caused by the pipe. 

SEM's Role i n VLSI Processin
Because of the numerou
materials characterizatio
changes have been made to the instrument to meet the needs of the 
semiconductor industry. Table IV summarizes the differences 
between a general purpose SEM and a SEM designed for VLSI 
semiconductor process development. As mentioned previously, 
verifying the proper geometries and size of near micron 
structures i s no longer pr a c t i c a l with an optical microscope. 
Before the SEM could be used for i n - l i n e wafer inspection and 
c r i t i c a l dimension (CD) measurements, changes had to be made to 
the instrument to ensure SEM analysis would have no detrimental 
effects on i n - l i n e process wafers. For SEM analysis to be 
nondestructive, two issues need to be addressed: electron beam 
radiation effects and contamination of the wafer surface. 

The electron beam of the SEM can create trapped charge in s i l i c o n 
dioxide layers and generate additional interface states between 
the s i l i c o n dioxide-silicon interface which can adversely affect 
the performance of integrated c i r c u i t s (19). Developed photore
s i s t patterns are sensitive to electron beam exposure and can be 
altered i n shape and other physical properties. To avoid these 
effects the electron beam energy and dose (electrons/cm 2/sec) 
need to be carefully controlled. I f the primary electron beam 
energy i s adjusted such that the absorbed current i s equal to 
zero ( i . e . primary electrons = backscattered + secondary 
electrons) no surface charging occurs and the electron dose i s 
less c r i t i c a l . Primary electron beam energies i n the range of 
. 6 - 3 KeV are desirable to avoid charging problems and minimize 
ir r a d i a t i o n damage (20). 

The potential problems of wafer contamination as a result of 
being exposed to the environment of the SEM chamber could adver
sely effect the performance of the devices on the wafer by in t r o 
ducing mobile ions or metallic contamination. Even though the 
vacuum in the SEM i s t y p i c a l l y down in the 10" 5 Pa range, the 
electron beam can polymerize and/or ionize residual hydrocarbons 
i n the chamber which can then be e l e c t r o s t a t i c a l l y attracted to 
the wafer surface. 
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Figure 14a. Secondary electron SEM photograph of VLSI bipolar 
transistor 5,000X. 

Figure 14b. EBIC photograph of same transistors 5,000X. 
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Table IV. General Purpose Versus "Semiconductor SEM" Compari 

PARAMETER 

ELECTRON GUN TUNGSTEN (THERMIONIC) 
LABg (THERMINONIC) OR 

FIELD EMISSION GUN 

ELECTRON OTICS DESIGNED FOR WIDE ACC. 
VOLTAGE OPERATION 

OPTIMIZED FOR LOW 
(.5-5KV) Acc. VOLTAGE 

ELECTRONIC CIRCUITS DIALOG ]IGITAL (MICROPROCESSOR 
CONTROLLED) 

STAGE 
MANUAL, LIMITED 

MOVEMENTS 
MOTOR DRIVEN, 100MM 

TRAVEL 

CHAMBER 
DESIGNED FOR 
SMALL SAMPLES 

DESIGNED FOR ANALYZING 
WAFERS 

VACUUM SYSTEM OIL DIFFUSION 
HIGH VACUUM PUMP 

OIL-FREE VACUUM 
SYSTEM 

IMAGE PROCESSING ANALOG DIGITAL (COMPUTERIZED) 

OPERATION MANUAL 
SEMI-AUTOMATIC 

OPERATION 
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SEMs used for nondestructive inspection of process wafers have 
been optimized for low (< 3 KeV) beam energy operation and a 
cleaner vacuum. In the past the increased beam spot size 
associated with low beam energies resulted in severe s p a t i a l 
resolution degradation. To maintain smaller beam diameters 
brighter electron guns are being used. A lanthanum hexaboride 
thermionic electron emitter i s t y p i c a l l y 10 times brighter than a 
tungsten hairpin filament, while a f i e l d emission gun i s 1000 
times brighter. The electron optics have been optimized for low 
beam energy operation by reducing lens aberrations and using 
higher lens currents to focus the beam. The position and sen
s i t i v i t y of the secondary electron detector can be c r i t i c a l fac
tors i n obtaining high resolution images at low beam currents. 
Some SEM manufacturers are positioning the secondary electron 
detector above the objective lens of the instrument to improve 
the collection of secondary electrons. Improved s c i n t i l l a t i n g 
materials i n the t y p i c a l Everhart-Thornley secondary electron 
detector improve the signal-to-noise r a t i o and therefore improve 
the low beam energy performance
energy SEM image of an uncoate
wafer. Lower beam energy images result i n less specimen charging 
and also show more surface d e t a i l than a high beam energy image. 
A cleaner vacuum i s obtained by avoiding the use of o i l diffusion 
high vacuum pumps and rotary roughing pumps. **Dryw pumps pre
viously used on ultra-high vacuum (UHV) analytical instruments 
are now being used on SEMs. Turbomoleclar pumps have been the 
most popular, although cryogenic, ion, and sublimation pumps are 
also being used to maintain a hydrocarbon-free chamber. 

The specimen stage and chamber have undergone sig n i f i c a n t changes 
to meet the needs of wafer inspection. The stage travel i n X and 
Y-axes i s t y p i c a l l y 100mm to permit viewing of a 4-inch wafer 
edge to edge without rotation. The stage usually allows t i l t i n g 
a wafer to a minimum of 60* to allow viewing feature p r o f i l e s . A 
eucentric t i l t axis speeds wafer inspection by keeping the wafer 
at the same working distance (therefore i n focus). T i l t i n g 
wafers to high angles increases the working distance (distance 
from the f i n a l lens to the point of focus on the wafer) which 
degrades s p a t i a l resolution. Integrating a conical-shaped pole 
piece ( f i n a l lens) with the stage and chamber allow wafer t i l t i n g 
while maintaining a reasonable working distance. To further 
speed wafer inspection the stage movements can also be motor 
driven and computer controlled. 

SEMs are beginning to benefit from computer control to improve 
and simplify the operation of the instrument. Computer control 
of operator dependent parameters such as image contrast, 
brightness, and focus, not only make the instrument easier to 
operate but also shortens the analysis time. Having the i n s t r u 
ment under microprocessor control allows the SEM image to be 
d i g i t i z e d for two important applications: (1) c r i t i c a l dimension 
(CD) measurements and (2) image analysis. A minicomputer can 
store video intensity p r o f i l e s by sampling the image signal at 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



4. YOUNG A N D K A L I N Semiconductor Materials Characterized by SEM 71 

Figure 15. Low beam energy SEM image of photoresist pattern. 
(Micrograph taken on a Manometries CWIKSCAN I I I FESEM.) 

0 . 4 6 ym 

0.23 \xm 

Figure 16. CD measurement via d i g i t i z e d SEM signal p r o f i l e . 
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numerous points across the f i e l d of view. The stored data points 
have a spa t i a l resolution calculated from parameters established 
by the microprocessor. C r i t i c a l dimension measurements can then 
be made from the d ig i t i zed image p ro f i l e eliminating inaccuracies 
inherent i n v i sua l evaluation of gray l eve l s , CRT non- l inear i t ies 
or d i s to r t ions . Figure 16 shows a d ig i t i z ed image p rof i l e of 
submicron electron beam lithograthy features on a device. 
D i g i t a l image processing and analysis are playing an increasingly 
act ive ro le in SEM analysis . Most x-ray microanalysis systems 
now offer d i g i t a l imaging of any s ignal produced by the i n s t r u 
ment. D i g i t a l processing allows images to be stored and/or 
enhanced by a computer to y i e l d different kinds of information. 
Even with advanced electron opt ics , low beam energy SEM images of 
semiconductor wafers often are low in contrast or high i n noise 
due to surface charging effects . "With image processing, the two 
most a t t rac t ive features of standard electron microscope (EM) 
methods can be combinedx a fast scan rate, providing a minimum 
charge build-upt and s ignal in tegrat ion  reducin  th  effect f 
random noise and increasin

In the past, one disadvantage of SEM wafer inspection was the 
necessity to vent and then evacuate the column every time a 
different wafer was inspected. Also , locating features on a 
large die with 300,000 transis tors wastes valuable inspection 
time. SEM manufacturers are now offering cassette-to-cassette 
wafer loading and a user programmable, computer-controlled 
motorized stage which posit ions the wafer to pre-programmed 
cartessian coordinates. Ult imately, the SEM of the future may 
offer t o t a l l y automatic wafer inspection by using image analysis 
computers interfaced to design computers to d i rec t ly compare pho
tomasks and wafers against design and layout data. 
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5 
Semiconductor Materials Defect Diagnostics 
for Submicrometer Very Large Scale Integration 
Technology 

G. A. Rozgonyi and D. K. Sadana 

North Carolina State University, Raleigh, NC 27695-7916 and Microelectronics Center of 
North Carolina, Research Triangle Park, NC 27709 

The state-of-the-art analysis methods for the 
evaluation of structural, chemical and electrical 
properties of thin layers in processed Si substrates 
are discussed. The properties of implanted p-n 
junctions, Si-SiO2 interface, Ge implant 
amorphization of Si and misfit dislocation interface in 
epitaxial Si are exemplified to illustrate the features 
and limitations of the techniques. 

A variety o f in f o r m a t i o n i s r e q u i r e d t o f u l l y c h a r a c t e r i z e t h i n 
s urface l a y e r s i n c o r p o r a t e d i n processed S i i n VLSI d e v i c e s . S t a t e 
o f the a r t designs u t i l i z e micron s i z e f e atures and d i c t a t e t h a t 
the l o c a t i o n o f i n t e r f a c e s and the t h i c k n e s s o f t h i n l a y e r s be 
c o n t r o l l e d t o tens o f nanometers. D e t a i l e d i n f o r m a t i o n about the 
c r y s t a l l o g r a p h i c s t r u c t u r e , chemical composition and d i s t r i b u t i o n 
o f dopants and i m p u r i t i e s , as w e l l as the e l e c t r i c a l p r o p e r t i e s o f 
micro-regions have been explored by v a r i o u s combinations o f 
experimental techniques (1,2). Some o f these techniques are simple 
and inexpensive w h i l e o t h e r s r e q u i r e e l a b o r a t e equipment and 
s o p h i s t i c a t e d i n t e r p r e t a t i o n . In t h i s paper we have attempted t o 
put i n p e r s p e c t i v e the r e l a t i v e m e r i t s and c a p a b i l i t y o f i n t e r f a c e 
c h a r a c t e r i z a t i o n techniques. The sample p r e p a r a t i o n techniques 
presented here have three d i s t i n c t p e r s p e c t i v e s , i . e . , i n f o r m a t i o n 
i s c o l l e c t e d from a top surface o r plan-view, a v a r i a t i o n o f a 
plan-view prepared as a beveled s u r f a c e , and a c r o s s - s e c t i o n a l edge 
view (see diagram, F i g u r e 1 ) . The t o o l s t o be a p p l i e d i n c l u d e 
chemical d e l i n e a t i o n v i a p r e f e r e n t i a l e t c h i n g o r s t a i n i n g , angle 
l a p p i n g and surfa c e r e l i e f p r o f i l o m e t r y , spreading r e s i s t a n c e , 
t r a n s m i s s i o n e l e c t r o n microscopy (TEM) and secondary i o n mass 
spectrometry (SIMS). 

O p t i c a l Microscopy 

The most important o p t i c a l technique f o r examining semiconductor 
wafer surfaces i s the d i f f e r e n t i a l i n t e r f e r e n c e c o n t r a s t microscopy 
method o f Ndmarski (N-DIC). F i r s t d e s c r i b e d i n 1952, DIC 

0097-6156/ 86/ 0295-0075S06.00/ 0 
© 1986 American Chemical Society 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



76 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

o b j e c t i v e s came i n t o general use i n the e a r l y 1960's a t about the 
same time t h a t vapor phase s i l i c o n e p i t a x y was introduced as a 
semiconductor m a t e r i a l s process. The extremely good depth 
r e s o l u t i o n and h i g h c o n t r a s t provided by the N-DIC microscope 
f a c i l i t a t e d the study o f e p i - s u r f a c e morphology and d e f e c t s on 
h i g h l y p o l i s h e d s i l i c o n wafers, as w e l l as the study o f s t r i a t i o n s 
i n troduced d u r i n g c r y s t a l growth. More r e c e n t l y the growth 
mechanisms o p e r a t i n g d u r i n g l i q u i d phase e p i t a x y (3) and l a s e r 
annealing (4,5) have been e l u c i d a t e d w i t h t h i s microscope. 

An example o f the h i g h c o n t r a s t , e x c e l l e n t l a t e r a l as w e l l 
as in-depth r e s o l u t i o n , and unique three-dimensional c h a r a c t e r o f 
N-DIC images i s shown i n F i g u r e 2 (6). The f i g u r e shews s t r i a t i o n s 
o f type I and type I I i n a l o n g i t u d i n a l s e c t i o n o f a h e a v i l y 
Sb-doped C z o c h r a l s k i s i l i c o n c r y s t a l . Type I s t r i a t i o n s appear as 
r e g u l a r h o r i z o n t a l l i n e s . They are d e l i b e r a t e l y introduced time 
markers and d e l i n e a t e the instantaneous growth i n t e r f a c e o f the 
c r y s t a l . The r e g u l a r p a t t e r n o f type I s t r i a t i o n s i s i n t e r s e c t e d 
by s e v e r a l d i a g o n a l type I I s t r i a t i o n s  S t r i a t i o n i n t e r a c t i o n s  o
f e a t h e r i n g occurs i
c r o s s i n g s o f type I I
denote regions where type I I s t r i a t i o n s i n t e r a c t w i t h otfnfer type I I 
s t r i a t i o n s . Micrographs o f t h i s v a r i e t y can be used t o r e c o n s t r u c t 
the s p a t i a l d i s t r i b u t i o n o f i m p u r i t y i n c o r p o r a t i o n i n c r y s t a l s and 
leads t o a deeper understanding o f hew l i q u i d - s o l i d i n t e r f a c e 
i n s t a b i l i t i e s occur. I t should be e v i d e n t t h a t a s i n g l e N-DIC 
o p t i c a l micrograph can y i e l d a s u r p r i s i n g l y d i v e r s e amount o f 
i n f o r m a t i o n about how c r y s t a l s grow and hew they respond t o thermal 
treatments. However, i n order t o o b t a i n and p r o p e r l y i n t e r p r e t 
micrographs comparable t o the one i n F i g u r e 2 i t i s necessary t o 
understand the b a s i c f u n c t i o n s and o p e r a t i n g p r i n c i p l e s o f the 
Ndmarski DIC microscope. 

The important components i n v o l v e d and a s i m p l i f i e d schematic 
o f the l i g h t path t r a v e l e d i n a Nomarski instrument o p e r a t i n g i n 
the r e f l e c t i o n o r e p i - i l l u m i n a t i o n mode are shewn i n F i g u r e 3, 
taken from an a r t i c l e by M i l l e r and Rozgonyi ( 2 ) • The l i g h t source 
i s p o l a r i z e d and brought t o the o p t i c a x i s by a s e m i - r e f l e c t i n g 
b e a m - s p l i t t i n g m i r r o r . The l i g h t then enters a m o d i f i e d Vtollaston 
o r Nomarski double wedge pri s m , where i t i s d i v i d e d i n t o two 
o r t h o g o n a l l y p o l a r i z e d beams. The two beams diverge a t the wedge 
i n t e r f a c e w i t h an i n c l u d e d angle e . The Wollaston Prism i s 
i n s e r t e d between the o b j e c t i v e and v e r t i c a l i l l u m i n a t o r i n a plane 
o p t i c a l l y e q u i v a l e n t t o the back f o c a l plane o f the o b j e c t i v e . In 
t h i s way the two beams are c o l l e c t e d by the o b j e c t i v e and 
i l l u m i n a t e the sample p a r a l l e l t o one another but w i t h a l a t e r a l 
shear, s, which i s a constant f o r each o b j e c t i v e / p r i s m combination. 
Two important p o i n t s t o note here are t h a t the shear o r beam 
displacement must be l e s s than the r e s o l v i n g power o f the o b j e c t i v e 
employed, i . e . a s i n g l e image i s p e r c e i v e d , and the f a c t t h a t s i n c e 
the two beams are o r t h o g o n a l l y p o l a r i z e d when they reach the sample 
s u r f a c e , they independently c a r r y phase path i n f o r m a t i o n back t o 
the a n a l y z e r before i n t e r f e r e n c e takes p l a c e . Since each beam 
t r a v e r s e s the same o p t i c a l components, n e i t h e r i s a reference beam, 
and the r e s u l t i n g l i g h t i n t e n s i t y passed by the a n a l y z e r i s 
produced by a D i f f e r e n t i a l I n t e r f e r e n c e Contrast. Therefore, N-DIC 
images o f uniform, f l a t s u r faces such as the o b j e c t i n F i g u r e 3 
w i l l have zero c o n t r a s t . L o c a l changes i n i n t e n s i t y f o r 
monochromatic i l l u m i n a t i o n , o r c o l o r changes i n white l i g h t , o n l y 
occur when a l o c a l change i n e l e v a t i o n o r v a r i a t i o n i n o p t i c a l 
p r o p e r t i e s introduces a phase path d i f f e r e n c e between the two 
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Plan View Beveled 

Cross Section 

XTEM 
Cleavage Face Optical Microscopy 

Figure 1. Viewing perspective of various sampling techniques. 
(Reproduced with permission from Ref. 6. Copyright 1982 Journal 
of the Electrochemical Society.) 

Figure 2. S t r i a t i o n s of type I and type II i n a l o n g i t u d i n a l sec
t i o n of a he a v i l y Sb-doped CZ S i c r y s t a l as revealed by N-DIC. 
(Adapted from Ref. 6.) 
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Figure 3. Schematic diagram of essential components in a N-DIC 
optical microscope. (Adapted from Ref. 7_.) 
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l a t e r a l l y d i s p l a c e d beams. In a g i v e n N-DIC micrograph a l l 
surfaces having the same slope and o p t i c a l p r o p e r t i e s w i l l have 
i d e n t i c a l c o n t r a s t (or c o l o r ) . T h i s i n c l u d e s a l l surfaces which 
are h o r i z o n t a l even i f they are a t d i f f e r e n t e l e v a t i o n s . 

The b e a u t i f u l l y v i v i d c o l o r s c r e a t e d i n white l i g h t N-DIC 
microscopy by manipulation o f the beam s p l i t t i n g p r i s m occur 
because o f i t s a b i l i t y t o independently c o n t r o l the phase path 
d i f f e r e n c e between the two beams. T h i s c o n t r o l f u n c t i o n i s 
c a l l e d b i a s r e t a r d a t i o n . With monochromatic i l l u m i n a t i o n b i a s 
r e t a r d a t i o n permits a simple o p t i m i z a t i o n o f b l a c k and white 
c o n t r a s t by ena b l i n g the operator t o s e t p a r t o f the image a t the 
n u l l o r e x t i n c t i o n p o s i t i o n , e.g., the b l a c k l i n e p o r t i o n s o f the 
arrows i n Fi g u r e 2. An a d d i t i o n a l enhancement o f c o n t r a s t f o r 
sm a l l s u r f a c e e l e v a t i o n changes can o f t e n be obtained by 
evaporation o f a t h i n h i g h l y r e f l e c t i n g f i l m o f g o l d o r s i l v e r . 

P r e f e r e n t i a l E t c h i n g 

A combination o f an g l e - l a p p i n g
microscopic o b s e r v a t i o y year , 
simple, and inexpensive, although r a t h e r crude j u n c t i o n l o c a t i o n 
technique. S i g n i f i c a n t refinements t o t h i s method have been 
reporte d r e c e n t l y (1,8). By c a r e f u l c o n t r o l o f the l a p p i n g angle, 
amount and type o f s t a i n i n g s o l u t i o n , s t a i n i n g time, i n t e n s i t y and 
type o f l i g h t used t o i l l u m i n a t e a sample d u r i n g j u n c t i o n 
d e l i n e a t i o n , i t has been demonstrated t h a t j u n c t i o n depth 
measurements w i t h ±20 nm accuracy can be obtained. Furthermore, 
amorphous o r h e a v i l y d i s o r d e r e d c r y s t a l l i n e i n t e r f a c e s i n i o n 
implanted S i can a l s o been d e l i n e a t e d by Angle Lapping, E t c h i n g and 
P r o f i l o m e t r y (ALEP) (9). F i g u r e 4 demonstrates these refinements. 
J u n c t i o n / i n t e r f a c e d e l i n e a t i o n by t h i s technique w i l l be c o r r e l a t e d 
w i t h spreading r e s i s t a n c e , SIMS and c r o s s - s e c t i o n a l TEM 
measurements i n the subsequent s e c t i o n s o f the t e x t . 

E l e c t r i c a l J u n c t i o n s D e l i n e a t i o n i n a Dcjubly Implanted n-p-n 
St r u c t u r e . High depth r e s o l u t i o n ( 100A) angle l a p p i n g i s 
performed by mounting S i c h i p s on a 0° 34' l a p p i n g b l o c k and 
p o l i s h i n g d i r e c t l y w i t h Syton on a P l e x i g l a s s p l a t e . T h i s angle 
provides a convenient l i n e a r m a g n i f i c a t i o n f a c t o r o f 100 f o r any 
di s t a n c e p e r p e n d i c u l a r t o the sample s u r f a c e . The usage o f a 
heavy j i g assembly prevents undesired r o c k i n g o f the s e t d u r i n g 
l a p p i n g . A f t e r demounting, the c h i p s are p r e f e r e n t i a l l y etched 
w i t h the Secco s o l u t i o n (10) f o r 1 t o 15 seconds. Micrographs o f 
the samples are then obtained w i t h an o p t i c a l microscope equipped 
w i t h a 40 X Nomarski o b j e c t i v e w i t h a numerical aperature o f 0.85. 
These micrographs r e v e a l 10 nm f o r each mm along the beveled 
surface when o p e r a t i n g a t a t o t a l system m a g n i f i c a t i o n o f 1000 X. 
The d e l i n e a t i o n process i s performed e i t h e r i n the h i g h l y 
concentrated l i g h t o f a microscope i l l u m i n a t o r , i n ambient l i g h t , 
o r i n t o t a l darkness. 

An n-p-n s t r u c t u r e d e l i n e a t e d by the procedure d e s c r i b e d above 
i s shown i n F i g u r e 4. The sample was f a b r i c a t e d 5 by _ i : i r s t 
i m p l a n t i n g B i n t o (100) S i a t 50 keV t o a dose o f 1£ cm" and 
then i m p l a n t i n g As a t 80 keV t o a dose o f 5 x 10 cm" . The 
sample was subsequently furnace annealed a t 1000 °C i n N 2 

f o r 20 minutes, 900°C i n dry Ou (5 minutes), wet CL (5 
minutes), dry 00 (5 minutes) andr N 0 f o r an a d d i t i o n a l 30 
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Figure 4. Location of junctions i n S i n-p-n structure: a, diagram 
of the beveled sample; b, o p t i c a l micrograph of sample a f t e r bevel
ing and etching i n Secco s o l u t i o n for 4 s ; c, surface p r o f i l e of 
b measured with Dektak (Si02 layer removed); and d, XTEM micrograph 
of sample a f t e r etching with 0.5% HNO3 i n HF for 55 s. (Reproduced 
with permission from Ref. 1_. Copyright 1984 The Electrochemical 
Society.) 
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minutes. An SiCL l a y e r o f 125 nm was cr e a t e d on the surface 
d u r i n g the m u l t i - s t e p anneal. The top o f the micrograph i n F i g u r e 
4b shows an area t h a t had been masked w i t h wax p r i o r t o e t c h i n g . 

The "goose-bumps" seen on the p-type s i d e o f the sample are 
the r e s u l t o f e t c h contamination by masking wax. The S i 0 2 

p r o t e c t i v e l a y e r i s c l e a r l y imaged along the l e f t s i d e o f the 
photograph. C l e a r l y v i s i b l e i s an o f f s e t o f the S i 0 2 - S i 
i n t e r f a c e demarcation due t o the e t c h i n g o f S i 0 2 and the n-type 
l a y e r . The l o c a t i o n s o f n-p and p-n j u n c t i o n s were found t o be 
about 200 nm and 550 nm below the Si - S i C L i n t e r f a c e , 
r e s p e c t i v e l y . O p t i c a l e v a l u a t i o n o f j u n c t i o n depths a t 1000 time 
m a g n i f i c a t i o n allowed us t o r e a d i l y measure d e l i n e a t e d i n t e r f a c e s 
t o w i t h i n ±1 mm, which t r a n s l a t e s i n t o a ±10 nm accuracy f o r depth 
measurements. For the samples w i t h i n t e r f a c e s shallower than 100 
nm, t h i s remains a p r i n c i p a l source o f e r r o r i n the m i c r o s c o p i c 
method. 

S i m i l a r t o P r u s s i n ' s study o f b u r i e d amorphous l a y e r s i n 
s i l i c o n (9) we have found t h a  s t y l u s - t y p  p r o f i l o m e t e  i  indeed 
q u i t e h e l p f u l f o r independen
an example, the measuremen
the oxide l a y e r removed a f t e r Secco e t c h i n g w i t h concentrated HF i s 
shown i n Figure 4c. A p r o f i l o m e t e r t r a c e measured along the top 
and beveled surfaces and p a r a l l e l t o the b e v e l slope i s shown i n 
F i g u r e 4c. Exact correspondence o f i t s f e a t u r e s t o the p a t t e r n 
shown on the m i c r o s c o p i c photograph i n Fi g u r e 4b shows a c t u a l 
displacement o f the surface due t o s e l e c t i v e removal o f n-type 
m a t e r i a l and the S i 0 2 l a y e r . L o c a t i o n o f both j u n c t i o n s i s i n 
very good agreement w i t h the values measured from the micrograph. 
The upper j u n c t i o n was found t o be 190 nm below the S i 0 2 l a y e r 
and the lower, p-n j u n c t i o n was l o c a t e d 550 nm below the l a y e r . 

Prolonged e t c h i n g o f the sample leads t o complete removal o f 
the top n-type l a y e r . Upon reaching the n / p - i n t e r f a c e the contour 
p r o f i l e l e v e l s o f f , c l e a r l y i n d i c a t i n g t h a t the e t c h i n g process i s 
h a l t e d t h e r e . Accuracy o f determination o f the step h e i g h t ( i . e . , 
depth o f the d e l i n e a t e d n / p - i n t e r f a c e l o c a t i o n ) i s s ^ f by the 
claimed accuracy o f the p r o f i l o m e t e r s , which i s ±25A, o r by 
f l u c t u a t i o n s o f the i n t e r f a c e i t s e l f . Determination o f the depth 
o f the deeper, p-n j u n c t i o n i s l e s s p r e c i s e due t o a shadowing 
e f f e c t o f the upper p-type l a y e r upon the lower, n-type s u b s t r a t e , 
which i s being etched. Observation o f s e v e r a l p r o f i l e s measured 
f o r the same sample i n d i c a t e t h a t the v a r i a t i o n s from p r o f i l e t o 
p r o f i l e i n d i c a t e a more p r a c t i c a l v alue o f accuracy o f ±10-15 nm. 

Ju n c t i o n D e l i n e a t i o n by Spreading Resistance Probes. Another 
r e l a t i v e l y inexpensive method o f determining the l o c a t i o n o f 
e l e c t r i c a l j u n c t i o n s u t i l i z e s a spreading r e s i s t a n c e probe (SPP). 
T h i s technique used very c l o s e l y spaced probes t o step along the 
beveled surface o f a sample and p r o f i l e s the e l e c t r i c a l l y a c t i v e 
dopant c o n c e n t r a t i o n . The r e s u l t s o f spreading r e s i s t a n c e 
measurements conducted on the n-p-n s t r u c t u r e d e s c r i b e d above and 
obtained from two d i f f e r e n t o u t s i d e l a b s are shown i n F i g u r e 5. We 
have n o t i c e d t h a t on average the method produced r e s u l t s r e l a t i v e l y 
c l o s e t o those obtained i n the chemical d e l i n e a t i o n , although 
s u b s t a n t i a l d i f f e r e n c e s were observed f o r the l o c a t i o n o f the 
shallower j u n c t i o n obtained from the two l a b s . The measured depths 
were about 260 nm and 160 nm f o r n-p and 520 nm and 470 nm f o r p-n 
j u n c t i o n s , r e s p e c t i v e l y , f o r both l a b s . Since the measurements 
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Figure 5. C a r r i e r concentration p r o f i l e of same S i n-p-n structure 
as shown i n Figure 4. The p r o f i l e was measured by two d i f f e r e n t 
labs using the spreading resistance technique. (Adapted from Ref. 1.) 
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were taken o u t s i d e our l a b we have not been a b l e t o determine 
whether an improper h a n d l i n g o f the data o r inhe r e n t drawback o f 
the method i t s e l f i s r e s p o n s i b l e f o r the discrepancy. Vfe should 
p o i n t out, however, t h a t the most l i k e l y f a c t o r c o n t r i b u t i n g t o the 
discrepancy i s the q u a l i t y o f the probe t i p s and amount o f loa d 
a p p l i e d . The p e n e t r a t i o n and s t r e s s caused by the probes may 
s i g n i f i c a n t l y a l t e r the data. 

E x t e r n a l G e t t e r i n g V i a M i s f i t D i s l o c a t i o n s . Removal o f unwanted 
i m p u r i t i e s (e.g. m e t a l l i c ) i n the a c t i v e regions o f semiconductor 
devices can be achieved by i n t r o d u c i n g d i s l o c a t i o n s away from the 
e l e c t r i c a l j u n c t i o n i n a c o n t r o l l e d manner (11). Although the 
p r e c i s e l o c a t i o n and nature o f such d e f e c t s can o n l y be 
unambiguously obtained by TEM, p r e f e r e n t i a l e t c h i n g o f the same 
samples ( a f t e r b e v e l i n g and p o l i s h i n g ) can again p r o v i d e a qu i c k 
and r e l i a b l e estimate o f t h e i r d e n s i t y and l o c a t i o n . I n the 
example shown below, m i s f i t d i s l o c a t i o n s i n a m u l t i - l a y e r S i , (0.1 
t o 1.0%) Ge a l l o y grow  S i s u b s t r a t  r e v e a l e d b  both XTEM 
(Figure 6c) and p r e f e r e n t i a
6b). F i g u r e 6b i s a N-D/
l o c a l i z a t i o n o r confinement o f the d i s l o c a t i o n s t o the 
ep i / s u b s t r a t e i n t e r f a c e . The subsequent e p i l a y e r i s d e f e c t f r e e 
owing t o the f a c t t h a t most o f the l a t t i c e s t r a i n has been 
p l a s t i c a l l y r e l i e v e d a t the i n t e r f a c e . A f t e r removal o f the top S i 
e p i l a y e r , the p l a n view o f p r e f e r e n t i a l l y etched surface shows a 
f l a t c r o s s - g r i d network o f m i s f i t d i s l o c a t i o n s a t the e p i / s u b s t r a t e 
i n t e r f a c e (11). Threading d i s l o c a t i o n s were found t o have a ve r y 
s m a l l d e n s i t y ( g2 x_J.O cm" ) compared t o the d e n s i t y o f m i s f i t 
d i s l o c a t i o n s (10 cm" ). 0 

For g e t t e r i n g s t u d i e s , an Au f i l m o f 200A t h i c k n e s s was 
vacuum deposited and t r e a t e d a t 900°C f o r 15 minutes. The sample 
surfa c e was then cleaned w i t h Aqua-Regia s o l u t i o n . The SIMS 
p r o f i l e f o r Au and e l e c t r o n raicroprobe p r o f i l e o f Ge gi v e n i n 
Fig u r e 6a. The o p t i c a l and XTEM micrographs along w i t h the Au and 
Ge p r o f i l e s are shown i n F i g u r e 6. Pronounced g e t t e r i n g o f Au was 
found t o occur where m i s f i t d i s l o c a t i o n s were present (11). The Au 
con c e n t r a t i o n stayed a t the background l e v e l where no d i s l o c a t i o n s 
were observed. The amount o f g e t t e r e d Au was p r o p o r t i o n a l t o 
d i s l o c a t i o n d e n s i t y i . e . , higher the number o f d i s l o c a t i o n s more 
the g e t t e r e d Au. T h i s i n d i c a t e d a s e m i q u a n t i t a t i v e r e l a t i o n s h i p 
between g e t t e r i n g e f f i c i e n c y and d e f e c t d e n s i t y . 

Impurity A n a l y s i s i n Semiconductor M a t r i c e s ; Secondary Ion Mass 
Spectroscopy 

Three methods o f surface and t h i n f i l m a n a l y s i s , v i z . , Rutherford 
b a c k s c a t t e r i n g (RBS), Auger spectroscopy/microscopy and h i g h 
performance SIMS, probably form a s e l f - c o n s i s t e n t s e t o f techniques 
f o r the determination o f im p u r i t y d i s t r i b u t i o n s i n e l e c t r o n i c 
m a t e r i a l s . The most q u a n t i t a t i v e o f the three i s RBS (which i s 
a l s o capable o f p r o v i d i n g simultaneously s t r u c t u r a l damage 
in f o r m a t i o n and l a t t i c e l o c a t i o n o f i m p u r i t i e s ) , but i t s u f f e r s 
from poor s e n s i t i v i t y f o r l i g h t elements i n heavy m a t r i x , e.g., B 
or P i n S i . In a d d i t i o n , i t t y p i c a l l y has poor s p a t i a l r e s o l u t i o n 
and l i m i t e d dynamic range o f im p u r i t y d e t e c t i o n . Auger 
spectroscopy/microscopy has s u p e r i o r surface s e n s i t i v i t y , can 
r e a d i l y d e t e c t the l i g h t elements such as C, O and N, o f f e r s the 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



84 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

Figure 6. V e r i f i c a t i o n of Au g e t t e r i n g p r e f e r e n t i a l l y at m i s f i t 
d i s l o c a t i o n s : a, SIMS p r o f i l e of Au; b, beveled-angled view of 
d i s l o c a t i o n s by etching (N-DIC o p t i c a l micrograph); and c, cross-
s e c t i o n a l TEM micrograph showing m i s f i t d i s l o c a t i o n s . Note the 
exc e l l e n t c o r r e l a t i o n between the three techniques u t i l i z e d here. 
(Reproduced with permission from Ref. 11_- Copyright 1984 ASTM.) 
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b e s t s p a t i a l r e s o l u t i o n (<1000A) f o r elemental mapping o r 
mi c r o a n a l y s i s and i s r e l a t i v e l y f r e e o f ma t r i x a r t i f a c t s . On the 
o t h e r hand, SIMS i s the most a r t i f a c t - p r o n e and m a t r i x dependent, 
but i s the o n l y technique w i t h t r a c e l e v e l s e n s i t i v i t y (< 1 ppm). 
Furthermore, many o f the common m a t r i x e f f e c t s and/or a r t i f a c t s 
disappear when u s i n g r e a c t i v e i o n bombardment (such as 0 2) and 
the sample i s an e l e c t r o n i c grade c r y s t a l as i s proposed i n t h i s 
study. Considerable work has been re p o r t e d i n the l i t e r a t u r e on 
the r o l e and behavior o f i m p u r i t i e s i n S i and GaAs a t t y p i c a l 
c o n centrations w e l l below the d e t e c t i o n l i m i t s o f the o t h e r two 
techniques (see f o r example review by Zinner and references 
t h e r e i n ) (12). I t should be noted, however, t h a t the a n a l y t i c a l 
c a p a b i l i t i e s o f a give n technique, p a r t i c u l a r l y i n the SIMS case, 
are s t r o n g l y dependent upon the instrument used and i t s exact 
c o n f i g u r a t i o n , e.g., the a v a i l a b i l i t y o f a G=L p r i m a r y - i o n source. 
D e t e c t i o n l i m i t s i n the range 10 t o 10 ats/cm have been 
observed (depending on element and matrix) when op t i m i z e d 
a n a l y t i c a l c o n d i t i o n s are employed

A powerful, howeve
a n a l y s i s f o r d e t e c t i n g
i n m a t e r i a l s i s d i r e c t i o n imaging microscopy. The i o n o p t i c s o f 
the Cameca 3MS-3f maintains the s p a t i a l d i s t r i b u t i o n o f secondary 
i o n s from t h e i r o r i g i n on the sample s u r f a c e , through a double 
f o c u s i n g mass spectrometer, t o a microchannel p l a t e d e t e c t o r . T h i s 
a l l o w s d i r e c t imaging o f a l l p o i n t s w i t h i n the imaged f i e l d 
simultaneously w i t h a s p a t i a l r e s o l u t i o n o f 0.5 t o 1 ym. In 
generating an i o n image, the outer l a y e r s o f the s o l i d are etched 
away. Therefore, by a c q u i r i n g a s e r i e s o f i o n images a t 
su c c e s s i v e l y l a r g e r depths. 3-dimensional elemental d i s t r i b u t i o n s 
may be c h a r a c t e r i z e d . In order t o f u l l y u t i l i z e the 
mult i - d i m e n s i o n a l i n f o r m a t i o n generated by the Ion Microscope, the 
images must be d i g i t i z e d and st o r e d i n computer memory. Such a 
d i g i t a l imaging system w i t h software s p e c i f i c a l l y designed f o r i o n 
microscopy i s not y e t commercially a v a i l a b l e and i s s t i l l i n 
developmental stage (13). The prototype d i g i t a l imaging system i s 
capable o f a c q u i r i n g i o n images i n r e a l time and p r o c e s s i n g them a t 
h i g h speeds. 

By d i g i t i z i n g i o n images, i t becomes p o s s i b l e t o apply a wide 
range o f computer image p r o c e s s i n g and r e c o n s t r u c t i o n techniques t o 
the images. Image p r o c e s s i n g i s used t o enhance the v i s u a l 
i n f o r m a t i o n contained i n an image w h i l e image r e c o n s t r u c t i o n may be 
used t o c o r r e c t i o n images f o r a r t i f a c t s i n t r o d u c e d d u r i n g the 
a c q u i s i t i o n . The image depth p r o f i l e s o f AI and S i a c q u i r e d through 
a s e l e c t e d p o r t i o n o f a S i t r a n s i s t o r are shown i n F i g u r e s 7-9 
(13). A 4 yA 0 2 primary i o n beam was r a s t e r e d over a 250 ym 
area. The images were ac q u i r e d from a 150 ym diameter f i e l d 
centered w i t h i n the r a s t e r e d area. A 20 second s p u t t e r i n g time was 
used between each s e t o f AI and S i images. A t o t a l s p u t t e r i n g time 
o f 1200 seconds r e s u l t e d i n 40 images o f each element. 

The schematics o f AI m e t a l l i z a t i o n p a t t e r n shown on the 
surface o f the t r a n s i s t o r i s shown i n F i g u r e 7a along w i t h the 
c i r c u l a r r e g i o n which was depth p r o f i l e d . The d i a g o n a l l i n e shows 
where the c r o s s - s e c t i o n i o n images were rec o n s t r u c t e d . A diagram 
o f the t r a n s i s t o r c r o s s - s e c t i o n across t h i s same l i n e i s 
shown i n F i g u r e 7b. Refer t o t h i s f i g u r e f o r the i n t e r p r e t a t i o n o f 
the c r o s s - s e c t i o n i o n images. The i o n imaging r e s u l t s a re 
summarized i n F i g u r e 8. The secondary i o n i n t e n s i t y ranges from 0 
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AI 

AI 

Thermal SiO ? " CVD SiOo 
tofmiiinmrumtinnnnimmm 

Al 

p-doped S i 

Figure 7. (a) A schematic diagram of m e t a l l i z a t i o n pattern on the 
surface of a S i t r a n s i s t o r used f o r ion probe imaging. The d i a 
gonal l i n e shows where the c r o s s - s e c t i o n ion images were recon
structed, (b) Cross- s e c t i o n a l view of (a) across the diagonal l i n e . 
(Adapted from Ref. 13.) 
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Figure 8. A composite ion image of AI and S i . See the text 
d e t a i l s . (Adapted from Ref. 12.) 
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(black) t o 255 (white). The d i a g o n a l l i n e through images o f S i 
(upper l e f t ) and S i (upper r i g h t ) shows where a " s l i c e " was taken 
t o generate a c r o s s - s e c t i o n image o f the i o n i n t e n s i t y across the 
l i n e versus depth. The r e s p e c t i v e c r o s s - s e c t i o n images are shown 
below the surface images. The S i c r o s s - s e c t i o n image shows 3 
d i s t i n c t l a y e r s o f S i . A t h i n r e g i o n o f h i g h i n t e n s i t y £i appears 
across the top o f the image, which corresponds t o a 830A l a y e r o f 
CVD S i 0 2 underneath i t . Below the l e f t p o r t i o n o f the £VD l a y e r 
l i e s a second h i g h i n t e n s i t y r e g i o n which i s the 3500A thermal 
SiCL l a y e r . The lower i n t e n s i t y r e g i o n i s p-doped S i . The 
SiCL l a y e r s are higher i n S i i n t e n s i t y due t o the oxygen 
enhancemeni^ o f the i o n y i e l d . Below the l e f t A l l a y e r (which i s 
about 9000A deep) i s another h i g h i n t e n s i t y area which i s again 
CVD S i 0 2 p l u s thermal SiCL. 

F i g u r e 9 shows the s u r f a c e A l (upper l e f t ) and S i (upper 
r i g h t ) images. The lower r i g h t image i s the S i d i s t r i b u t i o n 
a f t e r the A l had been s p u t t e r e d away. The h i g h i n t e n s i t y r e g i o n 
near the bottom o f th  imag  i  th  thermal SiCL which l i e
d i r e c t l y below the A l m e t a l l i z a t i o

I t i s c l e a r from abov
SIMS f o r elemental depth p r o f i l i n g i n semiconductors, i t has a 
p o t e n t i a l o f becoming a powerful t o o l t o s p a t i a l l y map two and/or 
thre e dimensional d i s t r i b u t i o n o f i m p u r i t y elements. However, 
s p a t i a l r e s o l u t i o n a t present i s r a t h e r l i m i t e d ( > l y m ) e s p e c i a l l y 
i f the technique has t o be extended t o sub micron geometries. 

Transmission E l e c t r o n Microscopy 

Conventional. I n most o f the l a b o r a t o r i e s around the w o r l d , TEM 
specimens are u s u a l l y prepared i n a conventional manner t h a t shows 
on l y the "plan" view o f the damage d i s t r i b u t i o n , i . e . , the plane o f 
the f o i l b eing p a r a l l e l t o the implanted o r otherwise processed 
s u r f a c e . Although much u s e f u l i n f o r m a t i o n concerning d e f e c t 
s t r u c t u r e s and t h e i r nature can be obtained, the depth 
d i s t r i b u t i o n o f d e f e c t s i s d i f f i c u l t t o a s c e r t a i n even from 
st e r e o microscopy. This i s e s p e c i a l l y t r u e i n cases where e i t h e r 
two o r more d i s c r e t e l a y e r s o f d e f e c t s separated by a d e f e c t f r e e 
r e g i o n are present o r where the d e f e c t s o f i n t e r e s t are b u r i e d 
under another more dense band o f d e f e c t s . Therefore, 
c r o s s - s e c t i o n a l and beveled angle TEM specimens p r e p a r a t i o n 
techniques have been developed t o circumvent these 
problems (14,15). Combining the d e f e c t depth d i s t r i b u t i o n 
determined from these specimens w i t h i n f o r m a t i o n obtained from the 
p l a n view specimens, p r e c i s e t h r e e dimensional damage d i s t r i b u t i o n s 
can be obtained. These d e f e c t d i s t r i b u t i o n s can be used f o r 
c o r r e l a t i o n w i t h atomic p r o f i l i n g and/or e l e c t r i c a l measurements t o 
p r o v i d e a more complete r e p r e s e n t a t i o n o f the m a t e r i a l and i t s 
c h a r a c t e r i s t i c s . The power and u t i l i t y o f c r o s s - s e c t i o n a l 
technique i n r e v e a l i n g d e t a i l e d i n f o r m a t i o n on d e f e c t s l y i n g a t 
d i f f e r e n t depth l e v e l s i s shown i n F i g u r e 10 (16). We have chosen 
f o r demonstration purpose, the c r o s s - s e c t i o n a l TEM micrograph t h a t 
shows t h r e e d i f f e r e n t d e f e c t l a y e r s a t t h r e e d i f f e r e n t depth 
l e v e l s from the s u r f a c e . The d e f e c t s l a y e r l a b e l e d I c o n t a i n a 
band o f s m a l l d i s l o c a t i o n loops f o l l o w e d by a r e l a t i v e l y dense 
bundle o f ' h a i r - p i n 1 d i s l o c a t i o n s ( I I ) . The surface r e g i o n ( I I I ) 
contained a h i g h d e n s i t y o f c l u s t e r s , p r e c i p i t a t e s , e t c . The 
magnified l a t e r a l view o f each d e f e c t l a y e r was r e v e a l e d i n the 
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Figure 9. The surface Al (top) and Si (middle) images. The 
bottom image is the Si distribution after the Al had been sputtered 
away. (Adapted from Ref. 12.) 
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Figure 10. Cross- s e c t i o n a l TEM micrographs from BF2 + implanted 
pre-amorphized (100) S i which was subsequently rapid thermally 
annealed at 950 °C for 10 s. Three separate layers of defects 
(types I, I I , and III) were observed at three d i f f e r e n t depths. 
(Reproduced with permission from Ref. Ij6. Copyright 1984 Applied 
Physics L e t t e r s . ) 
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B-TEM sample corresponding t o the above specimen. From the B-TEM 
samples, i t was p o s s i b l e t o conduct d e t a i l e d TEM a n a l y s i s which 
gave the f o l l o w i n g i n f o r m a t i o n on the above d e f e c t s . D i s l o c a t i o n 
loops a t depth l e v e l I were dominantly a/3 <111> type and e x t r i n s i c 
(extra l a y e r s ) i n nature. The t i p s o f the h a i r - p i n d i s l o c a t i o n s 
were o f the same ch a r a c t e r as a t I , however, the 'arms 1 o f the 
' h a i r - p i n s 1 l a y along a l l s i x <110> d i r e c t i o n s . The d e f e c t s i n 
l a y e r I I I were found t o be s t a c k i n g f a u l t bundles and microtwins by 
atomic r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n microscopy (17). 

Atomic R e s o l u t i o n . With the recent advances i n s u p e r i o r e l e c t r o n -
o p t i c a l design and h i g h degree o f s t a b i l i t y i n len s c u r r e n t , 
a c c e l e r a t i n g v o l t a g e , e t c . , imaging o f atomic planes w i t h 
s e p a r a t i o n ~3A i s becoming a common p r a c t i c e f o r e l e c t r o n 
m i c r o s c o p i s t s . The study o f i n t e r f a c e s by atomic r e s o l u t i o n TEM 
(AR-TEM) w i l l be key t o the understanding o f c l u s t e r i n g , 
p r e c i p i t a t i o n , phase t r a n s f o r m a t i o n , e p i t a x y , e t c . , and w i l l 
dominate many othe r inherent m a t e r i a l  scienc  i s s u e  th t 
decade. Profound impac
r e l a t i o n s h i p s i s a n t i c i p a t e d
g e t t e r i n g phenomenon w i l l o b v i o u s l y b e n e f i t a g r e a t d e a l by 
performing AR-TEM a t d i s l o c a t i o n cores where i m p u r i t i e s have 
segregated, as w e l l as c o r r e l a t i n g i n t e r f a c i a l atomic 
m i c r o s t r u c t u r e w i t h subsequent growth o f e p i t a x i a l semiconductor, 
s i l i c i d e o r d i e l e c t r i c l a y e r s . 

Two examples o f the powerful a p p l i c a t i o n o f the AR-TEM are 
shown i n Fig u r e s 11 and 12. I n the f i r s t example, s t r u c t u r e s o f 
i n t e r f a c e s between s i l i c o n oxide grown on s i n g u l a r (Figure 11a) and 
3° v i c i n a l (Figure 11c) (111) S i i s re v e a l e d (18). The f o l l o w i n g 
atomic d e t a i l s were obtained: (1) The oxide was indeed found t o be 
amorphous (see mo t t l e d c o n t r a s t c h a r a c t e r i s t i c o f the amorphous 
m a t e r i a l i n F i g s . 11a and 11c); (2) The S i C L / S i i n t e r f a c e i s 
a t o m i c a l l y abrupt. However, the r e was evidence o f steps o f the 
order o f one {111} i n t e r p l a n a r d i s t a n c e . The w i d t h o f the t e r r a c e s 
between p o s i t i v e and negative steps v a r i e s and i s dependent upon 
defocus which i n d i c a t e s t h a t these steps may not extend through the 
whole TEM specimen t h i c k n e s s . Another i n t e r e s t i n g f e a t u r e t o be 
noted i s t h a t the l a s t row o f c r y s t a l image spots i s d i s p l a c e d as 
would be expected i f there was a s t a c k i n g f a u l t p a r a l l e l t o the 
surfa c e . 

The oxide growth on 3° o f f (111) S i surface (toward [110]) 
r e s u l t e d i n the i n t e r f a c e shown i n F i g u r e 11c. V i c i n a l surfaces i n 
contact w i t h vacuum (vapor) are expected t o have steps which 
connect t e r r a c e s o f ininimum sur f a c e energy, and the i n t e r s e c t i o n 
o f such steps w i t h the t e r r a c e s are themselves low energy <110> 
d i r e c t i o n s (19). F i g u r e l i b shows t h a t 3° v i c i n a l S i - S i C L 
i n t e r f a c e conforms t o t h i s model. The i n t e r f a c e c o n s i s t s o r 
approximately e q u a l l y spaced ledges w i t h the w i d t h o f the 
te r r a c e s 6 nm and t h e i r h e i g h t equal t o .314 nm (one i n t e r p l a n a r 
d i s t a n c e ) . The w i d t h o f the ledges c a l c u l a t e d f o r the i n c l i n a t i o n 
o f the surfa c e based on p u r e l y geometrical c o n s i d e r a t i o n s f i t s w e l l 
w i t h the observed r e s u l t s . The t e r r a c e s are a t o m i c a l l y f l a t , 
however some p o s i t i v e - n e g a t i v e step p a i r s are a l s o found t o be 
present on some t e r r a c e s as i s shown i n the f i g u r e . The s t r u c t u r e 
o f t h i s i n t e r f a c e was found t o be independent o f the o x i d a t i o n 
temperature and time. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

Figure 11. High r e s o l u t i o n TEM micrographs of oxide layers on 
stepped S i substrate: a, native oxide; b, 1000 1 t h i c k oxide 
thermally grown on S i surface 3° o f f (111) toward [110] (dry 02, 
1000 °C), s t r u c t u r a l steps are c l e a r l y resolved; and c, model of 
the stepped S i surface. (Adapted from Ref. 18.) 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5. ROZGONYI AND SADANA Semiconductor Materials Defect Diagnostics 93 

Figure 12. An amorphous-crystalline i n t e r f a c e i n Ge + implanted (100) 
Si ( 1 0 1 6 cm - 2, 300 keV, RT implant, no anneal). (a) B r i g h t - f i e l d 
c r o s s - s e c t i o n a l TEM micrograph. The dark band represents an amor
phous layer. (b) Atomic r e s o l u t i o n TEM micrograph showing atomic 
d e t a i l s of the i n t e r f a c e . Note a stacking f a u l t nucleus at the 
in t e r f a c e . (Adapted from Ref. 22.) 
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The r e s u l t s shown above demonstrate t h a t o x i d a t i o n occurs 
l a y e r by l a y e r very u n i f o r m l y over l a r g e areas o f the S i su r f a c e . 
The roughness o f the su r f a c e corresponds t o the height o f the 
i n d i v i d u a l steps (.314 nm). The oxide growth corresponds t o 
removal o f the S i atoms from the su b s t r a t e s u r f a c e . The observed 
s t r u c t u r e o f the i n t e r f a c e suggests t h a t t h i s process occurs a t the 
ledges. I n the case o f s i n g u l a r (111) surfaces formation o f the 
ledges might be e n v i s i o n e d as o c c u r r i n g by two dimensional 
n u c l e a t i o n corresponding t o the formation o f an oxide i s l a n d i n the 
next l a y e r o f s i l i c o n atoms. I n the case o f v i c i n a l s u r f a c e s , 
s t r u c t u r a l ledges are alread y present a t the i n t e r f a c e p r o v i d i n g 
s i t e s f o r o x i d a t i o n . However, f o r too low a d e n s i t y o f such ledges 
two dimensional n u c l e a t i o n s t i l l takes p l a c e r e s u l t i n g i n t e r r a c e s 
w i t h a d d i t i o n a l p o s i t i v e and negative ledges. A s i m i l a r process i s 
observed f o r evaporation o r d i s s o l u t i o n o f atoms from a surf a c e 
i n t o vapor o r s o l u t i o n (20,21). Although the S i surface i n t h i s 
case i s i n conta c t w i t h s o l i d s i l i c a , the i n t e r f a c e s t r u c t u r e 
appears t o behave very h  i t would i  conta c t w i t h  l i q u i d
T h i s i s perhaps not s u r p r i s i n
occurs above 960°C (14
performed a t 1100 and 1000°C. 

Another example o f the a p p l i c a t i o n o f AR-TEM i s shown i n 
Fi g u r e 12. 1 Here a 300 keV Ge was implanted i n t o (100) S i t o a 
dose o f 10 cm" a t room temperature (22). T h i s produced a 
continuous amorphous l a y e r o f 4200A extending t o the su r f a c e . 
Although the boundary between the amorphous and c r y s t a l l i n e 
m a t e r i a l appears t o be f a i r l y abrupt i n the low r e s o l u t i o n TEM 
micrograph (Figure 12a), the p r e c i s e nature o f the 
amorphous/crystalline i n t e r f a c e was not reveal e d u n t i l ARTEM on the 
i n t e r f a c e was performed (Figure 12b). The f o l l o w i n g i n t e r e s t i n g 
observations were made: (1) the i n t e r f a c e was indeed abrupt even 
on atomic s c a l e ; (2) the i n t e r f a c e showed f a c e t i n g on {111}; and 
(3) on some f a c e t s , t h e r e were s t a c k i n g f a u l t s (see F i g . 12b) 
presumably due t o i n - s i t u annealing. Some s m a l l c r y s t a l l i t e s 
(£2OA) were a l s o found t o be present i n the amorphous m a t r i x 
w i t h i n 50A from the i n t e r f a c e . These f i n d i n g s have enable us t o 
b e t t e r understand the mechanisms o f c r y s t a l l i n e t o amorphous 
tran s f o r m a t i o n and the e f f e c t o f dynamic annealing on such 
t r a n s f o r m a t i o n . 

Conclusions 

Indepth understanding and p r e c i s e c o n t r o l o f shallow l a y e r s and 
i n t e r f a c e s i n processed S i i s made p o s s i b l e by the s t a t e - o f - t h e - a r t 
a n a l y t i c a l methods and equipment. The techniques, ranging from 
simple and inexpensive angle-lapping-and-chemical-delineation t o 
s o p h i s t i c a t e d i o n o r e l e c t r o n beam probing o f semiconductor 
samples, pro v i d e q u i t e p r e c i s e i n f o r m a t i o n about the l o c a t i o n , 
s t r u c t u r e , chemical composition and e l e c t r i c a l p r o p e r t i e s o f the 
l a y e r s and t h e i r boundaries. The top view, the b e v e l angle top 
view, and the c r o s s - s e c t i o n a l p r o j e c t i o n s o f the sample w i t h 
r e s p e c t t o the a n a l y z i n g probe have been u t i l i z e d i n the analyses. 
Examples o f shallow implanted n-p-n j u n c t i o n , S i - S i 0 2 i n t e r f a c e , 
e x t r i n s i c g e t t e r i n g o f the Au ions a t m i s f i t d i s l o c a t i o n s , and 
amorphization o f S i su r f a c e w i t h Ge implant were used t o 
i l l u s t r a t e the c a p a b i l i t i e s o f the di s c u s s e d methods. 
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6 
Applications of Secondary Ion Mass Spectroscopy 
to Characterization of Microelectronic Materials 

Mary Ryan-Hotchkiss 

Tektronix, Inc., Beaverton, O

In this review the various modes of SIMS and examples 
of their applications are discussed. SIMS depth 
profiles are widely used to study dopant profiles and 
Intermetallic diffusion. The extreme surface 
sensitivity and low concentration detection limits of 
SIMS make it useful for investigation of substrate 
and metallization cleaning processes. SIMS elemental 
imaging is also used in contamination studies. The 
ability of SIMS to provide isotopic Information has 
allowed elegant mechanistic studies. The 
identification and determination of the relative 
abundance of various molecular or elemental species 
by SIMS is applicable to the development, character
ization, and understanding of microelectronic 
processing. The capability of SIMS in the area of 
quantitative analyses is also discussed. 

The Increasing requirements on microelectronic devices to provide 
larger areas* greater density of c i r c u i t s * higher production 
yields* and/or higher speed of device operation necessitates the 
development of new materials and processes. This 1n turn requires 
the application of sophisticated techniques for problem solving* 
and for materials and process characterization. Secondary Ion 
Mass Spectrometry (SIMS) 1s one such technique. This paper 
provides a description of the three major types of SIMS 
Instruments and the modes 1n which those Instruments can be used. 
Examples of the types of Information that can be obtained using 
the various modes of SIMS are presented which are drawn from 
microelectronic technology. 

SIMS 1s a surface analysis technique 1n which primary 1ons 
bombard a sol i d surface and cause secondary Ions to be emitted. 
The emitted 1ons are collected* energy f i l t e r e d * mass analyzed and 
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detected. In t h i s paper surfaces other than s o l i d surfaces* and 
excitation sources other than ions* e.g. fast atoms or photons* 
have not been Included in the category labeled SIMS. Thorough 
discussions of the theory and the effect of Instrumental and 
empirical variables 1n SIMS and diagrams of the various Instrument 
types have been published elsewhere (1=3.)• 

S I M S I N S T R U M E N T S 

Figure 1 shows a block diagram of a generalized SIMS instrument. 
The essential Instrument subunits are the primary ion source* the 
sample* the mass analyzer and the secondary 1on detector* a l l of 
which are t y p i c a l l y contained 1n or connected to an ul t r a high 
vacuum chamber. Many variations are possible in each of the SIMS 
Instrument subunits. Different primary 1on sources may be+used to 
provide d1f|erent species of primary 1ons* for example* Ar * 
0 2 * 0"* N 2 and Cs . Different 1o  als
be optimal for primary io
size or current density  primary  provide
focussing* raster1ng and aperturlng of the primary 1on beam. I t 
1s usually necessary to raster the primary 1on beam during the 
analysis to average non-un1form1t1es 1n the beam over the 
sputtered area and to sputter a f l a t bottomed crater. Since some 
1on sources emit many types of particles the primary 1on beam may 
be e l e c t r o s t a t i c a l l y deflected through a small angle 1n the 
primary 1on column to separate the primary 1ons from undesirable 
uncharged species. Magnetic mass analyzers may also be used 1n 
the primary 1on column to select the primary 1on with the desired 
mass and charge. Variations in the angle or spacing of the sample 
from the 1on optics may be used to optimize the sputtering y i e l d * 
the 1on yie l d or the area of the sample to be analyzed. When an 
Inert gas Is used as the primary ion, an oxygen j e t may be placed 
near the sample to provide a uniform oxygen coverage of the sample 
surface. Saturating the surface with oxygen through the use of an 
oxygen j e t or an oxygen primary 1on beam enhances the 1on yi e l d of 
many species. 

The secondary 1on optics portion of the SIMS Instrument 
Includes direct Imaging optics for the direct Imaging Instrument* 
which 1s discussed later* or extraction lenses and various types 
of energy f i l t e r s for other types of SIMS Instruments. Magnetic 
and quadrupole mass spectrometers are both common mass analyzers. 
The mass analyzed secondary ions may be detected by a Faraday cup* 
an electron multiplier or a phosphor screen. The phosphor screen 
may be coupled to film* a TV camera* or a sol i d state Imager. 
El e c t r i c a l signals output by the detector may be handled 1n either 
analog or pulse counting mode. The signals may be digiti z e d and 
stored for subsequent signal processing. The data 1s commonly 
displayed 1n the form of Images of the sample surface* mass 
spectra* or plots of 1on signal Intensity versus time which may be 
equlvalant to depth. 

Charge neutralization and secondary electron detection are 
provided 1n some Instruments. For low conductivity samples that 
accumulate a positive charge under positive ion bombardment* 
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charge neutralization may be accomplished by flooding the sample 
with electrons from an electron flood gun or by bleeding the 
charge off by some other means. Secondary electrons are also 
emitted by the sample during 1on bombardment. These electrons may 
be detected by a channeltron or an electron mu l t i p l i e r . This 
secondary electron signal can be used to form a secondary electron 
Image of the sample. I f t h i s signal than be correlated with the 
raster1ng of the primary ion beam the SIMS Instrument w i l l 
function as a Scanning Ion Microscope (SIM) analogous to a 
Scanning Electron Microscope (SEM). 

There are three basic types of SIMS Instruments: 1) the 1on 
mlcroprobe* 2) the direct Imaging Instrument* and 3) the s t a t i c 
SIMS Instrument. An early 1on mlcroprobe was described by L1ebl 
(4x5.). In mlcroprobe Instruments a focussed primary 1on beam 1s 
rastered over the sample surface to sputter a uniform f l a t 
bottomed crater. An 1on Image may be obtained by synchronizing 
the x-y raster of the primary 1on beam on the sample surface with 
the x-y raster of a CRT displa  whil  th  analyze  1  tuned 
to the mass of that 1on
represents the Intensit
at the corresponding x-y location on the sample. A frame of x-y-z 
data could also be dig i t i z e d and stored directly in a d i g i t a l 
memory and be available for subsequent display or d i g i t a l signal 
processing. Not a l l 1on microprobes are configured to obtain 1on 
Images. In some SIMS Instruments the primary ion beam 1s 
asynchronously or semi-randomly rastered over the sample surface. 
In these cases* or i f the primary Ion beam diameter 1s large 1n 
comparison to the analysis area* 1t may not be possible or 
practical to obtain ion Images. Most commercial Instruments* and 
many laboratory b u i l t Instruments (5-8) have been the 1on 
mlcroprobe type. Minimum primary 1on beam diameter 1n mlcroprobes 
1s about 2 ym. Beam diameters over 100 ym are not uncommon for 
1on probe Instruments. 

The f i r s t raster scanning 1on probe Instrument to use a 
quadrupole mass spectrometer was reported by Wlttmaack 1n 1976 (£) 
and now many SIMS Instruments Incorporate a quadrupole mass 
spectrometer (2). The quadrupole has the advantage of being 
economical and of being able to scan through several hundred mass 
units 1n a period of seconds. Rapid mass scanning 1s an Important 
characteristic because the sample surface 1s being eroded during 
SIMS analysis. I f the mass spectrum of a thin layer 1s desired* 
the layer may be exhausted before a slow scanning mass 
spectrometer has reached the heavier masses. The mass range of 
the quadrupole 1s often less than magnetic mass spectrometers 
commonly used on SIMS Instruments* and Its s e n s i t i v i t y 1s mass 
dependant and variable. An energy p r e f l i t e r 1s required before 
the quadrupole because good mass resolving power 1s obtained only 
when the 1ons entering the quadrupole have an energy spread of 
only a few eV. 

The second type of SIMS Instrument* the direct Imaging type* 
Is based on the design of Castalng and Slodzlan (1Q). In the 
direct Imaging Instrument an area 1 to 300 ym in diameter 1s 
bombarded by the primary 1ons. The secondary 1ons are extracted 
by an electrostatic Immersion lens which maintains a point to 
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point location Image of the origin of each secondary 1on. Thus 
the l a t e r a l resolution 1s Independent of the primary 1on beam 
diameter, A minimum lat e r a l spatial resolution for 1on Images of 
about 2 ym 1s obtained 1n the commercial Instrument. Direct 
Imaging instruments t y p i c a l l y use a magnetic mass spectrometer* 
have very high mass resolution and good s e n s i t i v i t y . A discussion 
of the relative advantages of the direct Imaging and 1on mlcro
probe Instruments for Imaging 1s presented 1n the section IV. E. 

In s t a t i c SIMS the primary 1on~beam energy and current 
density are s u f f i c i e n t l y low that 10 or 10 seconds are 
required to remove a monolayer of material (11). Typically a 
large diameter 1on beam 1s used to bombard a large homogeneous 
sample surface. Static SIMS 1s the most surface senstive SIMS 
mode* and provides the gentlest Ionization conditions such that 
even very large molecules can be Ionized essentially Intact (12)* 
When a high energy 1on beam sputters the sample* surface reactions 
1n the sample or in the gas phase above the sample may result 1n a 
variety of molecular specie  which t o r i g i n a l l t 1
the sample. The lower
A/cm ) minimizes these  rearrangements
the primary ion beam need not be rastered and depth pro f i l e s and 
1on images are not t y p i c a l l y obtained. 

C H A R A C T E R I S T I C S O F S I M S 

SIMS 1s more sensitive than the other common surface or interface 
analysis techniques of Auger* X-ray Photoelectron Spectroscopy* 
Rutherford Backscattering Spectroscopy* or Energy Dispersive X-ray 
Analysis. Detection l i m i t s and background signal levels for a 
large number of semiconductor materials have been reported under 
typical operating conditions ( U ) . Table I l i s t s the detection 
l i m i t s for a number of dopants used 1n semiconductors* obtained 
under optimized conditions. 

Other attributes of SIMS Include a wide dynamic range* good 
depth resolution* the a b i l i t y to detect a l l elements* the a b i l i t y 
to differentiate between different Isotopes of the same element* 
good elemental s p e c i f i c i t y * and exceptionally good s e n s i t i v i t y for 
the low atomic number elements. An excellent discussion of the 
strengths and weaknesses of SIMS has been provided by Magee (15.). 
Comparisons between SIMS and other surface analysis techniques 
have been published (16). 

Because microelectronics problems often require measurement 
of concentrations that vary over orders of magnitude* efforts have 
been made to maximize the dynamic range of SIMS measurements. The 
effects of various Instrumental enhancements on the dynamic range 
of concentrations that can be measured 1n a depth p r o f i l e has been 
Illustrated (£). A general discussion of depth p r o f i l i n g and Its 
applications are presented 1n Section IV.A. Most of the 
Instrumental enhancements allow a greater dynamic range because 
they allow the Instrument to discriminate against crater edge 
effects. Crater edge effects occur when secondary 1ons which 
originate from depths shallower than the maximum crater depth are 
mistaken for secondary Ions from the bottom of the crater. The 
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Figure 1. Block Diagram of a SIMS Instrument. 

Table I. SIMS Detection Limits for Dopants (3, 14) 

Matrix Element Primary 
Ion Beam 

Detection Limi t 
(atoms/cm ) 

S1 

GaAs 

H 
C 
N 
0 
B 
P 
As 
0 
S1 
S 
Cr 
Mn 
Fe 
Zn 
Se 
Te 

Cs+ 
Cs+ 
Cs+ 

Cs+ 
Cs+ 
09+ 
ci+ 
° 2 + 

° 2 + 

° 2 + 

° 2 + 

C5+ 
Cs+ 

10 
10 
10 

3x10 
10 

3x10 
3x10 
5x10 
3x10 

10 
5x10 
4x10 
5x10 

10 
3x10 
2x10 

17 
16 
17 
16 
14 
15 
15 
17 
15 
15 
13 
13 
14 
16 
13 
13 
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instrumental Improvements Include rasterlng the primary 1on beam 
over an area on the sample larger than the area from which 
analyt ical date 1s taken* use of a secondary 1on extraction lens 
which accepts 1ons from only the central portion of the f l a t 
bottomed crater* and e lec t ron ica l ly gating the 1on counting 
electronics to be act ive only when the primary 1on beam 1s 
rasterlng the central portion of the cra ter . These steps 
decreased the interfer ing background signal by more than a factor 
of 650. A boron Implant p ro f i l e was determined from a peak 
concentration of 10 atoms/cm to the background signal level 
equivalent to about 10 atoms/cm g ( £ ) . 

A dynamic range of almost 10 has been demonstrated for 
depth prof i les of B 1n S1 (1Z>. The dominant process l i m i t i n g the 
dynamic range 1n depth prof i les 1n t h i s study was found to be the 
presence of energetic neutrals 1n the primary 1on beam which were 
not focusable and sputtered outside the analysis area. The 
background signal was related to the number of neutrals in the 
primary ion beam and wa  found t  b  d i r ec t l  proportional t  th
pressure 1n the 1on gu
dynamic range are the contaminatio
sputtered material i f 1t 1s too close to the sample* and dead time 
1n the counting electronics which was expected to be s igni f icant 
at about 10 counts/S (J2>. 

Depth resolution in SIMS 1s l imited to about lnm (14*15.) by 
the sputtering process and varies with the material being 
sputtered (14#lfi). The best depth resolution 1s obtained for 
heavier bombarding ions at lower energies (16*18*19). An example 
of good depth resolution for Ta 2 0 5 on Ta i s 3.5nm* which was 
less than 1.1% of the sputtered depth (15.). 

There are character is t ics of SIMS that complicate the 
interpretation of SIMS data. In comparison to techniques such as 
Rutherford Back Scattering (RBS) 1n which the physics are well 
understood and the scattering cross sections have been very 
accurately determined* greater care needs to be taken during a 
SIMS analysis to obtain quanti tat ive or even semi-quantitative 
resul t s . The concentration s e n s i t i v i t y 1n SIMS varies widely from 
element to element and the s e n s i t i v i t y to a s ingle species may 
vary widely from one matrix to another. Several approaches have 
been taken to compensate for matrix effects . In some cases 
saturating the surface of the sample with oxygen during the 
analysis has been found to minimize the changes 1n 1on y ie lds that 
sometimes occur at interfaces (20.)* 

The effects of various matrices in the analysis of layered 
semiconductors was examined by Galuska and Morrison (21)* They 
found that proper ca l ib ra t ion of 1on y ie lds and sputtering yie lds 
made quantitative concentration and depth measurements possible 
for A l Ga, As matrices. 

A variety of approaches to quantat1ve SIMS analysis have been 
discussed by McHugh (2), Werner (2.) and by Wlttmaack (22)> 
including the use of s ens i t i v i t y factors* the ca lcula t ion of ion 
y ie lds as a function of a relevant physical parameter* and the use 
of internal standards. For many sample types and v i r t u a l l y a l l 
semiconductors accurate standards c losely resembling the 
analyt ical sample have been prepared (15). With these standards 
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absolute accuracies on the order of 5-10% can be achieved 
(2*13.15.23). With quadrupole SIMS the re la t ive and absolute 
signals for various masses depend on variable Instrument 
condit ions. A metal l ic glass sample* F e 3 o B i 7 W 3 ' n a s b e e n 

used to ca l ibra te a quadrupole over a wiae mass range (24.). 
A l k a l i Iodide sa l t s have also been proposed as standards for 
quadrupole Instruments (25.). In summary* to obtain accurate 
quantitative results with SIMS* a well prepared s1mH1ar standard* 
careful Instrumental control and characterization* and an 
understanding of the sample being analyzed 1s required. 

SIMS 1s also subject to problems caused by the sputtering 
process. The problems associated with a l l the analyt ical 
techniques which rely on sputter removal have been recently 
reviewed and discussed by Zlnner (14x2&)» Some of the ion beam 
effects are preferential sputtering* atomic mixing (2)# radiation 
induced diffusion (2> and charging effects . Reduced primary 1on 
beam energy can minimize mixing. The charging effects and methods 
to compensate for them hav  bee  i l l u s t r a t ed b  Mage  (21) d 
others (2fi-3fi). 

MQPES QF SIMS ANALYSIS 
Six different modes of SIMS analysis have been selected for t h i s 
discussion and w i l l be I l lus t ra ted by applications involving 
microelectronics materials and processes. The s i x modes are: 
a) depth prof i l ing* b) mass spectra* c) 1sotop1c studies* 
d) s t a t i c SIMS* e) 1on Imaging* and the f) positive/negative ion 
mode. Some of the modes Involve only a var ia t ion in the way the 
data 1s obtained or handled but others require hardware 
modifications. For example* 1sotop1c studies 1s only a specif ic 
application of the mass spectral mode* but s t a t i c SIMS requires a 
special low energy* low current density primary 1on beam. 
Posit ive/negative 1on mode requires the switching of potentials on 
the secondary 1on optics and changes from the normal electron 
mul t ip l i e r c i r c u i t r y to c o l l e c t negative 1ons Instead of the more 
commonly detected posi t ive 1ons. The positive/negative ion mode 
may be used at the same time as any of the f i r s t f ive modes. 

Depth P r o f i l i n g . By far the most common mode of SIMS analysis i s 
depth p r o f i l i n g . Since material must be sputtered from the 
surface during SIMS analysis* SIMS 1s eas i ly applied to si tuat ions 
where successive layers or Interfaces need to be examined. 
During depth p ro f i l i ng the primary Ion beam i s rastered across the 
sample to create a f l a t bottomed crater which 1s large 1n 
comparison to the primary ion beam. This sputters away successive 
layers and allows the ejected secondary 1ons to be mass analyzed. 
To provide optimum depth resolution and dynamic range* only 1ons 
from the central portion of the crater should be allowed to 
contribute to the analyt ical s i gna l . Thorough reviews of depth 
p r o f i l i n g by SIMS are avai lable (14*26). The most common 
application of SIMS depth p ro f i l i ng to microelectronic materials 
i s the determination of dopant p rof i les from diffusion and ion 
implantation processes. Empirical SIMS measurements have been 
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Indispensable and continue to be important in the development of 
models for range s t a t i s t i c s 1n 1on implantation. SIMS depth 
prof i les are also used to monitor and develop an understanding of 
the diffusion of dopants during laser and thermal annealing 
processes. Meta l l iza t ion and th in fi lms have also been 
Investigated by SIMS. In addition SIMS depth prof i les are useful 
for f a i lu re analysis and problem so lv ing . 

Dopant P r o f i l e s . A compilation of SIMS depth p ro f i l e studies 
of dopants 1n semiconductors and Insulators was published by 
Zlnner (26) 1n 1980. P ro f i l e s of very low energy Implants by SIMS 
have been recently reported (31). For the determination of these 
shallow Implants both the sputtering rate and the secondary 1on 
y i e l d must s t a b i l i z e very near the surface. Both of these 
conditions could be met by the combined use of a j e t of molecular 
oxygen directed at the sample surface and the use of a 5 KY argon 
primary 1on beam. A 5 KV As Implant which peaked at about 40 
angstroms depth and a 15 KV As Implant which peaked at about 120 
angstroms were both successfull
study of shallow Implante
lower energy Implants experienced greater amounts of channeling 
(32) . The cont ro l l ing factor 1n the shape of the implant p ro f i l e 
appeared to be the degree of amorphldty of the S1 pr ior to and 
during Implantation. Channeling 1s less s ign i f icant at higher 
Implant energies because the S1 becomes amorphlsed during the 
Implantation process. SIMS p rof i les of B Implanted Into 
amorphlsed S1 had a much narrower and more nearly Gaussian 
d i s t r ibu t ion than Implants Into c r y s t a l l i n e S1* Indicating that 
channeling and not SIMS 1on beam effects were causing the majority 
of the broadening of the B depth d i s t r ibu t ion (32). When 
optimizing the low energy Implant process the extent of channeling 
must be empir ical ly determined because a minor change 1n process 
variables such as a s l i gh t change 1n wafer orientation or poor 
collimat1on of the Implanting beam could cause varying amounts of 
channeling. Due to the low concentrations and the need for good 
depth resolution SIMS 1s the method of choice for t h i s type of 
study. 

A survey of SIMS depth prof i les was performed for 25 elements 
which had been Implanted Into several semiconductor substrates 
(33) . Good agreement was obtained between theoret ical and 
empirical values for projected ranges and standard deviations of 
the ranges. These researchers Infer that the various 1on beam 
effects* e.g.* knock on* that can Interfere 1n depth p ro f i l i ng 
were not serious and that SIMS could be valuable for studies of 
matrices where methods for theoret ical calculat ions are not 
readi ly avai lable (33) and for the Investigation of channeling 
(34) . 

SIMS 1s also predicted to be of benefit with high energy 
(exceeding lMeV) 1on Implantation because the 1on ranges are less 
precisely known at these energies (35). SIMS has been used to 
ver ify the calculated dopant p ro f i l e for a multiple implant of S1 
Into GaAs (36). A nearly f l a t d i s t r ibu t ion of S1 was obtained to 
a depth of 1 ym by using 5 successive Implants with energies from 
40 to 900 KeV. Good agreement was obtained between the 
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calculated and experimental SIMS p r o f i l e . In another study* range 
parameters were determined from SIMS depth prof i les of S Implanted 
GaAs at energies of 40 to 600 KeV. Signif icant differences were 
found from LSS calculat ions with the greatest differences at the 
lower 1on energies (2Z). Continued applicat ion of SIMS depth 
p r o f i l i n g w i l l provide a better understanding of these processes. 

Annealing. SIMS depth prof i les are frequently u t i l i z e d during 
the development and Investigation of annealing processes. Some of 
the diffusion processes are too complex and not now well enough 
understood to be accurately predicted. SIMS depth prof i les were 
used to study the effect of annealing 1on Implanted phosphorus 1n 
S1 (3S). P rof i l es from samples annealed at different temperatures 
show the presence of two d i s t i n c t components of the P 
d i s t r i bu t ion . The f i r s t region s tar ts at the surface and extends 
to the depth o r i g i n a l l y amorphlsed by the 1on Implantation 
process. The second component extends beyond the 
amorphous/crystalline (A/C) Interface  The presence of these two 
components of the phosphoru
assuming that during epi tax ia
S1) 1n the amorphous material 1s placed on a substi tut ional s i t e . 
P atoms in the recrys ta l l i zed material could diffuse during the 
subsequent annealing by the diffusion mechanism normally operative 
at that temperature. However* at the 850 degree C annealing 
temperature no s igni f icant diffusion 1s expected. On the other 
hand P atoms below the A/C Interface are randomly distr ibuted 1n 
i n t e r s t i t i a l spaces 1n damaged s ingle c rys ta l Si and migrate 
rapidly Into the Si by a I n t e r s t i t i a l diffusion mechanism un t i l 
they occupy substi tut ional s i t e s . Carr ier concentration 
measurements confirmed the recrystall1zat1on and I n t e r s t i t i a l 
diffusion model. 

Depth prof i les of dopants 1n GaAs have also been used to 
investigate the effects of annealing. Depth d is t r ibut ions were 
obtained for S Implanted Into GaAs as a function of annealing 
temperature* ion energy* 1on fluence and encapsulation (2Z>. I t 
was found that S Implants into GaAs did not have predictable depth 
d is t r ibut ions after annealing and the de ta i l s of the prof i les 
after annealing varied with the annealing environment* I .e . 
whether the GaAs had a S10 2 cap* and with the Implant fluence. 
Empirical measurements were obviously necessary 1n t h i s study and 
SIMS 1s the only surface analysis technique that could have 
obtained the depth prof i les covering a concentration range from 
10 A D to 10 Z A S atoms/cm . In a s imi la r study SIMS depth 
prof i les of S in GaAs were obtained before and after annealing 
(33). As 1n reference (2fi) the t a l l region of the 1on Implanted 
dopant p ro f i l e exhibited faster diffusion than the near surface 
region. Good agreement between multlzone model calculat ions and 
the experimental SIMS-data was obtained for^cases with doses of S 
1n GaAs between 4x10 and 4x10 atoms cm with energies 
of 120 and 300 KeV. 

The effect of encapsulation during annealing was also found to 
be Important 1n the redis t r ibut ion of Cr 1n GaAs SIMS depth 
prof i les showed that Cr was depleted near the surface for both 
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capped and capless annealing. Surpr1z1ngly* capped samples 
exhibited Cr depleted regions about 4 times as deep as those 
observed in capless annealing. I t was proposed that a thermal 
mismatch between the capping f i lm (S10 2 or S U N J and the 
GaAs caused a stress f i e l d that enhanced the Cr out-diffus1on. 
The low detection l i m i t of SIMS for Cr 1n GaAs ( 5 x l 0 1 4 

atoms/cm ) was useful for these studies. Matrix effects which 
occurred at Interfaces and when going from capped to substrate 
regions complicated the Interpretation of some depth prof i les 
(4fi). 

The out diffusion of dopants from highly doped wafer areas 
into the ep i tax ia l layer during epi tax ia l deposition or prebake 1s 
ca l led autodoplng. SIMS depth prof i les during autodoplng showed a 
p i l e up of As at the S1 substrate surface. Spreading resistance 
measurements showed that the source of the autodoplng to be 
e l e c t r i c a l l y Inactive As (41). 

The mechanism and rate of diffusion of Te 1n s i l i c o n was 
Investigated by SIMS depth prof i le  (42)  Wafer  with T
diffusions that had bee
temperatures were examined  preferre
measurements for t h i s diffusion study because the e l e c t r i c a l 
techniques y i e l d Information on the effect of several dopants 
rather than jus t the one of Interest. In t h i s study s igni f icant 
levels of Se were contained 1n the Te source and Se was detected 
on the sample surface after the Te d i f fus ion . This study produced 
the f i r s t report of the diffusion coeff ic ient of Te I J K S U The 
diffusion coeff ic ient was found to be 2x10 to 6x10 
cm /s which 1s several orders of magnitude lower than that for 
the other chalcogens, S and Se* in S1. Some Indications were 
found that the diffusion mechanism for Te 1n S1 1s primari ly 
subs t i tu t ional , whereas I n t e r s t i t i a l mobil i ty dominates for S and 
Se. The diffusion of 1on Implanted Se in GaAs was also measured 
by SIMS. This work showed that the annealing process could not be 
modelled as a simple diffusive red i s t r ibu t ion . A f ldead-t1mefl of 
0.25 to 1.5 h* during which the Se diffuses only Imperceptibly* 
was observed at the beginning of the annealing processes (42). 

Laser annealing processes are much less well characterized 
than the thermal annealing processes discussed above. SIMS depth 
prof i les have been used to study these processes (44). The use 
of exdmer lasers for semiconductor processing was recently 
reported. SIMS depth prof i les of B 1n S1 after XeCl laser 
annealing showed a nearly f l a t B d i s t r ibu t ion to a junction depth 
of about 0.9 ym with an I n i t i a l Implant peak of about 0.3 ym 
(45.). SIMS has also been used to determine the As concentration 
p ro f i l e after l i q u i d state diffusion from laser melted sp1n-on 
arsenic glass . In t h i s case laser diffusion was deslreable 
because i t avoided the thermal stress-Induced damage to large 
thinned wafers that could occur during heating 1n a furnace* (4&). 

Thin Films. SIMS depth prof i les are also used 1n the 
development of new th in f i lm processes. These processes are being 
Investigated to produce higher speed and greater device density in 
VLSI appl icat ions. Molybdenum metal gates are being Investigated 
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because they have the advantage of high In t r ins ic conductivity 
compared to po lys l l l con and can be eas i ly patterned with 
photoresist and simple metal etchants. However, Mo films need 
protection from oxidation and mobile ion contamination. Since 
molybdenum n i t r i de can provide protection against these problems, 
the formation of molybdenum n i t r i d e under various conditions was 
Investigated using SIMS and other techniques (41). SIMS depth 
prof i les showed that the molybdenum n i t r i d e f i lm thickness 
Increased with temperature 1n the RF reactor and was related to 
the time and concentration of ammonia. Ni t r ide fi lms from 500 to 
3000 angstroms thick were formed from the 3000 angstroms of Mo 
i n i t i a l l y deposited (42). Numerous SIMS depth prof i l es were 
obtained during the investigation of the effect of phosphorus 
Implantation on molybdenum d1sH1c1de fi lms (4fi). Highly 
conductive, refractory metal s H l d d e s are also under 
Investigation as substitutes for doped po lycrys ta l l lne s i l i c o n . 
Phosphorus has been reported to help s t a b i l i z e the s1l1c1de-gate 
threshold voltage and help form re l i ab le contacts between the 
s1l1c1de and s i l i c o n substrate
would be ion Implanted 1
mask. SIMS analysis determined that argon and carbon, or iginat ing 
from the sputter process which deposited the s l l l d d e f i l m , were 
Incorporated 1n the molybdenum s l l l d d e . Depth prof i les showed 
that although the level of phosphorus became f a i r l y uniform within 
the f i l m , annealing caused 1t to accumulate at the outer 
Interface. The or lgnal ly uniform carbon d i s t r ibu t ion became very 
Irregular par t i cu la r ly for the Implanted samples. In the SIMS 
analysis a s ign i f icant mass interference suspected to be S1H 
affected the measurement of P . The plot of the signal at mass 
31 versus the P dose was l inear but had a y Intercept much greater 
than zero. Since the plot was l inear the assumed constant level 
of Interference which caused the posi t ive y Intercept could be 
subtracted out. 

In a related study, the deposition of molybdenum s l l l d d e from 
a composite target was compared to that cosputtered from elemental 
targets (42). SIMS depth prof i les showed that the concentration 
of carbon and argon was lower and the level of oxygen was higher 
in the cosputtered f i l m . Sheet resistance and C-V measurements 
for both types of films were also compared and were found to be 
not grossly dif ferent . 

SIMS depth prof i les have been used in a variety of other 
microelectronics related appl icat ions. Information useful 1n 
solving problems can sometimes be provided by SIMS. For example, 
some lo t s of n l t r lded s i l i c o n wafers were found to have good 
etching properties but others had a th in nonconductlve f i lm 
remaining 1n the etched areas. A depth p ro f i l e showed that the 
poor etching lo t s had an Increased Al concentration at the 
substrate n i t r i de Interface. Adding a speci f ic surface cleaning 
process for Al before the deposition of s i l i c o n n i t r i d e cured the 
problem (5Q). SIMS depth prof i les detected H at the Interface 
between a typ ica l M0S gate oxide and the s i l i c o n substrate at an 
area! density estimated to be 2x10 atoms per cm ( J £ ) . The 
d i f f i c u l t i e s Involved in H measurement by SIMS have been discussed 
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(51 - 53) but only SIMS* of a l l the surface analysis techniques 
could have performed that analysis (15.). SIMS depth prof i les have 
also been used to study the defect/damage density resul t ing from 
1on implantation (54)* to determine the corre la t ion between 
surface contaminants and l i n e dislocat ions 1n MBE (55.)' to 
determine the effect of B concentration on the etch rate of (100) 
s i l i c o n (£&)* and to measure the CI concentration and 
redis t r ibut ion 1n S10 2 (51). 

Mass Spectra. Whereas in the depth p ro f i l i ng mode the mass 
spectrometer 1s used as a f i l t e r to obtain only one or a few 
masses for detection* in the mass spectral mode the mass 
spectrometer 1s used for the Ident i f icat ion and comparison of a 
wide range of masses. A survey mass spectrum 1s often performed 
as the f i r s t step 1n any SIMS analysis and determines the presence 
of various elements and species on or near the surface and the 
re la t ive Intensity of t he i r respective s ignals . Further work 
would be required to relat  signal Intensi t ie  t  absolut
re la t ive concentrations
observed In 1sotop1c dis t r ibut ion g 
patterns for molecules are useful 1n species Ident i f ica t ion . 

Both organic and Inorganic species can be Identified from SIMS 
mass spectra (12). One special ized commercial SIMS Instrument was 
designed to determine the molecular weight and structure of 
nonvolati le organic compounds ($8). Although molecular SIMS has 
not been widely exploited for semiconductor process 
Investigations, 1t does have the potential to be valuable for 
problem solv ing . SIMS could be used for the Ident i f icat ion of 
speci f ic contaminants or the types of compounds on IC surfaces. 
For example* the Ident i f icat ion of carbon contamination on an IC 
surface as a hydrocarbon was based on Its SIMS mass spectrum 
showing the C H cracking pattern typ ica l of hydrocarbons 
(5S). Both the type of Instrument used and the substrate on which 
the sample 1s adsorbed can affect the cracking pattern obtained 
(12), thus good standards are necessary for accurate compound 
Ident i f ica t ion . 

Surface cleanliness has been evaluated 1n a variety of studies 
using SIMS mass spectra. SIMS has been u t i l i z e d to define the 
levels of Impurities on c r i t i c a l surfaces at various stages of 
device manufacture (fiQ). Mass spectra of Inorganic contaminants 
were used 1n a comparison of four methods to clean S1 wafers. The 
four cleaning methods were FSI-A, aqua regla, fuming n i t r i c a d d , 
and Piranha + HF. The FSI-A cleaning gave the lowest re la t ive 
values for the most contaminants but Piranha + HF also provided 
good resul ts . The different cleaning methods removed different 
elements to various extents (5Q). In another case anomalous Mo 
was discovered on the surface of S1 wafers by SIMS analysis . A 
possible source for the Mo, was Mo rods 1n some of the annealing 
ovens (£1). 

SIMS mass spectra also contributed to the development of a 
molecular beam epitaxy (MBE) system. I n i t i a l mass spectra from 
GaAs from the system Indicated contamination from L1, Na, K, Ca, 
B, A l , SI , Cr , and Fe. By following up on the problem areas which 
the SIMS spectra suggested and by changing some of the materials 
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used 1n the system only low levels of Na, AL* K and Ca were 
f i n a l l y detected 1n the GaAs produced 1n the finished MBE system 
(31). 

Isotopic Studies, In t h i s analysis mode the mass spectrometer 1s 
used to determine the re la t ive abundance of different Isotopes of 
the same element. SIMS 1s the only common surface analysis 
technique that can dist inguish the Isotopes of both the l i gh t and 
heavy elements. This mode 1s advantageously used 1n mechanistic 
studies using 1sotop1cally label led samples. By using different 
Isotopes of the same element, experiments can be performed without 
concern for the differences 1n chemical effects between the 
species. 

Coleman et a l . (£2)* elegantly u t i l i z e d 1sotop1cally label led 
H 20 1n a study of the growth mechanism of anodlcally grown 
oxides of GaAs. They sought to determine whether oxygen or Ga and 
As were the mobile species durlna oxide growth. A GaAs sample was 
anodlcally oxidized f i r s t 1  H l o o the  1  0 enriched 
H 2 0 . The depth p ro f i l e
Figure 2B 1s a depth p ro f i l  sampl y
1n the opposite order, I . e . , f i r s t 1n 1 8 0 enriched H 20 then 1n 
pure H 2 0 . The figures c l ea r ly show that the oxygen Isotope 
near tne surface of each anodlzed specimen 1s Incorporated from 
the l a s t e lec t ro ly te from which the oxide was grown. These depth 
prof i l es confirmed that the oxide growth occurred at the 
oxide-electrolyte Interface. This suggests that Ga and As are the 
mobile species and that mass transport occurs through the 
Interst ices of the growing oxide. Similar results were obtained 
in a study of the oxidation of GaAs in an oxygen.Dlasma (£2.). SIMS 
depth prof i les of samples generated 1n 0 2 and 0 2 

plasmas 1n subsequent steps showed that oxygen was incorporated 
Into the oxide at the oxide-plasma Interface. 

The a b i l i t y of SIMS to detect hydrogen and Its Isotope, 
deuterium, was used 1n a study of the diffusion of hydrogen 1n 
glow discharge deposited amorphous s i l i c o n (15.,£41. The sample 
consisted of three layers of amorphous s i l i c o n with the center 
layer deposited from 98% pure S1D4 and the other two layers 
deposited from S1H 4 # SIMS depth prof i les were obtained of the 
samples before and after heating. -From the depth p ro f i l e s , which 
covered a dynamic range of over 10 , both the diffusion 
constants for H and D 1n amorphous S1:H as a function of hydrogen 
concentration, and the act ivat ion energy were obtained. 

Isotopic Information can provide valuable supplemental data 1n 
other SIMS s tudies. For example, for elements with more than one 
Isotope, mult iple signals can be monitored. ID a study of s i l i c o n 
etching, the re la t ive proportions of B and B were measured 
to be 23% and 77%, respectively. That the percentages were close 
to the naturally occurring abundances.of B (20% and 80%) Indicated 
that the ca l ib ra t ion factors for the B and B 1ons were the 
same, as would be expected, and that there were negl ig ib le 
Interferences at ei ther mass (S£) . For elements with more than one 
Isotope, a mass Interference may be circumvented by monitoring a 
different Isotope. In a study of Te diffusion 1n S1 the Te 
Isotope peak was found to have the best signal to background 
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Figure 2. A and B GaAs anodlcally oxidized 1n 0 
enriched water. (Reproduced with permission from Ref. 62. 
Copyright 1977 The Electrochemical Society, Inc.) 
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r a t i o . In addition the Te peak was used to monitor the 
Isotope ra t io as an additional check of possible contamination 
(42). An added piece of Information 1s avai lable 1n the Isotopic 
f ingerprints 1n a mass spectrum. The Isotopic rat ios can ass is t 
1n Identifying the species and fragmentation patterns of the 
substance being analyzed. The a b i l i t y of SIMS to detect different 
Isotopes of an element adds richness to the data obtained and 
f l e x i b i l i t y to the analysis . 

S ta t ic SIMS. The s ta t i c SIMS Instrument was b r i e f ly described 1n 
the Instrumental sect ion. S ta t ic SIMS has been applied to the 
study of metal surfaces (55.), oxide formation (11), and catalysts 
(11*66) but s t a t i c SIMS i s not widely used 1n microelectronics 
materials character izat ion. A major l imi ta t ion of s t a t i c SIMS for 
microelectronics applications 1s the Inab i l i t y to obtain a 
detectable signal from a very small area on the sample. The low 
energy, low current density primary 1on source used 1n s ta t i c SIMS 
produces a lower count rat  unit f sampl  tha  doe  th
higher energy, higher curren
Sta t ic SIMS should be use
s e n s i t i v i t y or minimal molecular rearrangements, whereas the 
higher energy, higher current density 1on sources are preferred 
for most other SIMS applicat ions, especial ly those Involving small 
areas and requiring good la te ra l resolut ion. 

S ta t ic SIMS has been used to probe in s i t u the surface of MBE 
grown Sn-doped f i lm of GaAs (££) . The researchers sought to 
provide experimental evidence that the deviation from the Ideal 
doping p ro f i l e found in Sn-doped MBE GaAs layers was caused by an 
enrichment of Sn 1n the outermost layers during deposition. An 
erosion rate of only about 50 angstroms per hour was used to 
detect the Sn 1n the 10-20 angstrom thick outermbst atomic 
layers . After about 10 minutes the t i n peaks 1n the posi t ive SIMS 
spectrum had decreased and reached a constant height. By 
invest igat ing Sn-doped GaAs layers prepared by MBE at different 
temperatures i t was determined that the surface segregation of Sn 
started at 490 C and Increased with Increasing substrate 
temperature. Pa ra l l e l Auger studies confirmed t h i s result (fiZ) 
but Auger was not sensi t ive enough to detect Sn in the substrate. 

S ta t ic SIMS was also used to evaluate contamination remaining 
after 1on cleaning another I I I -Y substrate, InP. The primary 1on 
beam energy of 0.5 KeV was used to minimize the 1on range 1n the 
substrate and ensure high surface s e n s i t i v i t y . The primary ion 
dose was su f f i c i en t ly small that no change was observed 1n the 
spectrum for over 1000s. I t was found that contamination levels 
greater than 100 ppm extended Into the substrate and thus 1on 
cleaning the surface even mult iple times would leave a high 
residual contamination level (£&)• 

An Investigation of the oxidative behavior of a s i l i c o n 
surface was conducted with s t a t i c SIMS. Both the Increase 1n 
S10 2 Intensity during oxidation, and the decrease 1n S10 2 

Intensity during sputter removal of a monomolecular oxide layer 
were recorded. Negative ion s t a t i c SIMS spectra were also used to 
determine the various species present when water 1s present during 
the oxidation of the S1 surface. (11) 
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Ion Imaging. A SIMS 1on Image represents the x-y distribution of 
a species over the surface of the sample. The usefulness of 
elemental Images has been Illustrated for Auger and electron 
mlcroprobe energy dispersive X-ray (EDAX) maps (62#1Q). SIMS 
brings the added usefulness of greater concentration s e n s i t i v i t y . 
However, the change of secondary Ion yields with matrix variations 
across the sample can make the Interpretation of relative 
Intensity differences 1n SIMS 1on Images very tenuous. 

Two different Instrumental approaches to generating an 1on 
Image are common (2,11), the 1on mlcroprobe and the direct Imaging 
Instrument. The late r a l resolution and relative advantages of the 
direct Imaging Instrument and the 1on probe type Instruments have 
been discussed by several authors (2*11*12). For areas less than 
20 urn x 20 um the 1on mlcroprobe can have a comparable or shorter 
time required to obtain an 1on Image than the direct Imaging 
Instrument when both Instruments have comparable l a t e r a l 
resolutions and primary 1on current densities. For larger areas 
the direct Imaging Instrumen  obtain  rapidl  tha  th
1on mlcroprobe (2). Th
Instrument 1s determine y y  optics
1n secondary 1on Images show that the direct Imaging Instrument, 
also referred to as an 1on microscope, 1s capable of submlcron 
lat e r a l resolution, "0.5 ym ( H ) . Refinements 1n the 1on optics 
have been predicted to y i e l d a resolution l i m i t of about 0.2 ym 
(5.). The l a t e r a l resolution of the 1on probe Instruments 1s 
related to the primary ion beam spot size and has been 
demonstrated to be 1n the low micron range. Typical 1on 
mlcroprobe primary ion beam diameters are 5-10 ym. Submlcron 1on 
beam diameters for f i e l d emission sources have been reported 
(12-16). Whether these sources would be useful for SIMS, 
including Imaging at very high l a t e r a l resolution, has not been 
demonstrated. SIMS Images at lower resolution, using a high 
brightness l i q u i d metal ion source, have been published (12-12). 
Crlegern, et a l . (12)* presented a graphical comparison between 
Auger and SIMS detection l i m i t s as a function of la t e r a l 
resolution. SIMS 1s capable of lower detection l i m i t s than Auger 
with equal la t e r a l resolution down to about 1 ym lat e r a l 
resolution (12). Image processing of SIMS ion Images from the 1on 
mlcroprobe type of Instrument has shown that the l a t e r a l 
resolution can be much less than the probing beam diameter (fid). 
Image processing can be used to Improve the signal to noise ratio 
and sharpen the edges of the image. An unusual method of SIMS 
signal processing has been reported by G r i f f i t h and Kowalski 
(£1). Complete mass spectra were collected at each pixel in the 
Image. Subsequent eigen analysis of the data enabled the 
determination of the number of components present on the surface 
of the sample. The concentration of each component at each pixel 
can also be determined and allows the generation of an Image of 
Its surface distribution (21). 

There are a number of factors that can degrade SIMS Images or 
complicate t h e i r Interpretation. Wittmaack (£2) discussed and 
presented I l l u s t r a t i o n s on the effect of the time of f l i g h t of 
ions through the mass spectrometer, and of the scan rate on the 
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resolution of the 1on Image, Detrimental effects can be kept 
su f f i c i en t ly small by operating at scan rates of less than 100 
I1nes/s (S2). 

Variations 1n secondary 1on y i e l d across the sample due to 
different matrices (2) can make quantitative Interpretation of 1on 
Images d i f f i c u l t . Rough or nonuniform sample surfaces have the 
additional problems of orientation contrast, phase contrast and 
topographic contrast (2), These effects cause the Image to be 
r icher 1n Information for well characterized samples, but make 
straightforward Interpretation of Images from unique samples 
questionable, A method of to t a l 1on monitoring (TIM) has been 
demonstrated 1n a special ized SIMS Instruments (£2, £4). In TIM 
the signal from a speci f ic mass analyzed 1on 1s divided by the 
signal representing the to t a l emitted 1ons (without mass 
ana lys is ) . This ra t lolng was demonstrated to lessen the (£4) 
effects of var ia t ion 1n topography, shadowing, matrix, and primary 
1on beam current or Incidence angle, 

SIMS 1on Images can b  useful fo l f 
microelectronics problems
of a contaminant can b y g
dis t r ibu t ion 1n Images of the contaminated area. I f one detected 
Na, K, or LI 1n discrete areas as would be produced by part iculate 
contamination then environmental contamination 1s Indicated, I f 
the suspected 1on1c contaminants are contained homogeneously 
within the material one could assume that the contamination was 
being Introduced by the process I t se l f , such as being co-deposited 
during a deposition process. Since SIMS 1s exceptionally 
sensi t ive to the a l k a l i metals i t 1s Ideal for the Investigation 
of 1on1c contaminants. Secondary 1on Images were obtained from an 
Integrated c i r c u i t with Irregular Na and K dis t r ibut ions to 
I l l u s t r a t e t h i s point (£2). SIMS ion Images are also useful for 
f a i lu re analysis . In one example IC frames were not always 
properly wet by solder, EDAX analysis showed the expected 
d i s t r ibu t ion for Cu, but the SIMS 1on Image Indicated that some of 
the conductive paths had l i t t l e Cu on the surface (££)• The 
greater surface s e n s i t i v i t y of SIMS showed that a contaminant 
masked part of the Cu surface. In another case SIMS 1on Images of 
an IC frame with a contaminated area believed to be a water s ta in 
showed nonuniform dis t r ibut ions of Na and Ca which substantiated 
the Ident i f icat ion as a water s tain (SI). 

SIMS 1on Images could be col lected during depth p ro f i l i ng to 
determine 1f the analytes were homogeneously l a t e r a l l y distr ibuted 
( £ ) . A method ca l led Image Depth P r o f i l i n g (IDP) combines Imaging 
with depth p ro f i l i ng by accumulating successive Images at multiple 
sputter depths (££) . IDP was used to analyze an MOS Integrated 
c i r c u i t and an Implant of 1 1 5 I n Into S I . Successive 3D 
Images were presented in which the z axis on each 1on Image 
represents Intensity, The method could be considered a 5 
dimensional technique; 3 spat ia l dimensions, elemental Identity, 
and concentration. This technique could be especial ly useful for 
ICs since they have structural and compositional changes in 3 
spat ia l dimensions. The potential of IDP was also I l lus t ra ted by 
prof j l lng through an Al and S10 2 layer on the MOS IC. A higher 

Na signal was observed in the oxide, which could Indicate 
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sodium contamination of the oxide. A great deal of Information 1s 
generated by t h i s technique and the method of data presentation 
has a strong visual Impact. As 1n a l l SIMS 1on Images, changes 1n 
Ionization eff iciency and sputter rate at different regions 1n the 
sample require that these 1on Images receive careful analysis 
before Interpretation. The re la t ive Intensi t ies of different 
species, or from different areas on the sample cannot be simply 
related to surface concentrations. 

Positive/Negative Ion Mode. A l l of the other SIMS modes can be 
used while detecting ei ther negative or posi t ive 1ons, although 
posi t ive 1on detection 1s more common. Pos i t ive and negative 1on 
mass spectra provide complementary Information. The complementary 
nature of the re la t ive posi t ive and negative secondary 1on y ie lds 
has been graphically I l lus t ra ted by Storms et a l . 
Electronegative elements t y p i c a l l y have greater negative 1on 
yie lds (2Q). The significance of negative 1on formation has been 
discussed by Cuomo, et a l  (21)  Man f th  element  which 
control the mechanical
are from Groups V to YI  periodi
elements have high Ionization potentials and low posi t ive 1on 
y ie lds , but form negative 1ons quite readily (2Q). In addit ion, 
negative 1on spectroscopy often has a lower background signal than 
posi t ive 1on spectroscopy which can mean lower detection l i m i t s 
and less complex mass spectra that are more eas i ly Interpreted 
(22). A Cs 1on source can enhance the negat1v| 1on y i e ld by 
two to four orders of magnitude. The use of Cs bombardment and 
negative 1on SIMS allowed the determination of depth prof i les of P 
1n S1 at sub-ppm l eve l s . U B S i " and P" were both 
monitored and thus the e l e c t r i c a l junction depths could be 
determined d i rec t ly from the SIMS depth p ro f i l e (23.). 

Negative 1on SIMS has also been used 1n GaAs studies. Depth 
prof i les of S 1n GaAs were obtained after Implantation and . 
anneal 1na, with typ ica l detection s e n s i t i v i t i e s down to 2xlQ i ! > 

atoms/cm . Lower detection l i m i t s have been observed for S 
and S 1n S1. The higher detection l i m i t 1n GaAs could be 
caused by ei ther native S in the GaAs or the presence of a mass 
Interference of oxygen 1n the vacuum ambient and on the GaAs 
surface (31). 

Electronegative species such as CI are seldom observed 1n 
posi t ive 1on spectra. The presence of CI 1n CVD (chemical vapor 
deposition) MoS12 was detected by negative ion SIMS spectra 
obtained on an 1on mlcroprobe. The CVD reactants were MoCI,- and 
S1H^ and were the source of C I . The presence of CI 1n the 
deposited f i lm could be advantageous because of the gettering 
effect of chlorine for mobile ions such as Na (24.). 

CONCLUSION 
The s e n s i t i v i t y and Inherent depth p ro f i l i ng capab i l i t i e s of SIMS 
make 1t a valuable tool for characterization and problem solving 
1n microelectronics materials and processes. These and the other 
capab i l i t i e s of SIMS which have been described 1n t h i s review 
allow SIMS to be applied to a wide range of problems. 
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An understanding of the capab i l i t i e s and l imi ta t ions of SIMS 1s 
necessary to obtain optimum resul t s . SIMS 1s a complex, technique 
and the Instruments and technique are s t i l l evolving and being 
Improved. The development of related techniques, such as Laser 
Mlcroprobe Mass Spectrometry (LAMMA) (25.) and Mass and Charge 
Analysis (MACS) (26)» could Improve the understanding of the 
processes Involved 1n SIMS. SIMS 1s often advantageously combined 
with other techniques to obtain complementary Information (26)> 
e.g. RBS (J£»44.) Auger (6Z)» X-ray Photoelectron Spectroscopy 
(2Z)# Nuclear Reaction Analysis (JL5.»2fi)# and Ion Scattering 
Spectrometry (1SS) (22). A better understanding of SIMS and the 
further development of standards and methods to compensate for 
matrix effects w i l l result 1n even broader application of the SIMS 
technique. 
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7 
Applications of Auger Electron Spectroscopy 
in Microelectronics 

Paul A. Lindfors1, Ronald W. Kee2, and Douglas L. Jones3 

1Physical Electronics Division
2Northwest Integrated Circui
3Tektronix, Inc., Beaverton, OR 97077 

Auger electron spectroscopy (AES) has a broad range of 
applications in the microelectronics industry because it is able 
to detect light elements, and its analysis volume is compatible 
with the dimensions of circuit features in integrated circuits 
(IC's). In this chapter the authors approach the issue of 
applications of AES from the viewpoint of an analytical 
laboratory with discussions of failure analysis and process 
development. The entire scope of applications is too extensive 
to be covered in a single chapter. Other recent reviews have 
approached applications of AES to IC's from other viewpoints 
such as materials flow in fabrication of IC's ( 1 - 4 ). 

The chapter is divided into four sections: introduction, 
failure analysis, process development and future uses. The 
introductory section discusses fundamentals of AES. 
Applications are included under two headings: failure analysis 
and process development. The authors have placed applications 
under "failure analysis" when a process line was operational and 
failures have occurred. The applications are included under 
"process development" when the analysis was used to improve or 
characterize an existing or future process line. Of course, 
there is considerable bridging between the categories. Process 
development may reduce the need for failure analysis, and 
failure analysis may indicate the need for process development. 
AES has also been used for fundamental studies of materials used 
in microelectronics ( 5 - 9 ). 

It has been assumed by the authors that the reader is 
already familiar with the materials and processes used in the 
fabrication of microelectronic devices. Persons not familiar 
with this information will find it available in the literature 
(10 - 12). 
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Detection of Elements 

Auger el e c t r o n s r e s u l t from a three e l e c t r o n process i n atoms of 
a specimen being analyzed ( 13 )• Elements can be i d e n t i f i e d by 
measuring the energies of emitted Auger e l e c t r o n s , and handbooks 
are a v a i l a b l e to a i d i n proper i d e n t i f i c a t i o n of elements ( 14̂  
). A l l elements except H and He can be detected d i r e c t l y using 
AES. The presence of H can sometimes be i n f e r r e d as the r e s u l t 
of changes i n the s p e c t r a l features of an Auger peak f o r another 
element w i t h which i t i s chemically combined ( _15 ). Peak 
overlap i s g e n e r a l l y not a problem i n AES. 

A n a l y s i s Volume 

The a n a l y s i s volume f o r AES i s compatible w i t h the dimensions of 
features i n m i c r o e l e c t r o n i c c i r c u i t s . The depth of the a n a l y s i s 
volume depends upon the escape depth of the Auger e l e c t r o n s of 
i n t e r e s t , and the escap  depth i  determined b  th  k i n e t i
energy of the e l e c t r o
being analyzed ( JL6^ -
i n t e r e s t have energies from 30 to 3000 e l e c t r o n v o l t s (eV). The 
dependency of the escape depth of ele c t r o n s upon energy f o r 
elements and compounds i s shown i n Figure 1. Note that the 
range of escape depths extends from 0.4 to 7 nanometers (nm). 
These escape depths are l e s s than the thickness of most l a y e r s 
i n i n t e g r a t e d c i r c u i t s . 

The l a t e r a l dimension of the a n a l y s i s volume i s determined 
mainly by the diameter of the i n c i d e n t e l e c t r o n beam ( 18̂  )• 
Although an energetic e l e c t r o n beam w i l l be s c a t t e r e d l a t e r a l l y 
once i t enters a s o l i d , most of the l a t e r a l spreading w i l l occur 
beneath the surface at a depth that i s greater than the escape 
depth of the Auger e l e c t r o n s . This i s shown sc h e m a t i c a l l y i n 
Fi g u r e 2. When submlcron geometries are probed, s c a t t e r i n g of 
the i n c i d e n t e l e c t r o n beam because of surface topography i s 
o f t e n the most important f a c t o r l i m i t i n g chemical s p a t i a l 
r e s o l u t i o n . For specimens that are e s s e n t i a l l y a t o m i c a l l y f l a t 
across a chemical i n t e r f a c e , s t a t e - o f - t h e - a r t scanning Auger 
mlcroprobe (SAM) systems now all o w l a t e r a l d e f i n i t i o n of a 
chemical i n t e r f a c e of approximately 50 nm. The s p a t i a l 
r e s o l u t i o n of AES has kept pace w i t h the r e d u c t i o n i n the 
dimensions of features on in t e g r a t e d c i r c u i t s i n current 
production and f o r the next generation as shown i n Figure 3. 

The a n a l y s i s volume f o r AES i s s u b s t a n t i a l l y smaller than 
the a n a l y s i s volume f o r systems that detect emitted x-rays. 
This i s because the x-rays can g e n e r a l l y escape from any point 
i n the e x c i t a t i o n volume shown i n Figure 2. However, Auger 
el e c t r o n s i n i t a t e d beneath the top l a y e r s of atoms e i t h e r cannot 
escape from the s o l i d or they l o s e energy such that they cannot 
c o n t r i b u t e to the Auger e l e c t r o n s i g n a l . 
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E l e c t r o n energy (eV) 

Figure 1. E l e c t r o n escape depths vs. energy. (Adapted from Ref. 16.) 
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Figure 2. Anal y s i s volume vs. e x c i t a t i o n volume f o r AES. 
(Reproduced with permission. Copyright Perkin-Elmer Corporation.) 
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Figure 3. S p a t i a l r e s o l u t i o n of AES compared to minimum 
dimensions of features on m i c r o e l e c t r o n i c devices. 
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Q u a l i t a t i v e Aspects of AES 

Survey spectra are g e n e r a l l y u t i l i z e d to determine what elements 
are present w i t h i n the a n a l y s i s volume. They are dis p l a y e d as 
e i t h e r the e l e c t r o n energy d i s t r i b u t i o n , N(E), or i t s 
d e r i v a t i v e , dN(E)/dE. 

Sputter depth p r o f i l e s combine a n a l y s i s w i t h s p u t t e r i n g 
( i o n e t c h i n g ) . They are u t i l i z e d to determine the composition 
of specimens as a f u n c t i o n of depth. The u n i t s along the 
ab s c i s s a are normally s p u t t e r time. Sputter time can be 
converted to depth i f the sputter r a t e of the m a t e r i a l i s known. 
The u n i t s along the ordi n a t e are normally Auger s i g n a l 
i n t e n s i t i e s or c a l c u l a t e d atomic concentrations. 

Auger e l e c t r o n maps are d i s p l a y s of s i g n a l s t r e n g t h of a 
p a r t i c u l a r Auger peak as a f u n c t i o n of p o s i t i o n of the i n c i d e n t 
e l e c t r o n beam. The b r i g h t e s t areas on the d i s p l a y s represent 
l o c a t i o n s of greatest s i g n a l s t r e n g t h . 

The s p a t i a l r e s o l u t i o f scannin  Auge  mlcroprob  system
i s now equivalent to
m a g n i f i c a t i o n secondar
images are a ro u t i n e part of the data from such systems. 

Q u a n t i t a t i v e Aspects of AES 

AES can be q u a n t i t a t i v e , i f proper c a l i b r a t i o n i s done using 
standards. The accuracy of q u a n t i t a t i v e a n a l y s i s can be 
ex c e l l e n t on an absolute b a s i s ( 19.-21^ ). However, many 
q u a n t i t a t i v e questions are answered by comparison of r e l a t i v e 
q u a n t i t i e s without use of absolute values. C a l c u l a t i o n s of 
concentrations are u s u a l l y based on the peak-to-peak amplitudes 
i n the dN(E)/dE d i s p l a y s . C a l c u l a t i o n s of concentations based 
upon N(E) data appear i n the l i t e r a t u r e ( 22^ ), but widespread 
use of N(E) data has been hampered by la c k of agreement 
regarding ackground s u b s t r a c t i o n . 

Detection L i m i t s 

The minimum con c e n t r a t i o n that can be detected i s nominally 0.1 
atomic percent of the top atomic l a y e r , but t h i s can vary 
depending upon the m a t e r i a l being analyzed and the con d i t i o n s 
f o r a n a l y s i s . The a b i l i t y of AES to detect an elemental species 
v a r i e s across the p e r i o d i c t a b l e . This v a r i a t i o n i n 
d e t e c t a b i l i t y i s i l l u s t r a t e d i n Figure 4 which shows r e l a t i v e 
s e n s i t i v i t y f a c t o r s ( 1_4 ). Po i n t s higher on t h i s graph 
i n d i c a t e higher s e n s i t i v i t y to d e t e c t i o n . The i n c i d e n t 
e l e c t r o n beam current and the time allowed f o r a n a l y s i s can a l s o 
i n f l u e n c e the d e t e c t i o n l i m i t s . Questions regarding d e t e c t i o n 
l i m i t s can occur, e s p e c i a l l y when one i s probing small 
f e a t u r e s . Incident e l e c t r o n beams w i t h the smallest diameters 
g e n e r a l l y have the l e a s t c u r r e n t , and s i g n a l - t o - n o i s e can be an 
important l i m i t a t i o n . The graph shown i n Figure 5 can be used 
to estimate the d e t e c t i o n l i m i t s depending upon the a n a l y s i s 
c o n d i t i o n s ( Z3 ). The diagonal l i n e s are l i n e s of constant "H" 
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lp, Beam Current 

Figure 5. Relationship of detection l i m i t s , a n a l y s i s time, and 
ele c t r o n beam current. (Reproduced with permission Copyright 
Perkin-Elmer Corporation.) 
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f a c t o r . The "H" f a c t o r combines the s i g n a l - t o - n o i s e r a t i o 
d e s i r e d (S/N), the atomic f r a c t i o n of the element to be detected 
(A), and the r e l a t i v e s e n s i t i v i t y f a c t o r (SR) taken from a chart 
as shown i n Figure 4. The graph shown i n Figure 4 can be u s e f u l 
to estimate the time required f o r the i n f o r m a t i o n sought. 

E f f e c t s of the Incident E l e c t r o n and Ion Beams 

Although the r e s u l t s of bombardment of the e l e c t r o n and i o n 
beams are g e n e r a l l y s t r a i g h t f o r w a r d , understanding p o s s i b l e 
a r t i f a c t s sometimes i s important i n the i n t e r p r e t a t i o n of AES 
data. The i n c i d e n t e l e c t r o n beam used to s t i m u l a t e emission of 
Auger ele c t r o n s can a l s o a l t e r the specimen being analyzed. 
Some compounds can be modified by the i n c i d e n t beam i f the 
e l e c t r o n dosage i s too great. I n s u l a t o r s can be d i f f i c u l t to 
analyze due to charging. Poor thermal conductors can s u f f e r 
damage due to l o c a l i z e d heating. The p o s s i b l e e f f e c t s of 
i n c i d e n t e l e c t r o n beams are discussed more thoroughl  i n othe
sources ( 24^-26^ )• 

The i o n beam use
a s p u t t e r depth p r o f i l e a l t e r s the top atom l a y e r s on the 
surface of a specimen i n a d d i t i o n to removing m a t e r i a l . The 
depth of the a l t e r e d l a y e r w i l l depend upon the specimen being 
sputtered, the species of the bombarding i o n , i t s energy, and 
i t s angle of incidence on the surface of the specimen. In most 
cases the depth of the mixed l a y e r w i l l approximate the depth of 
a n a l y s i s of AES. A r t i f a c t s due to the i o n beam could be 
p r e f e r e n t i a l s p u t t e r i n g , formation of cones and other 
topographical f e a t u r e s , and chemical changes. The e f f e c t s of 
i o n beam bombardment are a l s o discussed elsewhere ( 27_ - 33 ). 

FAILURE ANALYSIS 

AES can normally provide answers to many commonly asked 
questions i n f a i l u r e a n a l y s i s regarding 1) i d e n t i f i c a t i o n of 
p h y s i c a l defects such as p a r t i c l e s , 2) reasons f o r high contact 
r e s i s t a n c e , 3) reasons f o r problems i n lead bonding, and 4) 
reasons f o r delamination i n s t r u c t u r e s . 

P r e p a r a t i o n of Specimens 

Not a l l f a i l u r e a n a l y s i s concerns devices that have been 
completed, but t h i s i s o f t e n the case. At the very l e a s t , t e s t s 
which i n d i c a t e a f a i l u r e are o f t e n s e v e r a l steps downstream from 
what would be the optimum point f o r AES a n a l y s i s . This means 
that p r e p a r a t i o n of specimens i s o f t e n c r u c i a l to e f f i c i e n t and 
unambiguous a n a l y s i s . Specimen handling f o r AES u s u a l l y 
r e q u i r e s more care than i s required f o r other a n a l y t i c a l 
techniques ( 34̂  ). 
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Removal of encapsulation and/or p a s s i v a t i o n l a y e r s may be 
necessary to expose the s u r f a c e s / i n t e r f a c e s of i n t e r e s t . Most 
IC's are packaged i n e i t h e r ceramic/metal packages or i n an 
epoxy r e s i n . Access to c i r c u i t s i n ceramic/metal packages i s 
normally q u i t e convenient, r e q u i r i n g only the simple removal of 
the l i d . C i r c u i t s i n epoxy packages are more d i f f i c u l t to 
access, but procedures have been developed ( 35^-36^ )• When 
etching i s done using a c i d s , there i s a tendancy to remove 
contaminants of i n t e r e s t and complicate the a n a l y s i s by 
dep o s i t i n g t r a c e m a t e r i a l s from the epoxy (e.g. Sb, Br) onto the 
IC su r f a c e . In s p i t e of these d i f f i c u l t i e s , "wet" decapsulation 
has been used s u c c e s s f u l l y . 

The probing e l e c t r o n beam can r e s u l t i n specimen charging. 
Therefore care must be taken to ground appropriate pins and to 
mask those s e c t i o n s of the specimen that are composed of 
i n s u l a t i n g m a t e r i a l s . 

C h a r a c t e r i z a t i o n of P h y s i c a

P a r t i c l e s o f t e n c o n s i s t of ma t e r i a l s that are a l s o found i n the 
sample background, so d i f f e r e n t i a t i o n of a p a r t i c l e from i t s 
background i s important. High s p a t i a l r e s o l u t i o n i s becoming 
more important as smaller defects become troublesome i n reduced 
geometries. 

Fo l l o w i n g i s an example of i d e n t i f i c a t i o n of a p a r t i c l e . 
E l e c t r i c a l measurements i n d i c a t e d a short between an aluminum 
m e t a l l i z a t i o n run and an adjacent p o l y s i l i c o n l i n e . Secondary 
e l e c t r o n images i n d i c a t e d a p a r t i c l e was present at a l o c a t i o n 
that could have accounted f o r the short i f the p a r t i c l e was of a 
conductive m a t e r i a l . Both the p a s s i v a t i n g l a y e r and the 
m e t a l l i z a t i o n were removed by wet chemistry. Secondary e l e c t r o n 
images of the p a r t i c l e before and a f t e r the chemical treatments 
are shown i n F i g u r e 6 . An AES survey spectrum was obtained from 
the p a r t i c l e and another survey spectrum from the surrounding 
f i e l d oxide. These spectra are dis p l a y e d i n Figure 7. In the 
spectrum from the p a r t i c l e the S i peak at approximately 80-90 eV 
has a doublet s t r u c t u r e i n d i c a t i n g both elemental and o x i d i z e d 
forms of s i l i c o n were present i n the p a r t i c l e . Care was taken 
during the measurement to in s u r e that the peak i n d i c a t i v e of 
elemental s i l i c o n was not the r e s u l t of red u c t i o n of s i l i c o n 
oxide by the i c i d e n t e l e c t r o n beam. I n the spectrum from the 
f i e l d oxide the same S i peak has only one f e a t u r e , and i t i s at 
an energy that i s i n d i c a t i v e of o x i d i z e d s i l i c o n . These data 
i n d i c a t e the short was caused by a p a r t i c l e of elemental 
s i l i c o n . The chemical s t a t e i n f o r m a t i o n a v a i l a b l e i n AES data 
i s discussed i n more d e t a i l l a t e r . 

I n some instances p h y s i c a l defects covering an area are 
detected. An example of an area defect would be voids i n a Au 
f i l m p l a t e d on Pd. An absorbed current image of such a v o i d i s 
shown i n Figure 8. An AES survey spectrum was obtained from a 
vo i d area and showed peaks f o r P, T i , 0, and Pd. An AES sp u t t e r 
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Figure 6. Secondary electron image of a defect particle before 
(left) and after (right) removal of passivation and metallization 
by wet chemical means. 
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Figure 7. AES survey spectra from defect particle (left) and 
adjacent f i e l d oxide (right). 
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depth p r o f i l e was obtained f o l l o w i n g T i , 0, P and Pd and i s 
shown i n Figure 9. The p r o f i l e i n d i c a t e s a layer r i c h i n T i and 
0 and approximately 20 nm th i c k was present on the surface of 
the Pd. Survey spectra and sputter depth p r o f i l e s obtained at 
loc a t i o n s adjacent to the voids did not show peaks for P, T i or 
0. P r i o r to p l a t i n g of the Au, a Ti/W lay e r had been cemoved 
from the Pd using an etch containing phosphoric a c i d . The AES 
data i n d i c a t e that some T i , probably i n the form of TiO^, 
reacted with the a c i d to form a product that was i n s o l u b l e i n 
the etch and would not accept the subsequent gold p l a t i n g . 

Figure 8. Absorbed current image of a void i n a Au f i l m plated 
on Pd. 
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Figure 9. AES sputter depth p r o f i l e from a void i n a Au f i l m 
p l a ted on Pd. Sputter rate = 600A/minute. 
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High Contact Resistance 

High r e s i s t i v i t y of contacts i s a problem that i s o f t e n 
i n v e s t i g a t e d using AES. The contaminants causing the high 
r e s i s t a n c e are u s u a l l y oxygen and/or carbon. These contaminants 
may be found on the s u r f a c e , w i t h i n a t h i n f i l m l a y e r , or at a 
subsurface i n t e r f a c e . 

At an IC f a b r i c a t i o n f a c i l i t y high contact r e s i s t a n c e 
r e s u l t e d i n the expensive scrapping of completed IC's. A f t e r 
chemical etching of the metal conductor, AES survey spectra were 
obtained from both "good" and "bad" examples. These spectra are 
d i s p l a y e d i n F i g u r e 10. Note i n the spectra the much greater 
concentrations of oxygen and carbon from the "bad" example. 
Once the contaminants were i d e n t i f i e d i t was p o s s i b l e to t r a c e 
t h e i r source back to s p o r a t i c e x t i n g u i s h i n g of the plasma i n a 
sp u t t e r d e p o s i t i o n system. This problem w i t h the s p u t t e r i n g 
systems had been considered minor by production personnel 
because the plasma coul

Lead Bonding 

Interconnections between IC d i e and package leadframes or 
p r i n t e d c i r c u i t boards are u s u a l l y accomplished by wire bonding 
wit h A l or Au w i r e . The most widely used techniques are 
ult r a s o n i c / t h e r m o s o n i c and thermocompression b a l l bonding. B a l l 
bonding i s much more s e n s i t i v e to contamination at the bonding 
i n t e r f a c e than i s u l t r a s o n i c bonding. However, i m p u r i t i e s at 
the bond i n t e r f a c e w i l l cause both types of bonds to f a i l . 
Bonding f a i l u r e s have been i n v e s t i g a t e d using AES ( 37^ - 38 ). 
Shown i n Table I are the most commonly found contaminants i n 
cases of problem bonding. 

Normally, the reason f o r bonding f a i l u r e i s apparent on the 
surface of the bonding pads. An AES survey spectrum obtained 
from an A l bonding pad demonstrating poor bonding i s shown i n 
Fi g u r e 11. This spectrum contains l a r g e peaks f o r C, 0 and F. 
Only a f t e r an estimated 70 nm of m a t e r i a l was sputtered away d i d 
another spectrum i n d i c a t e a c l e a n A l s u r f a c e . The l a r g e 
concentrations of C, F and 0 i n d i c a t e d a plasma etching step 
using fluorocarbons was not c a r r i e d out under proper c o n d i t i o n s . 
I f c o n d i t i o n s are not c o r r e c t i t i s p o s s i b l e to deposit m a t e r i a l 
r a t h e r than remove i t i n a plasma " e t c h i n g " process ( 39 ). 

For a l i m i t e d number of problems the reasons f o r bonding 
f a i l u r e may l i e j u s t beneath the s u r f a c e . For example, bonding 
f a i l u r e occurred to pads on a p r i n t e d c i r c u i t board using a 
Au/Ni/Cu s t r u c t u r e . Comparison of AES survey spectra from good 
and bad bonding pads i n d i c a t e d the presence of Cu contamination 
on both. Surface concentrations of Cu were equivalent i n both 
good and bad cases. However, s p u t t e r depth p r o f i l e s i n d i c a t e d 
the p e n e t r a t i o n of Cu was more extensive on pads w i t h poor 
bonding (40 nm) than those pads w i t h good bonding (5nm). The 
s p u t t e r depth p r o f i l e s are displ a y e d i n Figure 12. 
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Figure 10. AES survey spectra from contacts with "good" and "bad" 
r e s i s t i v i t y . 

Table I. Common

Loc a t i o n Contaminant Source and Species 

IC bond pads Residue from p a s s i v a t i o n : S i 0 ? , 
S i 3 N 4 

Residue from p h o t o r e s i s t : C, N, CI, S 
Residue from plasma etch: C, F, 0, S, CI 
Residue from chemical etches: CI, F, S, N, P 
8 [ e t a l l i z a t i o n oxides: 0, AK> X, S i O x , 

Leadframe or 
PC Board 
Cr 

Organic residues: C, F, CI, N 
Impuri t i e s i n Au p l a t i n g : Cu, N i , T I , Fe, Co, 

Oxides: Metal oxides 

c 

A l 

• ' I I I L_ 
200 600 1000 1400 1800 

Kinetic energy (eV) 

Figure 11. AES survey spectrum from A l pad with bonding problems. 
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Bond f a i l u r e s that occur f o l l o w i n g encapsulation of IC's 
have been s u c c e s s f u l l y i n v e s t i g a t e d using AES* For example Au 
b a l l bonds f a i l e d a f t e r thermal c y c l i n g and t h a l l i u m was 
detected on the f a i l e d surfaces ( 40 ). The t h a l l i u m 
contamination was traced to t r a n s f e r from lead frames during 
p r o c e s s i n g . 

Delamination 

Because of i t s surface s e n s i t i v i t y , AES has been a valuable t o o l 
f o r i d e n t i f i c a t i o n of contaminants at i n t e r f a c e s where 
delami nation has occurred. Sometimes no contaminants are 
detected at i n t e r f a c e s where delamination has occurred. Lack of 
evidence f o r contaminants can i n d i c a t e mechanical reasons f o r 
the delamination. Specimens can be prepared by using adhesive 
tape to separate f i l m s or u s i n g a sharp point to p e e l back 
b l i s t e r l i k e f e a t u r e s . Whenever p o s s i b l e both sides of the 
f a i l e d i n t e r f a c e shoul

For example, AES
m u l t i l a y e r s t r u c t u r e composed of s e v e r a l d i f f e r e n t metals. 
F o l l o w i n g completion of the devices a tape p u l l t e s t r e s u l t e d i n 
delamination of the metal stack. Both sides of the locus of 
f a i l u r e were analyzed. The AES survey spectra obtained are 
d i s p l a y e d i n F i g u r e 13, and they i n c l u d e peaks f o r C, N, T i , 0, 
F and A l . These spectra i n d i c a t e the delamination occurred at 
the T i / A l i n t e r f a c e i n the m u l t i l a y e r s t r u c t u r e . Furthermore, 
the peaks f o r C, N and F suggest that contamination at that 
i n t e r f a c e was the reason f o r the delamination. S p u t t e r i n g and 
a d d i t i o n a l a n a l y s i s i n d i c a t e d the l a y e r r i c h i n C and F was 
approximately 5 nm t h i c k , and the A l was covered w i t h an oxide 
approximately 10 nm t h i c k . I n the processing there was a dry 
etch step using CF^ to expose the A l p r i o r to d e p o s i t i o n of 
the T i . The source of the contamination and subsequent 
delamination was improper t e r m i n a t i o n of the plasma etch. 

PROCESS DEVELOPMENT 

Proper use of AES during process development may e l i m i n a t e much 
of the need f o r subsequent f a i l u r e a n a l y s i s . In a d d i t i o n , any 
c h a r a c t e r i z a t i o n of surfaces at c r u c i a l process steps during the 
development of those steps can a i d i n q u i c k l y l o c a t i n g a problem 
i f a f a b r i c a t i o n l i n e does f a i l at some f u t u r e date. In process 
development the a n a l y s t g e n e r a l l y has greater opportunity to 
d e f i n e the specimens that w i l l be c h a r a c t e r i z e d . 

C h a r a c t e r i z a t i o n of Thin Films 

T h i n f i l m s are used f o r a v a r i e t y of a p p l i c a t i o n s i n the 
m i c r o e l e c t r o n i c s i n d u s t r y . As the technology has advanced, the 
c o n t r o l of contaminants, t h i c k n e s s e s , and i n t e r f a c e s of t h i n 
f i l m s has become more c r i t i c a l . F o l l o w i n g d e p o s i t i o n of 
multicomponent s t r u c t u r e s , f u r t h e r processing or thermal s t r e s s 
a f t e r packaging may r e s u l t i n a r e d i s t r i b u t i o n of the 
c o n s t i t u e n t s . 
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Figure 12. AES sputter depth p r o f i l e s of p r i n t e d c i r c u i t boards 
showing the d i s t r i b u t i o n of Cu i n Au/Ni/Cu bonding pads with 
"good" and "bad" bonding. 
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Figure 13. AES survey spectra from both sides of a delaminated 
m u l t i l a y e r structure. 
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Studies of the Formation of S i l i c i d e s 

I n t e r d i f f u s i o n would be d e s i r e d f o r the formation of metal 
s i l i c i d e s using d e p o s i t i o n of a s u i t a b l e metal l a y e r on s i l i c o n 
and subsequent annealing to form the s i l i c i d e . Several metal 
s i l i c i d e systems have been st u d i e d using AES ( 41^ - 45^ ). 

Formation of T i s i l i c i d e r equires annealing be done i n an 
oxygen f r e e atmosphere or formation of T i oxide w i l l dominate 
formation of the s i l i c i d e . Displayed i n Figure 14 i s a sputter 
depth p r o f i l e of T i / S i that was annealed i n forming gas, 80% 
H2 and 20% In the p r o f i l e there i s no evidence of 
d i f f u s i o n of S i i n t o the T i . There was enough oxygen i n the 
furnace tube to prevent any formation of a s i l i c i d e . F ollowing 
annealing i n a vacuum environment a s i l i c i d e was formed as shown 
by the s p u t t e r depth p r o f i l e i n Figure 14. A r e s u l t s i m i l a r to 
that of the forming gas case would occur i f annealing was done 
under poor vacuum c o n d i t i o n s . 

Pt s i l i c i d e w i l l no  i  i  n a t i v  oxid
surface of the S i p r i o
d i f f u s i o n of Pt i n t o th
p r o f i l e shown i n Figure 15. Note the presence of the oxygen at 
the P t / S i i n t e r f a c e . Pt i s not able to d i f f u s e through the 
oxide l a y e r on the surface of the S i . 

Study of S i - C r Thin F i l m R e s i s t o r s 

R e d i s t r i b u t i o n of components can a l s o occur under thermal 
s t r e s s e s f o l l o w i n g packaging. I n t h i s example S i - C r t h i n f i l m 
r e s i s t o r elements were t e s t e d under high current load and they 
subsequently f a i l e d e l e c t r i c a l t e s t s . V i s u a l examination under 
a l i g h t microscope i n d i c a t e d some m o d i f i c a t i o n of the r e s i s t o r s 
had occurred under t e s t c o n d i t i o n s as shown i n Fig u r e 16. 
During t e s t i n g , the r e s i s t o r s had been covered by S i O x and 
S i N x p a s s i v a t i o n l a y e r s , and i n i t i a l l y i t was t h e o r i z e d that 
the v i s u a l and e l e c t r i c a l changes had occurred as the r e s u l t of 
chemical r e a c t i o n s i n v o l v i n g carbon, n i t r o g e n or oxygen. Later 
i t was found that r e s i s t o r s s t r e s s e d w i t h high current p r i o r to 
p a s s i v a t i o n showed the same e l e c t r i c a l f a i l u r e and v i s u a l 
changes. AES survey spectra were obtained from Areas A and B 
i d e n t i f i e d i n Figure 16. These spectra i n d i c a t e d the Si/ C r 
r a t i o i n Area B was greater than the Si / C r r a t i o i n Area A. 
Auger e l e c t r o n maps f o r Cr and S i i n d i c a t e d that the smallest 
S i / C r r a t i o occurred at the pointed end of Area A. These Auger 
e l e c t r o n maps are shown i n Figure 17. AES survey spectra 
obtained from Area B were equivalent to spectra obtained from 
unstressed r e s i s t o r s . Sputter depth p r o f i l e s were obtained from 
both areas and they i n d i c a t e d that the r e s i s t o r f i l m i n Area A 
was only 70% as t h i c k as the f i l m i n Area B. Sputter depth 
p r o f i l e s obtained from an unstressed r e s i s t o r were equivalent to 
those from Area B. The co n c l u s i o n reached was that S i was 
d i f f u s i n g away from a p o r t i o n of the r e s i s t o r when high currents 
were passed through the f i l m . 
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Figure 14. AES sputter depth p r o f i l e s f o r T i / S i annealed i n 
forming gas (a) and vacuum (b). 

Sputter time (min.) 

Figure 15. AES sputter depth p r o f i l e f o r annealed P t / S i with 
native oxide on the surface of the S i . 
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Figure 16. Light o p t i c a l photograph of Si-Cr t h i n f i l m r e s i s t o r s 
following stress at high currents. 

Figure 17. Auger e l e c t r o n maps for S i (a) and Cr (b) i n a stressed 
Si-Cr r e s i s t o r . 
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Studies of D i f f u s i o n B a r r i e r s 

To l i m i t d i f f u s i o n of components i n IC s t r u c t u r e s b a r r i e r f i l m s 
are used. An example s t r u c t u r e i s the Au/Ni/Cu system that i s 
o f t e n used f o r m e t a l l i z a t i o n on p r i n t e d c i r c u i t boards and 
ceramic s u b s t r a t e s . Without a Ni b a r r i e r there was d i f f u s i o n of 
Cu through the Au l a y e r . Copper oxides could then form on the 
outer surface when t h i s s t r u c t u r e was heated. I n t r o d u c t i o n of a 
Ni b a r r i e r reduced problems w i t h d i f f u s i o n of Cu, but the 
improved s t r u c t u r e s t i l l demonstrated uneven performance. To 
understand the v a r i a t i o n s i n performance t h i s s t r u c t u r e has been 
stu d i e d using AES ( 46^ ). From a survey spectrum obtained w h i l e 
the i n c i d e n t e l e c t r o n beam was r a s t e r e d over an area i t was 
learned that Au, N i , 0 and C were a l l present on the s u r f a c e . 
Auger e l e c t r o n maps obtained f o r N i , 0 and Au i n d i c a t e d that the 
N i and 0 had the same d i s t r i b u t i o n , and t h e i r d i s t r i b u t i o n was 
complementary to the d i s t r i b u i o n of Au. The Auger e l e c t r o n maps 
are shown i n Figure 18  A sputte  depth p r o f i l  obtained fro
l o c a t i o n i n i t i a l l y showin
the Ni/O patches were
d i f f u s i o n b a r r i e r m a t e r i a l i t s e l f became the d i f f u s i n g element. 
The sputter depth p r o f i l e from t h i s example shows high 
concentrations of N i on both sides of the Au l a y e r but a low 
c o n c e n t r a t i o n w i t h i n the Au l a y e r . Such a p r o f i l e i s the 
s i g n a t u r e of g r a i n boundry d i f f u s i o n . D i f f u s i o n along g r a i n 
boundaries i s normally the dominant d i f f u s i o n mechanism i n t h i n 
f i l m s t r u c t u r e s . 

Study of Defect S t r i n g e r s Following Plasma Etching 

As the dimensions of features on IC's have been reduced, the use 
of a n i s o t r o p i c plasma etching has increased i n order to achieve 
more v e r t i c a l s i d e w a l l s on c i r c u i t f e a t u r e s . The chemistry and 
physics of plasma etching i s complex and many v a r i a b l e s need to 
be b e t t e r understood so that the process can be c o n t r o l l e d . For 
A l m e t a l l i z a t i o n s i t was noted that s t r i n g e r s remained at the 
base of steps f o l l o w i n g plasma et c h i n g . This problem was 
stud i e d using AES ( 47 ). 

The s t r u c t u r e used i n t h i s i n v e s t i g a t i o n i s shown i n Figure 
19. The jagged top edge of s t r i n g e r s can be seen at the bottom 
of the steps. Examination at high m a g n i f i c a t i o n i n d i c a t e d that 
the s t r i n g e r s were not tucked i n t o the base of the step, but 
were removed by a dist a n c e that corresponded to the thickness of 
the A l f i l m that had been etched away. This i s shown 
sch e m a t i c a l l y i n Figure 20. Near the beginning of the etch 
c y c l e survey spectra were obtained from a midpoint on a s i d e w a l l 
as w e l l as from l o c a t i o n s that were normal to the d i r e c t i o n of 
the plasma f l u x . A l l spectra obtained from surfaces normal to 
the i o n f l u x were s i m i l a r w i t h l a r g e peaks f o r A l , 0 and C and 
l e s s e r peaks f o r F and CI. 
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Figure 18. Secondary e l e c t r o n image (a) and Auger e l e c t r o n maps 
for N i c k e l (b), oxygen ( c ) , and gold (d) from Au/Ni/Cu m e t a l l i z a t i o n 
following heating. (Reproduced with permission. Copyright Perkin-
Elmer Corporation.) 

Figure 19. Secondary e l e c t r o n image of aluminum m e t a l l i z a t i o n 
pattern used for study of formation of s t r i n g e r s . (Reproduced with 
permission. Copyright Perkin-Elmer Corporation.) 
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A r e p r e s e n t a t i v e spectrum i s shown i n Figure 21. In c o n t r a s t , 
the survey spectrum obtained from a s i d e w a l l had peaks f o r only 
A l , 0 and C. This spectrum i s s i m i l a r to those obtained from 
surfaces that had not been exposed to the plasma etch and i s 
shown i n Figure 21. A sput t e r depth p r o f i l e was obtained from a 
point on the s i d e w a l l , and i t i n d i c a t e s that a l a y e r r i c h i n 0 
and C and approximately 5 nm t h i c k was present on the s i d e w a l l . 
The s p u t t e r r a t e of the m a t e r i a l i n the s i d e w a l l was l e s s than 
that f o r A l metal, and the a n i s o t r o p i c etching i s d i r e c t e d 
normal to the plane of the c i r c u i t . This means that i n the 
l o c a t i o n of the s i d e w a l l the etching was proceeding at a slower 
r a t e w i t h s t r i n g e r s being the r e s u l t . Re-examination of Figure 
20 may help to v i s u a l i z e the process. 

Chemical State Information i n AES Data 

As discussed above i t i s p o s s i b l e to d i s t i n g u i s h between 
elemental and o x i d i z e d S i  element l dat
can provide chemical s t a t
important i n m i c r o e l e c t r o n i c s
d i f f e r e n t s p e c t r a l features that a l l o w r e l a t i v e l y easy 
i d e n t i f i c a t i o n of elemental vs. o x i d i z e d or n i t r i d e d s t a t e s . A 
spectrum d i s p l a y e d i n the N(E) form and showing peaks f o r both 
elemental and o x i d i z e d S i i s display e d i n Figure 22. 

The s h i f t s f o r A l and S i are so la r g e that one can t r e a t the 
separate chemical s t a t e s l i k e separate elements and map f o r the 
d i s t r i b u t i o n s of the chemical s t a t e s . Auger e l e c t r o n maps f o r 
elemental and o x i d i z e d S i showing t h e i r d i s t r i b u t i o n s i n a 64 
RAM are shown i n Figure 23. 

Many other elements a l s o demonstrate changes i n s p e c t r a l 
features that can be u s e f u l to the a n a l y s t . Not a l l of the 
changes are as dramatic as those discussed f o r A l and S i so 
greater e f f o r t may be required on the part of the ana l y s t to 
ob t a i n and i n t e r p r e t the info r m a t i o n . Reviews of chemical s t a t e 
i n f o r m a t i o n are a v a i l a b l e i n the l i t e r a t u r e ( 15 , 48^ ). 

Changes i n the d e t a i l s of AES s p e c t r a l features have been 
used to study the stoichiometry of s i l i c i d e f i l m s ( 49 ). This 
approach i s c a l l e d p r i n c i p l e f a c t o r a n a l y s i s and i t i s 
a p p l i c a b l e to s e v e r a l elements ( 50 ). 

Future Uses of AES i n M i c r o e l e c t r o n i c s 

The use of AES i n m i c r o e l e c t r o n i c s w i l l expand i n the f u t u r e . 
The chemical s p a t i a l r e s o l u t i o n of s t a t e - o f - t h e - a r t scanning AES 
systems coupled w i t h the surface s e n s i t i v i t y of the technique 
make them uniquely capable f o r c h a r a c t e r i z a t i o n of modern 
m i c r o e l e c t r o n i c devices. This w i l l mean greater dependence on 
AES f o r both f a i l u r e a n a l y s i s and process development. The 
demands of greater production 
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Plasma etching of A l ( S i ) 
S t r i n g e r problem at step 

Before Etch After Etch 

A 

J Poly Si 
f r SJ02 

J PtotySi 

Figure 20. Schematic drawin  showin  geometr f A l m e t a l l i z a t i o
and l o c a t i o n of s t r i n g e r s
Perkin-Elmer Corporation.

u R l CO 
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Figure 21. AES survey spectra from A l surfaces exposed to plasma 
etching (a) and not exposed to plasma etching (b). (Reproduced 
with permission. Copyright Perkin-Elmer Corporation.) 
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Figure 22. AES spectru  showin  peak  f o  both elemental d 
oxidized s i l i c o n . (Reproduce
Elmer Corporation.) 

Figure 23. Secondary e l e c t r o n images (a) from a 64K RAM plus Auger 
e l e c t r o n maps f o r elemental S i (b) and oxidized S i ( c ) . 
(Reproduced with permission. Copyright Perkin-Elmer Corporation.) 
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c o n t r o l w i l l r e q u i r e the use of AES to monitor the r e s u l t s of 
c r i t i c a l process s teps such as c l e a n i n g , i n t e g r i t y of t h i n 
f i l m s , e t c . AES systems w i l l become a par t of the process l i n e . 
Computer c o n t r o l l e d a n a l y t i c a l systems w i l l p rov ide h i g h l y 
automated a n a l y s e s . These analyses w i l l not be " i n - l i n e " f o r 
s e v e r a l years but improved specimen i n t r o d u c t i o n hardware w i l l 
soon be capable of hand l ing wafers . The wafers themselves w i l l 
be pa t te rned w i t h t es t areas designed fo r AES a n a l y s i s . These 
t e s t areas w i l l probably be of a l a r g e r geometry than the 
minimum fea tures on the c i r c u i t s . As such they w i l l a l l o w more 
e f f i c i e n t a n a l y s e s . There w i l l be more e f f i c i e n t man ipu l a t i on 
of data w i t h improved software rou t ines and expanded use of the 
chemical s t a t e i n fo rma t ion a v a i l a b l e i n AES d a t a . 
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8 
X-ray Photoelectron Spectroscopy Applied 
to Microelectronic Materials 

William F. Stickle and Kenneth D. Bomben 

Physical Electronics Division, Perkin-Elmer Corporation, Mountain View, CA 94043 

This review describes some of the recent studies that 
have used X-ray Photoelectron Spectroscopy to investi
gate materials commonly used in the microelectronics 
industry. It is divided into two sections: first, an 
introduction that is intended to give a general over
view of the technique and second, a review, divided 
into five categories, of some of the work done over the 
last five years characterizing material systems of 
interest to the semiconductor industry. 

Photoelectron spectroscopy has i t s o r i g i n s i n a p h y s i c a l p r i n c i p l e 
t h a t has been understood f o r n e a r l y e i g h t y years — a p r i n c i p l e that 
was p a r t i a l l y r e s p o n s i b l e f o r a r e v o l u t i o n i n chemistry and p h y s i c s . 
The p r i n c i p l e i s the p h o t o e l e c t r i c e f f e c t ; the r e v o l u t i o n arose 
because o f the concept o f quanta o f energy. 

E i n s t e i n 1 s account (1) o f the p h o t o e l e c t r i c e f f e c t can be 
expressed as: 

E = hv - w [1] 

where E i s the k i n e t i c energy o f the photoelectron, hv i s the 
i n c i d e n t photon energy and w i s the minimum energy required t o remove 
an e l e c t r o n from the sample and i s c h a r a c t e r i s t i c o f the m a t e r i a l 
being s t u d i e d . Although the e a r l y work on the p h o t o e l e c t r i c e f f e c t 
d e a l t mainly wi t h the conduction band e l e c t r o n s o f metals, the above 
equation can be a p p l i e d t o the d e s c r i p t i o n o f the p h o t o e j e c t i o n o f 
core e l e c t r o n s . 

E l e c t r o n spectroscopy can be d i v i d e d i n t o s e v e r a l c a t e g o r i e s . 
These would i n c l u d e X-ray Photoelectron Spectroscopy (XPS), a l s o 
known as E l e c t r o n Spectroscopy f o r Chemical A n a l y s i s (ESCA), 
U l t r a v i o l e t Photoelectron Spectroscopy (UPS) and Auger E l e c t r o n 
Spectroscopy (AES). Other e l e c t r o n spectroscopies i n c l u d e Penning 
i o n i z a t i o n and i o n n e u t r a l i z a t i o n . XPS uses s o f t X rays as the 
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ionizing source of radiation for the ejection of core electrons. UPS 
makes use of ultraviolet light and i s generally used to study the 
valence electrons of atoms and molecules. AES i s a secondary elec
tron process where electron emission occurs because of the coulombic 
rearrangement induced by a core hole created by a photon or a high-
energy electron beam. 

Historically, electron spectroscopy has matured in two separate 
but related areas. One has been the use of electron spectroscopy as 
applied to analytical problems, especially those that relate to sur
faces, such as failure analysis, corrosion, catalysis, or tribology. 
In such studies, the technique i s often used i n conjunction with 
other techniques such as low energy electron diffraction (LEED), sec
ondary ion mass spectrometry (SIMS), or ion scattering spectroscopy 
(ISS). Another related area i s the use of electron spectroscopy to 
examine the electronic structure of materials or chemical species. 

In the past, the study of matter and i t s interaction with 
radiation was largely confined to the measurement of electromagnetic 
radiation. The excitatio
by photons emitted or absorbe
between different discret g 
electron microscopy (SEM), for example, makes routine use of energy 
dispersive X-ray analysis (EDX). In this case the sample emits X 
rays as a by-product of the technique. 

High interest in the applications of photoelectron spectroscopy 
was stimulated by Kai Siegbahn and his group at Uppsala (2-4) i n the 
1950fs. Their major i n i t i a l contribution was to increase the kinetic 
energy resolution of their spectrometer over that of existing instru
ments. The photoelectron spectra were characterized by distinctly 
narrow features which could be energetically located with great 
accuracy as illustrated i n Figure 1. Assuming an orbital description 
of the electronic structure of matter, each feature corresponded to 
photoionization of successive orbitals or structure associated with 
the photoionization process. In this example, the 2s, 2p, 3s and 3p 
levels of titanium are ionized by Mg X rays and appear in the binding 
energy spectrum. Additional transitions, attributable to relaxation 
processes and discussed below, also occur. 

Over the past several years electron spectroscopy has establish
ed i t s e l f as a powerful technique i n the electronic studies of matter 
and has gained wide acceptance as an unparalleled tool for surface 
analysis. The escape depth of the electrons i s material and energy 
dependent but, i n general, the information depth i s about 50 A thus 
making electron spectroscopy a uniquely surface-sensitive analytical 
technique. This i s because electrons that travel through a material 
for distances greater than this have a relatively high probability of 
suffering energy losses due to inelastic collisions with bound elec
trons. Hence, electrons emitted from deep within the sample (caused 
by X rays which can penetrate several micrometers) loose energy 
before leaving the surface and thereby contribute only to the 
background. 

The purpose of this chapter i s to discuss the principles of 
photoelectron spectroscopy and i t s applications in the semiconductor 
and microelectronics industries. Other recent reviews (5-10) have 
dealt with the use of XPS, AES, SIMS and ISS for failure analysis and 
materials characterization for these and related industries. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



146 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

X-Rav Photoelectron Spectroscopy 

XPS o f f e r s a d i r e c t method f o r measuring the binding energies o f core 
o r b i t a l s . The ej e c t e d e l e c t r o n leaves the atom w i t h a w e l l - d e f i n e d 
k i n e t i c energy unique f o r t h a t o r b i t a l and th a t atom. Since the 
d i p o l e s e l e c t i o n r u l e s a l l o w f o r e l e c t r o n emission from any o r b i t a l , 
p h o t o e j e c t i o n occurs as long as the photon energy i s g r e a t e r than the 
binding energy of a p a r t i c u l a r l e v e l . Thus XPS allows the study o f 
a l l a c c e s s i b l e e l e c t r o n i c l e v e l s r e g a r d l e s s o f symmetry (11). 

XPS i s a surface s e n s i t i v e technique but i t s g r e a t e s t s t r e n g t h 
l i e s i n i t s a b i l i t y t o provide i n f o r m a t i o n on the surface chemistry 
o f a sample. The binding energy can be measured t o high r e s o l u t i o n 
with today's spectrometers and i s s e n s i t i v e t o changes i n the 
chemical environment. Thus, i n many cases the p o s i t i o n o f the XPS 
peak, a f t e r c o r r e c t i o n f o r s t a t i c charging, can a s s i g n the chemical 
environment. 

A l a r g e f r a c t i o n o f the XPS s t u d i e s t o date have i n v o l v e d the 
p r e c i s e measurement o f c o r e - e l e c t r o  b i n d i n  energie d th
urement o f the chemical s h i f t
s h i f t 1 1 r e f e r s t o the f a c
measurably due t o changes i n the chemi- c a l environment. For 
example, the presence o f a n a t i v e oxide on s i l i c o n can be e a s i l y 
demonstrated by XPS as i s shown i n Figure 2. The s i l i c o n 2p 
photoelectron spectrum shows two d i s t i n c t peaks, corresponding t o the 
d i f f e r e n t environments of the s i l i c o n atoms, one, at higher binding 
energy, o x i d i z e d and the other, a t lower b i n d i n g energy, elemental. 
The asymmetry o f the lower b i n d i n g energy peak a r i s e s because o f 
s p i n - o r b i t s p l i t t i n g i n the 2p o r b i t a l . F i n a l - s t a t e e f f e c t s , 
discussed below, obscure the s p i n - o r b i t e f f e c t i n the oxide peak. 

XPS i s w e l l s u i t e d f o r these types o f s t u d i e s because the common 
e x c i t a t i o n sources (Mg Ka = 1253.6 eV and A l Ka = 1486.6 eV) can 
e a s i l y cause p h o t o e j e c t i o n . The more common u l t r a v i o l e t sources are 
l i m i t e d t o the valence r e g i o n and weakly-bound core l e v e l s . X-ray 
monochrometers can be used t o narrow the e x c i t a t i o n spectrum and 
remove s a t e l l i t e and bremsstrahlung c o n t r i b u t i o n s , however, they 
s u f f e r a concomitant l o s s i n i n t e n s i t y t h a t increases the 
data-gathering time. Synchrotron r a d i a t i o n can be used t o get around 
these l i m i t a t i o n s , although such l i g h t sources are not common and are 
not i n widespread use among chemists. Studies t h a t use tunable l i g h t 
sources o f t e n use the term S o f t X-ray Photoelectron Spectroscopy 
(SXPS). 

Core l e v e l s may be considered as r e p r e s e n t a t i v e o f the f i l l e d 
s u b s h e l l s o f an atom and are o f t e n found by XPS t o be r e l a t i v e l y 
sharp i n energy. The width o f the core photoelectron l i n e depends on 
s e v e r a l f a c t o r s both inherent and i n s t r u m e n t a l . Inherent sources i n 
clude the l i f e t i m e o f the s u b s h e l l core hole created by p h o t o i o n i z a 
t i o n and the vario u s p o s s i b l e values o f the f i n a l - s t a t e energy. The 
f i n a l - s t a t e energy w i l l be i n f l u e n c e d by m u l t i p l e t s p l i t t i n g s , m u l t i -
e l e c t r o n e f f e c t s or v i b r a t i o n a l broadening. Another source o f broad
ening i s the presence o f unresolvable c h e m i c a l l y - s h i f t e d peaks. 
Instrumental sources of broadening i n c l u d e the width o f the X-ray 
beam, the f i n i t e r e s o l v i n g power o f the spectrometer, and non-uniform 
sample charging. 

M u l t i - e l e c t r o n e f f e c t s are o f t e n termed " s a t e l l i t e s t r u c t u r e " . 
Due t o the sudden change i n the p o t e n t i a l o f an atom, as experienced 
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Figure 1. Photoelectron spectrum of clea n T i metal. 

Figure 2. S i l i c o n 2p photoelectron r e g i o n showing oxide ( l e f t ) 
and metal ( r i g h t ) . 
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i n p h o t o i o n i z a t i o n , an e l e c t r o n i n a valence o r b i t a l may go i n t o an 
unoccupied bound or continuum s t a t e . These phenomena have been 
termed " e l e c t r o n shake-up" and " e l e c t r o n shake-off" and appear as 
s a t e l l i t e s on the high binding energy s i d e o f the primary i o n i z a t i o n . 
Shake-up s t r u c t u r e appears as d i s c r e t e s a t e l l i t e l i n e s i n the photo
e l e c t r o n spectrum whil e shake-off has no s t r u c t u r e and appears as a 
co n t i n o u s l y r i s i n g background. Both types o f s t r u c t u r e occur at 
lower k i n e t i c energy than the main photoelectron peak. 

The f i n a l - s t a t e energy o f a photoionized species w i l l a l s o be 
i n f l u e n c e d by m u l t i p l e t s p l i t t i n g . M u l t i p l e t s p l i t t i n g w i l l occur i f 
there are one or more unpaired e l e c t r o n s i n the valence s h e l l w i t h 
unpaired s p i n s . P h o t o i o n i z a t i o n i n another s h e l l can lead to more 
than one f i n a l s t a t e depending on how the u n f i l l e d s h e l l s couple. 

I n XPS, bound e l e c t r o n s are e j e c t e d to f r e e s t a t e s outside the 
atoms. The k i n e t i c energy o f these photoelectrons i s w e l l defined 
and i s a measure o f the e l e c t r o n ' s b i n d i n g energy. From conservation 
o f energy: 

E. = E f -
hv k i

f i 
where E and E are the t o t a l energies o f the f i n a l and i n i t i a l 
s t a t e s and E' i s the k i n e t i c energy o f the photoejected e l e c t r o n , 
f i 

E - E can be defined as the b i n d i n g energy, E f e, o f the photoelec
t r o n . For gaseous samples t h i s r e l a t i o n s h i p i s unambiguous because 
i t i s referenced t o the vacuum l e v e l , but f o r s o l i d s t h i s i s true 
only when referenced t o the vacuum l e v e l o f the spectrometer. 
Consider, f o r example, ph o t o e j e c t i o n from the K s h e l l i n s o l i d s . 
From equation 2 i t i s seen t h a t : 

E. = w' + E» [3] 
hv k i n 

where w» i s the sum of the work f u n c t i o n and the bi n d i n g energy of 
the sample. E n t e r i n g the spectrometer s l i t s , the k i n e t i c energy o f 
the e l e c t r o n i s s l i g h t l y a l t e r e d due t o an e l e c t r o s t a t i c f i e l d 
between the sample and spectrometer. This f i e l d i s from the d i f f e r 
ences i n the work f u n c t i o n o f the sample and the m a t e r i a l from which 
the spectrometer i s constructed. Common grounding merely r e q u i r e s 
the Fermi l e v e l s be equal and so any d i f f e r e n c e i n work f u n c t i o n w i l l 
r e s u l t i n such a f i e l d . 

Upon e n t e r i n g the spectrometer the e l e c t r o n acquires a new 
k i n e t i c energy, and i t i s t h i s energy which i s measured and conse
quently r e l a t e d t o the bin d i n g energy. Choosing the Fermi l e v e l as a 
reference, conservation o f energy r e q u i r e s : 

E^ r E. - E. . - <j> [4] b hv k i n Y s p 
F 

where E f c i s the bi n d i n g energy referenced t o the Fermi l e v e l and <j>sp 

i s the work f u n c t i o n of the spectrometer and i s thus independent of 
the e x c i t a t i o n source. Therefore, the same work f u n c t i o n may be 
a p p l i e d t o a l l measurements made on the same instrument. 

Auger E l e c t r o n Emission. I n a d d i t i o n t o the primary photo-process, 
secondary processes can occur. F o l l o w i n g core e x c i t a t i o n , the atom 
can r e l a x by e m i t t i n g e i t h e r a photon or an e l e c t r o n . The e l e c t r o n -
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e j e c t i o n phenomenon i s c a l l e d the Auger process and the e l e c t r o n i s 
an Auger e l e c t r o n . This process was discovered by P i e r r e Auger (12) 
wh i l e u s i n g a Wilson cloud chamber. The presence o f a double t r a c k 
along the X-ray beam was i n d i c a t i v e o f a two-electron process. The 
f i r s t t r a c k was the e l e c t r o n due t o p h o t o i o n i z a t i o n , while the second 
t r a c k was due t o what i s now c a l l e d the Auger e l e c t r o n . 

E n e r g e t i c a l l y , the core hole i s f i l l e d by an e l e c t r o n cascading 
from a higher energy o r b i t a l along w i t h the simultaneous e j e c t i o n o f 
yet another e l e c t r o n . The process i s a simultaneous two-electron 
coulombic readjustment by the remaining e l e c t r o n s t o the core hole. 
As such, i t competes d i r e c t l y w i t h X-ray fluorescence (XRF) but i t i s 
not l i m i t e d by the d i p o l e operator s e l e c t i o n r u l e s . A l l e n e r g e t i c a l l y 
allowed t r a n s i t i o n s are observed i n an Auger e l e c t r o n spectrum. I n 
a d d i t i o n , the e l e c t r o n escape depth i s a l s o a few tens o f angstroms, 
u n l i k e XRF where t y p i c a l escape depths are on the order o f tens o f 
thousands o f angstroms. 

D i f f e r e n t approximations can be used t o estimate the energy o f 
the Auger e l e c t r o n s (13>14)  I  g e n e r a l  th  r e g i o  f o
p a r t i c u l a r t r a n s i t i o n ca
K L j L j j t r a n s i t i o n , f o r example

E A = E f - E 1 = E(K) - E ( L I ) - E ( L I ; [ ) [5] 

plus a (negative) term o f magnitude 10-20 eV which accounts f o r the 
i n t e r a c t i o n s o f the f i n a l h o l e s . E^ i s the k i n e t i c energy o f the 
Auger e l e c t r o n and E(K), E ( L j ) and E f L j j ) are the b i n d i n g energies o f 
the K, L j and L ^ s h e l l e l e c t r o n s , r e s p e c t i v e l y . 

By p r e c i s e l y measuring the k i n e t i c energy of the Auger e l e c 
t r o n s , chemical i n f o r m a t i o n may be deduced. I n f a c t , the chemical 
s h i f t o f Auger e l e c t r o n s i s , i n some cases, l a r g e r than t h a t o f the 
a s s o c i a t e d photoelectron l i n e s (13,15-17). 

Auger Parameter. The energies of the X-ray induced Auger e l e c t r o n s , 
i n c o n j u nction w i t h photoelectron energies, have been used by Wagner 
to develop the concept of the Auger parameter (18), which i s defined 
as the k i n e t i c energy o f the Auger e l e c t r o n minus t h a t of the photo
e l e c t r o n . This parameter, measurable without the n e c e s s i t y o f s t a t i c 
charge c o r r e c t i o n , i s a q u a n t i t y c h a r a c t e r i s t i c o f a molecular or 
s o l i d s t a t e . Chemical s h i f t s i n t h i s q u a n t i t y represent, approxima
t e l y , d i f f e r e n c e s i n the p o l a r i z a t i o n energy o f the f i n a l s t a t e (19). 

When an i o n i s created w i t h a core vacancy, r e l a x a t i o n can occur 
by the emission o f an X-ray photon, by the emission o f an Auger e l e c 
t r o n , or by the emission o f an e l e c t r o n i n a Coster-Kronig process 
(19). The p r o b a b i l i t y o f each o f these processes depends on s e v e r a l 
f a c t o r s and the r e s u l t i n g p a r t i c l e emission may be detected by w e l l -
known methods. 

The i n i t i a l s t a t e f o r each of these processes contains a core 
hole on an atom. I n AES, the vacancy i s u s u a l l y created e i t h e r by a 
high-energy e l e c t r o n (5-10 keV) or by a photon. Commonly used photon 
sources i n c l u d e Mg and A l , as noted above, Zr (2042 eV), Au (2123 eV) 
and Ag (2984 eV). The higher energy sources are u s e f u l f o r c r e a t i n g 
deeper l y i n g core holes than are conveniently a c c e s s i b l e w i t h Mg or 
A l , but are not too u s e f u l f o r r o u t i n e photoelectron s t u d i e s because 
of the l a r g e l i n e w i d t h (20). Once the hole i s created, an e l e c t r o n 
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k i n e t i c energy spectrum can be measured which can y i e l d chemical, 
a n a l y t i c a l , and e l e c t r o n i c s t r u c t u r e i n f o r m a t i o n . 

In f a c t , i t i s impossible to avoid the appearance o f s p e c t r a l 
peaks due t o Auger e l e c t r o n s d u r i n g the course o f a photoelectron 
experiment as seen i n Figure 1. Some workers i n XPS have viewed 
these l i n e s as a nuisance, but the presence o f the Auger l i n e s 
i ncreases the amount of in f o r m a t i o n a v a i l a b l e i n a photon-induced 
e l e c t r o n k i n e t i c energy spectrum. S e v e r a l workers have made use of 
the bremsstrahlung r a d i a t i o n from A l and Mg sources t o look a t Auger 
e l e c t r o n emission due t o core holes o f energy higher than the 
c h a r a c t e r i s t i c l i n e o f the X-ray source (13»20-23). 

Wagner has a l s o developed a two-dimensional chemical s t a t e p l o t 
(24-25) tha t makes use o f the Auger parameter t o d i s t i n g u i s h between 
compounds o f an element that have the same, or n e a r l y the same, 
binding energy. I n cases where the XPS chemical s h i f t alone i s not 
enough to determine the chemical s t a t e , these p l o t s or the Auger 
parameter by i t s e l f can be used t o help i d e n t i f y the type of 
compounds present i n th  sur f a c e

Depth P r o f i l e s . By i o
chemical composition can be followed as a f u n c t i o n o f depth, y i e l d i n g 
a "Chemical Depth P r o f i l e " . For example, the change from oxide t o 
metal near an i n t e r f a c e can be charted unambiguously by examining the 
changes i n peak shape and p o s i t i o n f o r each element a t a s e r i e s o f 
depths. Care must be taken, however, i n the i n t e r p e r t a t i o n o f such 
data because ion-induced chemical changes, such as r e d u c t i o n , may 
occur. The chemical i n t e r a c t i o n s a t i n t e r f a c e s govern the width o f 
the i n t e r f a c e , the r a t e o f d i f f u s i o n across i t and i n f l u e n c e the 
e l e c t r i c a l and p h y s i c a l p r o p e r t i e s o f i n t e r f a c e s . 

F i g u r e 3 shows a depth p r o f i l e o f tantalum s i l i c i d e on s i l i c o n . 
The s p u t t e r r a t e i s approximately 200A/min. I n t h i s example, the 
i n t e r f a c e can be e a s i l y i d e n t i f i e d a t a s p u t t e r time o f ten minutes. 
Figures 4 i s the Ta 4f photoelectron r e g i o n p r i o r t o the s t a r t o f 
s p u t t e r i n g (spectrum a) and a f t e r f i v e minutes (spectrum b ) . 
Spectrum a shows t h a t Ta i s predominately i n the form o f a s i l i c i d e 
w i t h only a s a m l l amount o f oxide evident. I n spectrum b, only the 
s i l i c i d e i s present i n d i c a t i n g t h a t Ta i s only o x i d i z e d a t the sample 
su r f a c e . The S i 2p re g i o n (Figure 5) shows the S i t o be h e a v i l y 
o x i d i z e d p r i o r t o s p u t t e r i n g (spectrum a) as can be seen i n the 
height o f the oxide peak. However, a f t e r f i v e minutes o f s p u t t e r i n g , 
spectrum b shows only the s i l i c i d e . 

Instrumentation. The b a s i c i n s t r u m e n t a t i o n needed to do photoelec
t r o n spectroscopy i s shown i n F i g u r e 6. The components i n c l u d e an 
X-ray source, sample or source chamber, e l e c t r o n energy analyzer, 
e l e c t r o n d e t e c t o r or m u l t i p l i e r , counting e l e c t r o n i c s , the 
all-encompassing vacuum system and a data output device. Samples are 
introduced through a load l o c k mechanism i n t o the u l t r a - h i g h vacuum 
r e g i o n o f the spectrometer. Some commercial spectrometers are now 
equipped w i t h X-ray sources w i t h m u l t i p l e anode m a t e r i a l s , a l l o w i n g 
simple s w i t c h i n g o f e x c i t a t i o n l i n e s t o "move" i n t e r f e r e n c e from 
Auger t r a n s i t i o n s o r t o induce more e f f i c i e n t i o n i z a t i o n o f 
deep-lying core l e v e l s t o observe Auger l i n e s f o r Auger parameter 
experiments. 

Recently, equipment manufacturers have begun producing " s m a l l 
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Figure 3- Depth p r o f i l e of tantalum s i l i c i d e on s i l i c o n . 
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Figure 4. Ta 4f photoelectron r e g i o n a t time=0 (a) and time=5 (b) 
minutes. 
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Figure 5. S i 2p photoelectron r e g i o n a t time=0 (a) and time=5 (b) 
minutes. 
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Figure 6. Schematic o f a t y p i c a l X-ray photoelectron 
spectrometer. 
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spot" XPS systems w i t h the a b i l i t y t o examine, roughly, a 150 micro
meter diameter spot on a sample surface (26-30). These instruments 
have two advantages; f i r s t they b r i n g the major st r e n g t h o f XPS, the 
a b i l i t y to determine chemical i n f o r m a t i o n , t o bear on sma l l e r areas 
and, second, i t means that XPS depth p r o f i l e s can be done at s p u t t e r 
r a t e s t h a t approach those commonly used i n AES, as shown i n F i g u r e 3t 
above. Some recent instruments a l s o a l l o w the opportunity t o do 
continuous s p u t t e r p r o f i l e s which i s a s i g n i f i c a n t time saver. 

S o f t X-Rav Photoelectron Spectroscopy. T y p i c a l l y , SXPS uses synch
r o t r o n r a d i a t i o n t o tune the X-ray energy f o r maximum absorption by 
one element. The chemical s h i f t i n f o r m a t i o n a v a i l a b l e v i a t h i s 
technique i s e x a c t l y analogous to the chemical s h i f t s discussed 
above. Examples u s i n g SXPS are i n c l u d e d i n the examples below and 
are meant to i n d i c a t e f u r t h e r how XPS can be used t o s o l v e problems 
i n the m i c r o e l e c t r o n i c s i n d u s t r y . 

Because o f the a b i l i t y to tune the e x c i t a t i o n source t o a 
p a r t i c u l a r element, dat  r a p i d l y  i
t o i n v e s t i g a t e the i n t e r a c t i o n
i n t e r f a c e . The one drawbac
time on a synchrotron. 

A p p l i c a t i o n s 

The a p p l i c a t i o n o f XPS to m i c r o e l e c t r o n i c m a t e r i a l s t y p i c a l l y 
focuses on two areas. F i r s t , as a surface i n v e s t a g a t i v e technique, 
XPS can be used t o e s t a b l i s h the chemical i n t e r a c t i o n s between two 
ma t e r i a l s or between a m a t e r i a l and the ambient atmosphere. Second, 
i n c o n j unction w i t h depth p r o f i l i n g , the changes i n chemical composi
t i o n w i t h depth can be fol l o w e d . 

The f o l l o w i n g s e c t i o n s g i v e examples o f the kinds o f i n f o r m a t i o n 
t h a t can be gained by using XPS t o i n v e s t i g a t e a sample s u r f a c e . The 
f i r s t three s e c t i o n s cover m i c r o e l e c t r o n i c m a t e r i a l s and d e s c r i b e 
recent work i n the c h a r a c t e r i z a t i o n o f these m a t e r i a l s . The next 
s e c t i o n covers i n t e r a c t i o n s at i n t e r f a c e s and the l a s t s e c t i o n i s a 
po t p o u r r i o f t o p i c s i n c l u d i n g packaging and c l e a n i n g . While an 
attempt was made to keep these ca t e g o r i e s from overlapping, some o f 
the c i t e d work contains m a t e r i a l that i s a p p l i c a b l e t o more than one 
s e c t i o n . 

S i l i c o n and i t s Oxides. I n the recent past s i l i c o n and s i l i c o n d i o x 
id e have become very important because o f t h e i r widespread use i n the 
semiconductor i n d u s t r y . Most devices c u r r e n t l y being manufactured 
use s i l i c o n as a primary m a t e r i a l , making s i l i c o n and i t s oxides the 
subject o f many s t u d i e s t h a t c h a r a c t e r i z e these m a t e r i a l s and t h e i r 
i n t e r f a c e s . 

Hofmann and Thomas ( 3 D have discussed the e f f e c t o f i o n bom
bardment on therm a l l y grown s i l i c o n d i o x i d e . XPS showed that s m a l l 
changes i n the surface chemistry were observable. The S i 2p and 0 1s 
peaks were seen t o broaden due t o i o n damage which presumably 
increased bond-angle d i s o r d e r r e s u l t i n g i n charge r e d i s t r i b u t i o n . 

Photoelectron spectroscopy has a l s o been a p p l i e d t o the study o f 
t h i n S i 0 2 l a y e r s on S i (32,33). Angular resolved XPS (34-36) can be 
used t o produce non-destructive depth p r o f i l e s and thereby avoid the 
ion-induced damage described by Thomas ( 5 ) . Moulder and Hammond (37) 
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found t h a t by changing the angle between the sample surface and the 
entrance s l i t o f the analyzer (Figure 7) an e f f e c t i v e depth p r o f i l e 
could be generated. M u l t i p l e o x i d a t i o n s t a t e s o f s i l i c o n were 
i d e n t i f i e d i n the i n t e r f a c i a l r e g i o n (Figure 8) and follo w e d as a 
f u n c t i o n o f escape depth (Figure 9 ) . 

Bertrand and F l e i s c h e r (38) have st u d i e d the chemical d e p o s i t i o n 
o f s i l i c o n d i o x i d e on indium phosphide. They found t h a t on 
unoxidized, etched s u r f a c e s , oxide coverage was "always patchy". I f 
the InP had a monolayer o f chemisorbed oxygen, an approximately 
60A-thick oxide f i l m could be formed at room temperature through the 
formation o f Si-O-P bonds at the i n t e r f a c e . 

I n t e r d i f f u s i o n o f metals i n s i l i c o n has a l s o been s t u d i e d by 
SXPS (39) where i t was revealed t h a t Au and A l i n t e r a c t i n very 
d i f f e r e n t ways w i t h s i l i c o n . The Au-Si i n t e r f a c e e x h i b i t s a strong 
chemical i n t e r a c t i o n w h i l e the A l - S i i n t e r f a c e shows much weaker 
i n t e r a c t i o n s . A f u l l y reacted S i - C r i n t e r f a c e was found t o be an 
e f f e c t i v e b a r r i e r f o r Au-Si i n t e r d i f f u s i o n (40). 

Thin f i l m s on S i o  SiO  a l s  b  i n v e s t i g a t e d b  XPS  Th
Cu-Si i n t e r f a c e (41) wa
i n t e r f a c e study done by
strong s i m i l a r i t i e s between the two systems (42). Nefedov et a l . 
(43) examined the FeNi/SiO^ i n t e r f a c e and found t h a t the uppermost 
l a y e r o f the f i l m was enriched w i t h i r o n oxides w h i l e the next l a y e r 
was depleted o f i r o n atoms. T o r r i s i e t a l . (44) used XPS t o study 
the adhesion o f va r i o u s metals t o p o l y s i l o x a n e i n an attempt to 
understand adhesion o f f i l m s t o common semiconductor m a t e r i a l s . 

S i l i c i d e s . The most commonly used gate m a t e r i a l i n the technology o f 
MOS i n t e g r a t e d c i r c u i t s i s doped p o l y c r y s t a l l i n e s i l i c o n . As device 
dimensions become v a n i s h i n g l y s m a l l the high sheet r e s i s t a n c e o f 
p o l y s i l i c o n becomes a l i m i t i n g f a c t o r i n device performance. The 
w e l l - e s t a b l i s h e d technology o f p o l y s i l i c o n gates has l e d t o the 
i n c o r - p o r a t i o n o f metal s i l i c i d e s i n t o the devices. The s i l i c i d e s 
o f tantalum, molybdenum, t i t a n i u m and tungsten (45) are o f t e n used. 
Using XPS t o examine s i l i c i d e s allows f o r the examination o f the 
chemistry o f the surface e i t h e r a f t e r treatment or upon r e a c t i o n . 
Tungsten s i l i c i d e , f o r example, has been i n v e s t i g a t e d by XPS (46). 
The experimental r e s u l t s suggest bonding s i m i l a r t o th a t found i n 
metal carbonyls i n terms o f a donation and TT back bond i n g . 

Dubois and Nuzzo (47) have observed the r e a c t i o n o f s i l a n e w i t h 
clean N i , Rh, P t , Mo, Ta, W, Co and Au. Surface compound formation 
i s s t r o n g l y suggested by the observation o f s h i f t s t o higher b i n d i n g 
energy o f the s i l i c o n and metal core l e v e l s . These s h i f t s are 
i n d i c a t i v e o f s i l i c i d e formation (48,49). I n another r e p o r t (50), 
ruthenium, rhodium and palladium s i l i c i d e s were st u d i e d by XPS. 
Binding energies f o r the v a r i o u s s i l i c i d e s are t a b u l a t e d , showing 
these d i f f e r e n c e s i n b i n d i n g energy between the s i l i c i d e s and the 
metals are very s m a l l . Therefore, f o r some metals, the t r a n s i t i o n 
from metal t o s i l i c i d e can be followed by XPS but f o r other metals i t 
i s not so s t r a i g h t f o r w a r d . 

Rare e a r t h s i l i c i d e s have been s t u d i e d f o r s e v e r a l reasons. Of 
fundamental i n t e r e s t i s the f a c t t h a t the r a r e e a r t h s i l i c i d e s w i l l 
form s o l i d s o l u t i o n s showing both b i v a l e n t and t r i v a l e n t r a r e e a r t h 
atoms as w e l l as compounds showing mixed valence behavior (51-53). 
More p r a c t i c a l reasons f o r such s t u d i e s i n c l u d e the f a c t t h a t r a r e 
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Figure 7. Experimental p r i n c i p l e s of Angular Resolved X-ray 
Photoelectron Spectroscopy (ARXPS). Reproduced with permission 
from Ref. 37. Copyright 1985 Research and Development. 
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Figure 8. ARXPS spectra of s i l i c o n 2p r e g i o n of s i l i c o n w i t h a 
na t i v e oxide showing m u l t i p l e o x i d a t i o n s t a t e s . A)0 = 10; 
B) 6 = 20; C) 9 =90. Reproduced with permission from Ref. 37. 
Copyright 1985 Research and Development. 

100 
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Figure 9. R e l a t i v e i n t e n s i t i e s of the s i l i c o n species versus 
a n a l y s i s depth. Reproduced with permission from Ref. 3J. 
Copyright 1985 Research and Development. 
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e a r t h contacts e x h i b i t a s m a l l Schottky b a r r i e r . One such system 
s t u d i e d was the Yb-Si i n t e r f a c e (54). Mixed valence compounds were 
found where two s t a b l e and uniform compositions were observed. 

P i r r i e t a l . (55) st u d i e d c o b a l t d i s i l i c i d e e p i t a x i a l growth on 
the s i l i c o n (111) s u r f a c e . At room temperature, a strong r e a c t i o n 
forms CoSi during the d e p o s i t i o n o f up t o four monolayers o f Co. 
However, more than four monolayers o f Co r e s u l t s i n m e t a l l i c c o b a l t 
being deposited. Annealing t h i s surface r e s u l t s i n the formation o f 
the d i s i l i c i d e . XPS gives c o n f i r m a t i o n o f the sp^ covalent nature 
o f the Co-Si bond i n C o S i 2 . 

N o n - S i l i c o n Semiconductor M a t e r i a l s . I I I - V compounds are f i n d i n g 
wider uses i n the semiconductor i n d u s t r y . One area o f primary 
i n t e r e s t i s the concern over the c l e a n l i n e s s o f subs t r a t e s used i n 
Molecular Beam Epi t a x y (MBE) s t u d i e s . Substrate p r e p a r a t i o n i s 
important because the su b s t r a t e may pl a y a r o l e i n f a i l u r e t h a t occur 
a f t e r a d d i t i o n a l processing steps. The surface s e n s i t i v i t y o f XPS 
makes i t i d e a l l y s u i t e d

Various c l e a n i n g procedure
using XPS. I t was observed (56) that low energy i o n e t c h i n g combined 
with simultaneous annealing was an e f f i c i e n t c l e a n i n g procedure. 
Vasquez e t a l . (57) examined d i f f e r e n t c l e a n i n g procedures f o r GaAs 
(100) s u b s t r a t e s . The GaAs oxide decomposition was observed t o pro
ceed by the thermal r e d u c t i o n o f As o0_ which l e d t o the formation o f 
G a

2°3 a n d As metal. Minimum carbon contamination was observed by 
combining the g e n e r a l l y accepted oxide p a s s i v a t i o n growth sequence 
with an HCl/EtOH s t r i p . S t o i c h i o m e t r i c GaAs could be obtained a t 
temperatures as low as 350 C. 

Woodall et a l . (58) have a l s o described a wet chemical technique 
f o r p a s s i v a t i n g air-exposed GaAs su r f a c e s . XPS showed that there was 
l i t t l e or no Ga metal or Ga and As compounds i n the As f i l m created 
d u r i n g p a s s i v a t i o n or a t the As/GaAs i n t e r f a c e . 

I n t e r d i f f u s i o n o f metals i n t o GaAs has a l s o been st u d i e d w i t h 
metals such as Pd (59) and Au (60). The e f f e c t o f oxygen on the 
i n t e r m i x i n g o f the GaAs/Au i n t e r f a c e has a l s o been s t u d i e d (61) where 
oxygen was found t o i n h i b i t i n t e r d i f f u s i o n . 

Kendelwicz et a l . (62) have found evidence f o r the formation o f 
palladium phosphide a t the Pd/InP (110) i n t e r f a c e . They found t h a t , 
between 2.5 and 15 monolayers o f Pd coverage on InP, d e p o s i t i o n leads 
t o the formation o f a s t a b l e Pd^P compound. They add th a t " f o r the 
f i r s t time f o r a non-elemental semiconductor i n t e r f a c e the d e t a i l e d 
nature o f the chemical bond has been s t u d i e d by f o l l o w i n g the 
e v o l u t i o n o f the....core l i n e s " and they note s i m i l a r r e s u l t s f o r N i 
on InP. This leads them t o deduce t h a t t r a n s i t i o n metal phosphide 
formation may be a general phenomenon on I I I - V m a t e r i a l s . 

XPS has a l s o been used i n an attempt to i n v e s t i g a t e Schottky 
b a r r i e r heights (SBH) and the e f f e c t s o f he a t i n g on semiconductor 
m a t e r i a l s . Petro et a l . (63) found th a t the SBH increases during the 
d e p o s i t i o n o f up to 25 monolayers o f Au on GaAs and a t t r i b u t e t h i s t o 
i n t e r m i x i n g o f the Au wit h the GaAs. XPS was used to demonstrate t h a t 
the Au i s not chemically bound or a l l o y e d w i t h the GaAs. I t was a l s o 
found t h a t heating i n h i b i t s the SBH incre a s e by removing defect 
s t a t e s from the surface r e g i o n . 
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Pan e t a l , (64) used XPS t o demonstrate the p r e f e r e n t i a l surface 
segregation o f As during the i n t e r m i x i n g o f noble metals on the GaAs 
(110) s u r f a c e . Petro et a l . (64) used SXPS to f i n d s i g n i f i c a n t Au 
i n t e r m i x i n g i n the Au-GaAs (110) i n t e r f a c e . Furthermore, As moves to 
the surface at the highest Au coverages and heating the sample causes 
the Ga to become m e t a l l i c . I n an SXPS examination o f Au on InP 
(110), Babalola et a l . (66) found t h a t , between 1 and 37 monolayers, 
InP + Au -> Au + I n and P. At l e s s than one monolayer o f Au, they 
saw no measurable chemical changes. Skeath at a l . (67) were able to 
use SXPS to examine Sb on GaAs (110) w h i l e Kendelewicz et a l . (68) 
examined room temperature exchange r e a c t i o n s at the Al-InP (110) 
i n t e r f a c e by SXPS. 

I n t e r f a c e s . I n t e r f a c e s p l a y an important r o l e i n determining the 
c h a r a c t e r i s t i c s and responses o f semiconductors. T y p i c a l l y , a l a y e r 
or l a y e r s o f a m a t e r i a l i s l a i d down on the s u b s t r a t e as a metal 
f i l m , as an i n t e r m e t a l l i c or as a compound i n an attempt t o impart 
p a r t i c u l a r e l e c t r i c a l p r o p e r t i e  t  th  device  I  doin  c l o s
a t t e n t i o n must be paid t
m a t e r i a l i s not l i k e the
surfaces produce strong atomic and charge rearrangements a t the 
microscopic i n t e r f a c e t h a t changes can be c h a r a c t e r i z e d by XPS. As 
B r i l l s o n (69) notes, XPS r e v e a l s that the "magnitude and 
s t o i c h i o m e t r y o f ( s u b s t r a t e d i s s o c i a t i o n and d i f f u s i o n of c a t i o n and 
anion i n t o the metal) depends s y s t e m a t i c a l l y on the s t r e n g t h and 
nature o f the i n t e r f a c e chemical bonding and t h a t metal i n d i f f u s i o n 
a l s o takes p l a c e . " 

As an example o f the i n f o r m a t i o n t h a t can be acquired by using 
XPS t o study i n t e r f a c e s , consider the r e s u l t o f some recent work by 
Hirokawa et a l . (70). I n l o o k i n g at Cu or Fe on S i 0 2 they found th a t 
Cu, as a metal, d i f f u s e d s l i g h t l y i n t o S i 0 2 at 500-800 C. Upon 
f u r t h e r h e a t i n g , CuO formed on S i 0 2 and changed t o Cu 20 or Cu^O p l u s 
Cu. Fe began r e a c t i n g w i t h SiO at about 600 C and migrated i n t o the 

+2 
SiO as Fe . F r a n c i o s i et a l . (71) demonstrated t h a t S i - C r i n t e r 
face formation at room temperature r e s u l t s i n reacted phases tha t 
d i f f e r from both bulk chromium s i l i c i d e and a S i - r i c h chromium 
s i l i c i d e . 
Miscellaneous A p p l i c a t i o n s . The packages tha t i n c o r p o r a t e semicon
ductor devices are o f t e n the source of f a i l u r e s . Alumina i s commonly 
used i n packaging su b s t r a t e s usin g Cr/Au or Cr/Cu m e t a l l i z a t i o n s . As 
s m a l l e r geometries are employed the s u b s t r a t e roughness becomes a 
considerable f a c t o r i n terms o f r e l i a b i l i t y . Changes i n surface 
topography can cause r e d u c t i o n i n adhesion, but, i n an XPS study by 
Orent and Wagner (72), they found t h a t sputtered Cr/Au and Cr/Cu t h i n 
f i l m s show chemical bonding t o the s u b s t r a t e which may c o n t r i b u t e to 
adhesion. They a l s o found s i l i c o n n i t r i d e t o be an acceptable r e p l a 
cement f o r alumina. Fu r t h e r , t i t a n i u m m e t a l l i z a t i o n s on s i l i c o n 
n i t r i d e were st u d i e d and they observed t h a t t i t a n i u m n i t r i d e had been 
formed during the t i t a n i u m d e p o s i t i o n . 

I t i s a l s o p o s s i b l e t o use XPS to analyze the e f f e c t s of 
mechanical handling and c l e a n i n g on s u r f a c e s . Wasche et a l . (73) 
i n v e s t i g a t e d A l samples and f i l m s i n an attempt to determine i f 
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mechanical treatment o f A l i n . vacuo r e s u l t e d i n c l e a n metal s u r f a c e s . 
They were ab le t o observe the disappearance o f the ox ide peak and 
concluded tha t mechanical pretreatment o f A l r e s u l t s i n sur faces t ha t 
compare f avo rab ly w i t h sur faces prepared by o ther t echn iques . 

Spu t t e r -depos i t ed or spu t t e r - e t ched sur faces can a l s o be examin
ed . R e a c t i v e l y s p u t t e r - i o n p l a t e d T i N f i l m s showed the su r face to be 
o x i d i z e d to T i 0 2 ( 7 4 ) . Surface f i l m s depos i t ed d u r i n g plasma e t c h i n g 

o f S i 0 2 on S i by CHF^ were s t u d i e d by a combinat ion o f XPS and AES 

(75 ) . I t was found tha t two type o f f i l m s were d e p o s i t e d . A 
"non -pe r s i s t en t " f i l m cou ld be removed by an oxygen plasma and 
c o n s i s t e d o f a f l uo roca rbon polymer. The " p e r s i s t e n t " f i l m formed 
oxygen and f l u o r i n e compounds o f s i l i c o n and cou ld not be removed by 
an oxygen plasma. 

The e f f e c t s o f i o n bombardment were i n v e s t i g a t e d by C h r i s t i e 
a l . (76) on a range o f Groups I I and IV compounds. They were ab le t o 
observe s t o i c h i o m e t r i c changes induced by the i o n bombardment o f s u r 
f ace s . T h i s has important  f o  i n e r t  i o  bombardment 
and plasma e t c h i n g processe
d e v i c e s . 

Summary 

T h i s rev iew has attempted t o demonstrate how the chemica l i n f o r m a t i o n 
tha t i s inhe ren t i n XPS can be used t o i n v e s t i g a t e problems o f 
i n t e r e s t i n the semiconductor and m i c r o e l e c t r o n i c s f i e l d s . A number 
o f areas have been d i scussed where XPS was found to p l a y an important 
r o l e i n a t tempt ing to understand the chemica l and p h y s i c a l processes 
t ha t occur i n semiconductor m a t e r i a l s and d e v i c e s , however, t h i s 
rev iew i s not a l l - encompass ing . Furthermore, the areas t h a t can be 
i n v e s t i g a t e d by XPS are not l i m i t e d t o these examples. 

XPS o f f e r s unique advantages t ha t complement o r surpass o ther 
a n a l y t i c a l t echn iques . The a b i l i t y t o ana lyze i n s u l a t o r s as w e l l as 
conductors makes t h i s technique p a r t i c u l a r i l y u s e f u l . I n a d d i t i o n , 
there i s u s u a l l y l i t t l e damage to the sample. With the s p a t i a l 
r e s o l u t i o n s t ha t are now a v a i l a b l e on s m a l l spot in s t rumen t s , the 
technique i s no longer l i m i t e d to l a r g e a rea a n a l y s i s . 
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9 
Application of Neutron Depth Profiling 
to Microelectronic Materials Processing 

R. G. Downing, J. T. Maki, and R. F. Fleming 

Center for Analytical Chemistry, National Bureau of Standards, Gaithersburg, M D 20899 

Thermal neutron depth profiling (NDP) provides an isotope 
specific, nondestructive technique for the measurement of 
concentration versus depth distributions in the near-
surface region of solids. The profiles are generated in 
real-time, analyzing depths of up to tens of micrometers. 
The method is currently applicable to the investigation 
of He, Li, Be, B, Na and Bi profiles. Demonstrative 
applications are presented for the technique, including: 
ion implantation-anneal sequence profiling; diffusion 
studies in a number of microelectronic materials; and 
homogeneity analysis of thin glass film overcoats. Com
parisons are made for NDP and other profiling techniques 
such as secondary ion mass spectrometry (SIMS), Ruther
ford backscattering (RBS) and spreading resistance 
profiling (SRP). 

E l e c t r o n i c and o p t i c a l p r o p e r t i e s of a m a t e r i a l are s e n s i t i v e t o 
sub t l e d i f f e r e n c e s i n composition and s p a t i a l d i s t r i b u t i o n of many 
chemical s p e c i e s , whether they have been purposely introduced i n t o 
the matrix or are present as contaminants. The c a p a b i l i t i e s of an a l 
y t i c a l techniques are challenged to q u a n t i f y these d i f f e r e n c e s ade
quately i n the near-surface region and across i n t e r f a c i a l boundaries. 
I t i s c l e a r that c o l l a b o r a t i o n among s c i e n t i s t s w i t h d i f f e r e n t tech
niques of a n a l y s i s i s r e q u i r e d to c o r r e l a t e the p r o p e r t i e s of a mate
r i a l with s p e c i f i c compositional s t r u c t u r e s . In p a r t i c u l a r , t h i s i s 
t r u e f o r e v a l u a t i n g the s i g n i f i c a n t e f f e c t t h a t l i g h t elements have 
upon a m a t e r i a l . Only a few methods e x i s t that can a c c u r a t e l y 
measure and map, with respect to depth, these elements i n s u f f i c i e n t 
d e t a i l . The methods commonly used incl u d e secondary i o n mass spec
trometry (SIMS), Rutherford b a c k s c a t t e r i n g (RBS) and f o r e l e c t r i c a l l y 
a c t i v e i m p u r i t i e s , spreading r e s i s t a n c e p r o f i l i n g (SRP). 

In 1972, Z i e g l e r , et a l . (1_) f i r s t reported the development of 
a near-surface technique complimentary to those mentioned above. The 
technique uses neutron r e a c t i o n s to measure absolute concentration 
versus depth p r o f i l e s of a number of the l i g h t elements. Neutron 
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depth p r o f i l i n g (NDP) allows the f i r s t few micrometers of nearly any 
ma t e r i a l to be probed n o n d e s t r u c t i v e l y . B i ersack and co-workers 
(2,3) at the ILL f a c i l i t y i n Grenoble have advanced the technique t o 
i t s present c a p a b i l i t i e s . 

Since i t s i n t r o d u c t i o n , over f i f t y a r t i c l e s have been published 
(see r eferences l i s t ) d e s c r i b i n g the use of NDP to i n v e s t i g a t e mate
r i a l s and e f f e c t s d i r e c t l y r e l a t i n g t o semiconductor research and 
device processing. The widespread a p p l i c a t i o n of NDP has been 
l i m i t e d by the number of intense neutron sources a v a i l a b l e - nuclear 
r e a c t o r s . At present, the U.S. has only two NDP f a c i l i t i e s ; one at 
the U n i v e r s i t y of Michigan Ford Nuclear Reactor (4-6), and a f a c i l i t y 
at the N a t i o n a l Bureau of Standards Research Reactor (NBSR) i n 
Gaithersburg, Maryland (7). Nevertheless, the l i t e r a t u r e i n d i c a t e s 
NDP has s i g n i f i c a n t p o t e n t i a l i n the semiconductor i n d u s t r y . 

Foundations of NDP 

Phy s i c s . L i t h i u m , b e r y l l i u m
elements, each have an isotop
t r o n , undergoes an exoergi
g e t i c charged p a r t i c l e s , e i t h e r a proton or an alpha p a r t i c l e depend
ing upon the i s o t o p e , and a r e c o i l p a r t i c l e . Each p a r t i c l e emitted 
has a s p e c i f i c k i n e t i c energy defined by the Q-value of the r e a c t i o n 
which i n t u r n serves to i d e n t i f y the element. For the case of 
l i t h i u m , 

6 L i + n 4He(2055 keV) + 3H(2727 keV) (1) 

while f o r the boron case 94 percent of the r e a c t i o n s are 
1 0 B + n 4He(l472 keV) + 7Li (840 keV) + gamma-ray (478 kev) (2) 

and 6 percent of the r e a c t i o n s (8) proceed as 
1 0 B + n 4He(1776 keV) + 7Li (1013 keV) (3) 

Four elements, L i , Be, B, and Na, are p a r t i c u l a r l y w e l l s u i t e d 
fo r the NDP technique since t h e i r neutron cross s e c t i o n s are q u i t e 
l a r g e , V e l a t i v e t o other p a r t i c l e - p r o d u c i n g r e a c t i o n s . In p r i n c i p a l , 
there are e s s e n t i a l l y no i n t e r f e r e n c e s and p r o f i l i n g i s p e r m i s s i b l e 
f o r a l l host m a t e r i a l s . In p r a c t i c e , however, there are background 
c o n t r i b u t i o n s from energetic e l e c t r o n s and photons when ana l y z i n g 
m a t e r i a l s that contain elements wi t h l a r g e (n,photon) cross s e c t i o n s . 

To o b t a i n a depth p r o f i l e , a w e l l - c o l l i m a t e d beam of thermal 
neutrons i s used to uniformly i l l u m i n a t e a sample volume. While most 
of the neutrons pass through the sample without i n t e r a c t i n g , those 
s i t e s c o n t a i n i n g r e a c t i v e atoms w i l l capture an oc c a s i o n a l neutron 
and act as an i s o t r o p i c source of mono-energetic charged p a r t i c l e s . 
The p a r t i c l e s t r a v e l outward i n e s s e n t i a l l y s t r a i g h t paths and lo s e 
energy through numerous i n t e r a c t i o n s w i t h the e l e c t r o n s of the 
matrix. The d i f f e r e n c e between the well-known i n i t i a l energy of the 
p a r t i c l e and i t s r e s i d u a l energy upon emerging from the surface of 
the sample i s a d i r e c t measure r e l a t i n g the depth of o r i g i n f o r the 
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p a r t i c l e s ( i . e . , the s i t e of the parent atom). The t a r g e t chamber i s 
kept under vacuum so that no a d d i t i o n a l energy i s l o s t from the par
t i c l e t r a v e l i n g between the sample surface and the d e t e c t o r . The 
low-energy neutron beam, about 10~ 2 eV per neutron, c a r r i e s very 
l i t t l e momentum, consequently; the r e a c t i o n center of mass i s concen
t r i c w i t h the s i t e of the parent atom and matrix damage i s minimized 
during the a n a l y s i s . In a worst case, where an e n t i r e 10 n/s beam 
i s stopped by boron r e a c t i o n s i n a sample, the temperature increase 
would only be a few °C/hr, even assuming there i s no heat removal. 
Such a example would co n t a i n the equivalent of a few m i l l i m e t e r s 
thickness of pure 1 0 B . The amount of boron consumed during a 
t y p i c a l a n a l y s i s i s only a few tens-of-thousand atoms. 

The depth corresponding t o the measured energy f o r the emitted 
p a r t i c l e i s determined by using the c h a r a c t e r i s t i c stopping power of 
the m a t e r i a l , as compiled by Z i e g l e r (9) and others (10), or by e s t i 
mating the stopping power f o r compounds using Bragg's law (JM_) f o r 
the a d d i t i o n of the stopping powers of i n d i v i d u a l elemental con
s t i t u e n t s . Mathematically
energy can be expressed

x i s the path l e n g t h t r a v e l e d by the p a r t i c l e through the 
matrix m a t e r i a l , E Q i s the i n i t i a l energy of the p a r t i c l e , 
E(x) i s the energy of the emerging p a r t i c l e , and S(E) 
represents the stopping power of the m a t e r i a l . 

Spectra. The energy spectrum i s c o l l e c t e d from the p a r t i c l e s emitted 
from a l l depths simultaneously using a s i l i c o n surface b a r r i e r detec
t o r , e l e c t r o n i c a m p l i f i e r s , an a n a l o g - t o - d i g i t a l converter and a 
multichannel analyzer. A reference pulse i s fed i n t o the e l e c t r o n i c s 
to monitor the s t a b i l i t y of the system thus a l l o w i n g c o r r e c t i o n s t o 
be made should e l e c t r o n i c d r i f t occur during the course of the mea
surement. S p e c i f i c systems are described i n the references 
(1-4,6,7,12-17). By using computer-based data a c q u i s i t i o n systems, 
the depth p r o f i l e can be di s p l a y e d at the time of a n a l y s i s . 

Examples of the detected energy s p e c t r a from three boron 
c o n t a i n i n g s t r u c t u r e s are shown i n Figure 1. Figure 1(a) i s the 
energy spectrum of a 2 nanometer t h i c k , surface deposit of boron on a 
n i c k e l s u b s t r a t e . Figure 1(b) shows the energy d i s t r i b u t i o n of par
t i c l e s from a 660 nanometer t h i c k b o r o s i l i c a t e g l a s s (BSG) f i l m on a 
s i l i c o n wafer s u b s t r a t e . Both f i g u r e s show the f o u r - f o l d redundancy 
(see Equations (2) and (3)) of depth p r o f i l e s f o r a boron c o n t a i n i n g 
m a t e r i a l . The 1472 keV alpha p a r t i c l e or i t s 840 keV ' L i r e c o i l 
p a r t i c l e are t y p i c a l l y used f o r the p r o f i l e determinations because of 
t h e i r higher i n t e n s i t y , however the remaining two peaks can serve t o 
confirm the r e s u l t s . Figure 1(c) shows only the energy spectrum of 
the 1472 keV alpha f o r a borophosphosilicate (BPSG) f i l m w i t h a 
p e r i o d i c concentration v a r i a t i o n from the surface down to the g l a s s -

dE/S(E) (4) 

E(x) 

where 
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Figure 1. Energy p r o f i l e s of p a r t i c l e s emitted by the , UB 
r e a c t i o n f o r (a) a 2 nm t h i c k surface d e p o s i t i o n , (b) a 660 nm 
t h i c k b o r o s i l i c a t e g l a s s f i l m on S i , and (c) the e x c i t e d s t a t e 
alpha p a r t i c l e s from a borophosphosilicate g l a s s f i l m , 1200 nm 
t h i c k . 
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s i l i c o n i n t e r f a c e . The t o t a l thickness of t h i s f i l m i s about 1.2 
micrometers. 

R e s o l u t i o n . The broadening of the peaks i n Figure 1(a) i s p r i m a r i l y 
due to the energy r e s o l u t i o n of the detector and a s s o c i a t e d e l e c 
t r o n i c s . In a d d i t i o n t o the detector r e s o l u t i o n , other f a c t o r s that 
c o n t r i b u t e to the depth r e s o l u t i o n i n c l u d e : i ) small angle s c a t t e r 
in g of p a r t i c l e s i i ) energy s t r a g g l i n g of the p a r t i c l e s and i i i ) the 
non-zero acceptance angle of the detector g i v i n g a spread i n path-
lengths f o r p a r t i c l e s from the same depth. These c o n t r i b u t i o n s to the 
r e s o l u t i o n are t r e a t e d by Biersack, et a l . (18). 

Each m a t e r i a l has a c h a r a c t e r i s t i c stopping power and t h e r e f o r e 
the r e s o l u t i o n and the depth of p r o f i l i n g w i l l vary i n d i f f e r e n t 
m a t e r i a l s . The l i t h i u m p a r t i c l e from the boron r e a c t i o n i s heavier 
than i t s alpha counterpart and u s u a l l y l o s e s energy more r a p i d l y 
a l l o w i n g greater depth r e s o l u t i o n ; however, the alpha p a r t i c l e s have 
the greater range and consequently a l l o w deeper p r o f i l e s to be 
obtained. 

The f u l l width at h a l
p r o f i l e obtained from th
con i s t y p i c a l l y a few tens of nanometers. On the other hand, pro
tons from the 2 2 N a ( n , p ) 2 2 N e r e a c t i o n give a r e s o l u t i o n on the order 
of a few hundred nanometers, but can be used to p r o f i l e 30 to 40 
micrometers i n depth. However, since p a r t i c l e emission i s i s o t r o p i c , 
the detector can be placed at an angle w i t h respect t o the normal of 
the sample surface to view the longer p a r t i c l e pathlengths. The 
depth r e s o l u t i o n i s improved i n t h i s f a s h i o n (18,19). Small con
c e n t r a t i o n v a r i a t i o n s i n the f i r s t nanometer of a sample surface can 
be i d e n t i f i e d by comparing the spectrum of a homogeneous sample, d i f 
f e r e n t i a t e d w i t h respect to concen t r a t i o n , to the d i f f e r e n t i a t e d 
spectrum of an unknown sample. Deconvolution algorithms used t o 
unfold the system response f u n c t i o n from c o l l e c t e d energy s p e c t r a 
(1 ,12,20-23) have provided improvement i n depth r e s o l u t i o n by 
g r e a t l y reducing system r e s o l u t i o n broadening. 

A noteworthy aspect of the NDP technique i s that the chemical or 
e l e c t r i c a l s t a t e of the t a r g e t atoms has an incons e q u e n t i a l e f f e c t on 
the measured p r o f i l e . Only the concentration of the major elements 
i n the m a t e r i a l need to be known to e s t a b l i s h the depth s c a l e through 
t h e i r stopping powers. 

Elemental S e n s i t i v i t i e s . The number of counts c o l l e c t e d i n a data 
channel, of energy width AE, i s d i r e c t l y p r o p o r t i o n a l to the concen
t r a t i o n of ta r g e t atoms l o c a t e d w i t h i n that corresponding depth 
i n t e r v a l . Upon c a l i b r a t i n g a f a c i l i t y f o r a given i s o t o p e , concen
t r a t i o n s can be measured f o r t h a t isotope i n subsequent samples, 
independent of the matrix, the concentration l e v e l , or l o c a t i o n 
w i t h i n the depth that induced p a r t i c l e s can escape the sample 
su r f a c e . 

Table I l i s t s s e v e r a l p r o p e r t i e s f o r t a r g e t atoms and the 
d e t e c t i o n l i m i t s using the NDP f a c i l i t y at the NBS 20 MW r e a c t o r . 
Isotopes w i t h charged p a r t i c l e cross s e c t i o n s of about a barn or 
greater are given. The d e t e c t i o n l i m i t s l i s t e d i n Table I were c a l 
c u l a t e d assuming 0.1 counts per second detected and an acceptance 
s o l i d angle of 0.1 percent. 
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Figure 2 de p i c t s the depth versus r e s i d u a l energy curves 
obtained by ev a l u a t i n g equation (4) f o r p a r t i c l e s emitted by 2(a) 
b e r y l l i u m i n g a l l i u m arsenide, 2(b) boron i n s i l i c o n , and 2(c) sodium 
i n s i l i c o n d i o x i d e . Assuming a p r a c t i c a l p r o f i l i n g depth of two 
micrometers f o r the case of boron i n s i l i c o n and using the d e t e c t i o n 
l i m i t value from Table I , boron concentrations down to the 4 ppm 
l e v e l can be ac c u r a t e l y measured. The time r e q u i r e d f o r an a n a l y s i s 
i s a f u n c t i o n of the element and the d e s i r e d accuracy. A boron 
implant dose of 1 x 10 5 atoms per cm t y p i c a l l y takes about 8 hours 
to o b t a i n 1 percent p r e c i s i o n at most points along the curve of the 
p r o f i l e . Since the background s i g n a l i s almost n e g l i g i b l e , a sample 
could be counted f o r tens of hours to o b t a i n the r e q u i r e d d e f i n i t i o n 
i n the p r o f i l e shape. 

A p p l i c a t i o n 

The development of the neutron depth p r o f i l i n g technique has been 
motivated by the importanc f boro  i  both o p t i c a l d microelec
t r o n i c m a t e r i a l s . Boro
conductor device f a b r i c a t i o
a p p l i e d as an organometallic or i n vapor phase d e p o s i t i o n g l a s s e s . 
NDP has both good s e n s i t i v i t y f o r boron and an adequate s p a t i a l 
r e s o l u t i o n t o the depth of a few micrometers. I t i s used both as a 
stand-alone technique and i n a complimentary r o l e w i t h a v a r i e t y of 
other a n a l y t i c a l methods. A b r i e f survey i s made using a p p l i c a t i o n s 
to demonstrate the c a p a b i l i t i e s of NDP. 

Implantation. Z i e g l e r and co-workers (1,14,24,25) introduced NDP 
by determining the range and shape of boron i m p l a n t a t i o n d i s t r i b u 
t i o n s i n i n t r i n s i c and doped s i l i c o n wafers. With the r e s u l t a n t pro
f i l e s , they were able to c a l c u l a t e d i f f u s i o n c o e f f i c i e n t s f o r boron 
i n c r y s t a l l i n e , amorphous, and arsenic-doped s i l i c o n . Since l i t t l e 
experimental data e x i s t e d f o r the case of boron to judge the v a l i d i t y 
of the current range t h e o r i e s , the shape of the boron p r o f i l e s from 
NDP were of great i n t e r e s t . NDP and other techniques have since been 
able to show that a Pearson IV model rather than a gaussian p r o f i l e 
i s r e q u i r e d to describe a c c u r a t e l y the implant d i s t r i b u t i o n 
(21,26-28). 

In subsequent experiments, Biersack, et a l . (29) used the boron 
(n,alpha) r e a c t i o n to show the e f f e c t of pre- and p o s t - i r r a d i a t i o n 
damage on boron i m p l a n t a t i o n p r o f i l e s . By p o s t - i r r a d i a t i n g a boron 
implant i n s i l i c o n w i t h 200 keV H 2

+, a mig r a t i o n of the boron t o the 
induced damage s i t e s was observed. In the same paper, d i f f u s i o n and 
trapping of l i t h i u m ions i n niobium were reported. Using the l i t h i u m 
(n,alpha) r e a c t i o n , they mapped i r r a d i a t i o n induced c r y s t a l defects 
through a depth of s e v e r a l micrometers w i t h respect t o s e v e r a l sample 
treatment c o n d i t i o n s . 

An advantage of NDP i s brought out i n both of the above 
a p p l i c a t i o n s . The thermal neutron probe induces n e g l i g i b l e damage to 
the m a t e r i a l e i t h e r through s p u t t e r i n g of the sample s u r f a c e , as 
observed wi t h SIMS, or by a l t e r a t i o n of the matrix. The neutrons 
ca r r y an i n s i g n i f i c a n t amount of momentum i n t o the m a t e r i a l and the 
induced r e a c t i o n s are of such low i n t e n s i t y that r a d i a t i o n damage i s 
a l s o n e g l i g i b l e . This allows samples to be subjected t o d i f f e r e n t 
processing c o n d i t i o n s and to be stu d i e d at each stage. The sample 
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DEPTH,Mm 

Figure 2. P l o t of the r e s i d u a l p a r t i c l e energy versus depth f o r 
(a) 7Be i n GaAs, (b) 1 0 B i n s i l i c o n , and (c) 2 2 N a i n SiO . 
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may a l t e r n a t i v e l y be passed to another a n a l y t i c a l method to o b t a i n 
complimentary data on the m a t e r i a l . A n a l y s i s of the same sample by 
d i f f e r e n t methods allows extensive experimental t e s t i n g of p o s s i b l e 
v a r i a b i l i t y between samples or even across a s i n g l e sample. As a 
r e s u l t , NDP has been used as a refe r e e technique f o r other methods of 
a n a l y s i s (30). I f r a d i o a c t i v i t y from a c t i v a t a b l e elements i s formed, 
the sample should not be placed i n a sput t e r i n g - t y p e instrument thus 
avoiding p o s s i b l e contamination of s e n s i t i v e d e t e c t o r s . This i s c e r 
t a i n l y not the case f o r s i l i c o n wafers and most other e l e c t r o n i c 
m a t e r i a l s due to t h e i r small neutron a c t i v a t i o n cross s e c t i o n s . 

Some of the features observed f o r the 'as-measured 1 NDP p r o f i l e 
are i l l u s t r a t e d i n Figure 3. Curve 3(a) i s an NDP p r o f i l e f o r a 70 
keV 1 0 B i n s i l i c o n at a t o t a l dose of 4 x 1 0 1 5 atoms per cm 2. To 
prevent c h a n n e l l i n g , the implant (30) was made nominally 7° o f f 
normal i n s i l i c o n cut perpendicular to the <111> s u r f a c e . Curve 3(b) 
i s the same wafer a f t e r being annealed at 1000 °C f o r 30 minutes. The 
d i f f u s i o n broadening bounded by the surface i s c l e a r l y apparent. The 
apparent boron concentratio  abov  th  surfac  i  a r t i f a c t f th
detector r e s o l u l t i o n . O
the s u r f a c e . A small u n i n t e n t i o n a
f i l l e d annealing furnace allowed a t h i n f i l m of S i 0 2 t o grow on the 
s i l i c o n wafer su r f a c e . The segregation c o e f f i c i e n t of boron between 
S i and S i 0 2 favors movement i n the S i 0 2 d i r e c t i o n . Boron, as a con
sequence, was ex t r a c t e d from the bulk S i wafer, g i v i n g r i s e t o the 
boron peak i n the S i 0 2 . 

Boron p r o f i l e s by NDP i n cadmium mercury t e l l u r i d e , an important 
i n f r a r e d detector m a t e r i a l , have been measured by R y s s e l , et a l . (31) 
and Vodopyanov, et a l . (32). Cervena, et a l . (23) used NDP to study 
the i m p l a n t a t i o n p r o f i l e s of 1 0 B i n s e v e r a l p h o t o r e s i s t s used i n 
masking operations and to determine range values f o r implants i n 
sev e r a l types of grown or deposited S i 0 2 f i l m s . 

I n t e r f a c i a l P r o f i l i n g . Neutron depth p r o f i l i n g i s w e l l s u i t e d f o r 
measurements across i n t e r f a c i a l boundaries. K v i t e k et a l . (20) and 
others (16,17,21,30) have s t u d i e d p r o f i l e s of boron implanted and 
d i f f u s e d across the i n t e r f a c i a l region of S i / S i 0 2 . Other NDP e x p e r i 
ments (33t34) have been described f o r i n t e r f a c e s of s i l i c o n , s i l i 
con d i o x i d e or metal on metal, where d i f f u s i o n d i s t r i b u t i o n s and 
segregation c o e f f i c i e n t s were s t u d i e d . 

Knowledge of stopping powers f o r the major elemental 
c o n s t i t u e n t s i s the primary requirement to e s t a b l i s h the depth s c a l e . 
Figure 4 d e p i c t s an NDP p r o f i l e of boron across an S i 0 2 - S i i n t e r 
f a c e . Boron was implanted t o a dose of 1 x 10 1" atoms per cm at 70 
keV i n t o a s i l i c o n wafer that had 0.2 micrometers of thermally grown 
S i 0 2 covering the su r f a c e . The ' L i p a r t i c l e energy spectrum from the 

B(n,alpha)'Li r e a c t i o n was used f o r t h i s p r o f i l e t o increase the 
depth r e s o l u t i o n . Notice the smooth t r a n s i t i o n of the as-implanted 
boron concentration across the i n t e r f a c i a l region represent by curve 
4(a). Although the FWHM depth r e s o l u t i o n i s on the order of 10-15 
nanometers, i t i s c l e a r that no d i s c o n t i n u i t y e x i s t s at the i n t e r f a c e 
of the two m a t e r i a l s . Curve 4(b) shows the same reg i o n p r o f i l e d 
again a f t e r annealing the sample f o r 30 minutes at 1000 °C (30). 
At the mean depth of the o r i g i n a l implant, a r e s i d u a l peak remains. 
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F igure 4. NDP depth p r o f i l e s f o r a 70 keV 1 U B implant to a dose 
of 1 x 1 0 1 ° i n an S i wafer covered wi th a 0.2 micrometer f i l m of 
thermal ly grown S i 0 2 (a) as deposi ted and (b) a f t e r a 30 minute 
anneal at 1000 ° C . 
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The s o l i d s o l u b i l i t y of boron i n s i l i c o n had been exceeded i n the 
o r i g i n a l implant which i s suspected (35) to give r i s e t o Si-B com
pounds. Since the d i f f u s i v i t y of boron i s much l e s s i n s i l i c o n 
d i o x i d e than i n s i l i c o n , the boron on the s i l i c o n s i d e of i n t e r f a c e 
migrates i n t o the bulk s i l i c o n w h i l e the boron on the S i 0 2 s i d e of 
the i n t e r f a c e remains e s s e n t i a l l y immobile during the annealing. The 
segregation c o e f f i c i e n t of boron between S i and S i 0 2 favors the S i 0 2 

which accounts f o r the increase i n boron concentration at the 
i n t e r f a c e analogous to the e f f e c t seen i n Figure 3(b). 

A recent report by Matsumura, et a l . (15,36) discusses the use 
of the NDP method to i n v e s t i g a t e the d i f f u s i v i t y of boron i n hydro-
genated amorphous s i l i c o n (a-Si:H), an important m a t e r i a l i n s o l a r 
c e l l production. Using a p - i - n , i . e . , p - t y p e / i n t r i n s i c / n - t y p e , 
l a y e r e d amorphous s i l i c o n s t r u c t u r e , the boron from the 60 nanometer 
t h i c k p-type l a y e r was observed to d i f f u s e i n t o the un d e r l y i n g 
undoped a-Si:H l a y e r . From these measurements, they were able t o 
c a l c u l a t e the a c t i v a t i o n energy and d i f f u s i o n c o e f f i c i e n t f o r boron 
i n a-Si:H (the l a t e r bein  dramati  twelv  order f magnitud
l a r g e r than f o r c r y s t a l l i n
r a t e of boron-doped s o l a

Channel B l o c k i n g . Matrix-charged p a r t i c l e detectors (26) are used 
with the NDP technique to determine both the energy and l a t e r a l p o s i 
t i o n of emitted p a r t i c l e s i n channel b l o c k i n g experiments. The minor 
damage i n c u r r e d from thermal neutron induced r e a c t i o n s i s n e g l i g i b l e 
when compared to RBS which bombards the sample w i t h h i g h l y e n e r g e t i c 
charged p a r t i c l e s . I t t h e r e f o r e seems appropriate that one of the 
f i r s t a p p l i c a t i o n s of NDP was to e s t a b l i s h the depth and l a t t i c e 
p o s i t i o n of dopants i n s i n g l e c r y s t a l m a t e r i a l s (2,37). 

Using NDP, Fink, et a l . (38) have reported v a r i a t i o n s i n the 
l a t t i c e p o s i t i o n of the dopant atoms with respect t o the depth and 
temperature treatment f o r boron implants i n s i l i c o n . One example, 
where a boron implant of 1 x 100 atoms per cm was made at 120 keV 
and annealed at 1000 °C f o r one hour, showed that two-thirds of the 
boron atoms l o c a t e d near the average range of the implant remained 
unordered. The remaining o n e - t h i r d atoms i n that r e g i o n were shown 
to be i n t e r s t i t i a l . The f u r t h e r from the average range of the 
implanted atoms, both above and below the plane, the more n e a r l y sub
s t i t u t i o n a l the boron atoms were i n the matrix. The l a r g e s t compo
nent of the t o t a l boron implanted i n these r e g i o n s , however, remained 
randomly l o c a t e d i n the l a t t i c e . 

I n the past, researchers (39) have used etchable acetate f o i l s 
t o map the channel b l o c k i n g p a t t e r n , somewhat analogous to the 
nuclear t r a c k technique (NTT) method of p a r t i c l e counting, however 
q u a n t i t a t i v e a n a l y s i s becomes tedious w i t h t h i s method and l i t t l e 
depth in f o r m a t i o n i s obtained. A review of channel b l o c k i n g by NDP 
fo r boron i n s i l i c o n i s presented by Fi n k , et a l . (38). 

Thin Films and Leaching. M a t e r i a l s f o r o p t i c a l waveguides and f i b e r 
o p t i c s depend on uniform composition to prevent changes i n the 
r e f r a c t i v e index of the m a t e r i a l , which can reduce the i n t e n s i t y of 
s i g n a l transmissions. S i m i l a r m a t e r i a l s are used i n t h i n , i n s u l a t i n g 
overcoats on e l e c t r o n i c devices. The high s o l u b i l i t y and m o b i l i t y of 
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boron and l i t h i u m i n these t e c h n o l o g i c a l l y important m a t e r i a l s make 
them s u s c e p t i b l e to l e a c h i n g during wet processing, annealing at e l e 
vated temperatures, and during the c u t t i n g or p o l i s h i n g of s u r f a c e s . 
R i l e y , et a l . (40) have s t u d i e d some of the e f f e c t s processing steps 
can have on boron i n the near surface r e g i o n of f i b e r - o p t i c - g r a d e 
g l a s s e s . Using NDP, SIMS, NTT, and prompt gamma a c t i v a t i o n a n a l y s i s 
(PGAA) to q u a n t i f y and map the boron d i s t r i b u t i o n , they were able t o 
show that a s i g n i f i c a n t amount of l e a c h i n g occurs w i t h i n the f i r s t 
few micrometers of the samples. 

Figure 5 shows boron depth p r o f i l e s f o r a b o r o s i l i c a t e g l a s s 
which demonstrate the l e a c h i n g e f f e c t . Curve 5(a) i s from the sur
face of a f r e s h l y broken gl a s s representing a homogeneous boron d i s 
t r i b u t i o n . Curve 5(b) i s the g l a s s surface a f t e r a smooth saw cut 
was made using an aqueous coolant. The l e a c h i n g of boron from the 
near surface i s obvious and can be a t t r i b u t e d to the a c t i o n of the 
water during the c u t t i n g step. In t h e i r study, R i l e y , et a l . demon
s t r a t e d t h a t l e a c h i n g could be avoided by s u b s t i t u t i n g a g l y c o l based 
l i q u i d f o r the water coolant durin  th  cut

For a s u f f i c i e n t l y t h i
s i l i c o n water, a s i n g l e
t h i c k n e s s , the d i s t r i b u t i o n p r o f i l e , and the t o t a l amount of boron 
present. A f t e r treatment to d r i v e out trapped r e a c t i o n products and 
voids i n the g l a s s , any boron or other mass lo s s e s can be q u a n t i f i e d . 
A l s o , the e f f e c t of r e f l o w i n g the glass f i l m on the o r i g i n a l boron 
p r o f i l e can be i d e n t i f i e d (7). 

Synergism 

The major a t t r i b u t e s of the NDP technique alone are i l l u s t r a t e d 
through the preceding s e c t i o n s ; however, the e f f e c t i v e n e s s of other 
surface a n a l y s i s techniques can be enhanced through i n t e r a c t i o n w i t h 
NDP. 

SIMS. Secondary i o n mass spectrometry has b e t t e r s e n s i t i v i t y than 
NDP i n most a p p l i c a t i o n s , however the SIMS concentration determina
t i o n i s on a r e l a t i v e s c a l e and i s not always l i n e a r . On the other 
hand, NDP i s capable of independently measuring the absolute concen
t r a t i o n f o r s e v e r a l of the key l i g h t elements, which i n t u r n can be 
used to c a l i b r a t e the SIMS s i g n a l . P r e s e n t l y , SIMS can achieve 
better s p a t i a l r e s o l u t i o n ( l a t e r a l and depth) as w e l l , s i n c e i t 
slowly creates a f r e s h l y formed surface to analyze. However, matrix 
e f f e c t s can d i s t o r t the depth and concentration s c a l e s . Such 
matrices r e q u i r e m u l t i p l e c o r r e c t i o n s (4J_) and s p e c i a l experimental 
c o n s t r a i n t s to e x t r a c t accurate i n f o r m a t i o n from the 1 as-measured 1 

spectrum. When an a l y z i n g i n s u l a t i n g m a t e r i a l s , e s p e c i a l l y f o r sodium, 
and where major chemical gradients occur, such as at i n t e r f a c i a l 
boundaries, spurious e f f e c t s are prominent f o r SIMS during the f i r s t 
nanometer or so of p r o f i l i n g . NDP i s capable of i d e n t i f y i n g some of 
the problem areas and can o f f e r q u a n t i t a t i v e s o l u t i o n s . Downing, et 
a l . (42) coupled these techniques to c o r r e c t the enhanced s i g n a l 
response observed by SIMS f o r both elements during an i n v e s t i g a t i o n 
of bismuth r e d i s t r i b u t i o n i n t i n . 

An experiment by E h r s t e i n , et a l . (30) compared the response 
of NDP, SIMS, and SRP f o r boron i n s i l i c o n and across s i l i c o n / s i l i c o n 
oxide boundaries. Discrepancies were observed between the techniques 
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Figure 5. B depth p r o f i l e s by NDP d e p i c t i n g (a) the f r e s h l y 
broken b o r o s i l i c a t e g l a s s sample and (b) the n e a r - s u r f a c e of the 
g l a s s a f t e r a smooth cut i n an aqueous media. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



176 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

i n the depth s c a l e s , and the responses to the im p l a n t a t i o n f e a t u r e s , 
which were only p a r t i a l l y r e s o l v e d and r e q u i r e f u r t h e r i n v e s t i g a t i o n s 
to f u l l y c l a r i f y . 

SRP. Spreading r e s i s t a n c e p r o f i l i n g measures the response of the 
dopant atoms that r e s i d e at e l e c t r i c a l l y a c t i v e s i t e s i n the l a t t i c e . 
Combining NDP and SRP allows one to d i s t i n g u i s h dopants, such as 
boron, that are a c t i v a t e d i n t o e l e c t r i c a l l y a c t i v e s i t e s from those 
l o c a t e d i n nonactivated s i t e s , such as i n p r e c i p i t a t e s or i n t e r s t i -
t i a l s . Therefore, the techniques can be used t o s e l e c t treatment 
methods that best a c t i v a t e the boron dopant and t o provide informa
t i o n on the regions where n o n - e l e c t r i c a l l y a c t i v e dopant r e s i d e s . 

Another a p p l i c a t i o n of the combined techniques i s i n the study 
of overlapping dopants. When one element of a dopant p a i r i s pro-
f i l a b l e by NDP, SRP would measure the combined response of both 
dopants, whereas NDP would map only the boron d i s t r i b u t i o n . Sub
t r a c t i n g the d i s t r i b u t i o n , each dopant p r o f i l e could be determined 
independent of the other

One of the advantage
a b i l i t y of NDP to p r o f i l  dopant
t o r s such as CdHgTe (CMT) (31>32,39) and PbSnTe (PTT) (39). 
I n t r i n s i c semiconductor l a t t i c e s are not w e l l s u i t e d f o r SRP measure
ments except under s p e c i a l c o n d i t i o n s . E h r s t e i n , et a l . (30) 
f u r t h e r discusses the a t t r i b u t e s and the measurement discrep a n c i e s 
that e x i s t between the techniques when p r o f i l i n g i n s i l i c o n - b a s e d 
m a t e r i a l s . 

RBS. Rutherford b a c k s c a t t e r i n g and neutron depth p r o f i l i n g share 
s e v e r a l p r i n c i p a l s of measurement and approaches t o s p e c t r a l deconvo-
l u t i o n . They both r e l y on the accuracy of the stopping power values 
f o r t h e i r depth s c a l e s and upon the energy r e s o l u t i o n of charged par
t i c l e energy analyzers f o r depth r e s o l u t i o n . RBS i s a more v e r s a t i l e 
technique s i n c e , i n p r i n c i p l e , a l l elements can be s t u d i e d . I t uses 
an e x t e r n a l source of charged p a r t i c l e s to probe the sample i n s t e a d 
of depending on the l i m i t e d number of neutron-induoed charged par
t i c l e r e a c t i o n s a v a i l a b l e t o NDP. However, due t o the physics of a 
p a r t i c l e s c a t t e r i n g technique l i k e RBS, l i g h t elements important to 
the semiconductor i n d u s t r y ( i . e . , B, L i , Be) are d i f f i c u l t to 
r e s o l v e , i n the energy spectrum, from the s i g n a l produced by the 
heavier elements such as s i l i c o n . I t f o l l o w s that NDP can be used t o 
complement RBS i n analyses where both heavy and l i g h t dopants (or 
contaminants) are present. Studies can be envisioned t o i n v e s t i g a t e 
the e f f e c t of d i s t r i b u t i o n s of heavy species on the d i f f u s i o n , get
t e r i n g or i m p l a n t a t i o n of the l i g h t e r atoms, while using the same 
specimen r e p e t i t i v e l y . 

RBS and NDP have used the Channel b l o c k i n g technique t o 
determine the presence of d i s l o c a t e d atoms i n an ordered l a t t i c , 
B i e r s a c k , et a l . (2,37) describe the c o n f i g u r a t i o n of a NDP channel 
b l o c k i n g system. In a comparison of channel b l o c k i n g measurements 
between RBS and NDP, Fink, et a l . (38) observed that r a d i a t i o n 
induced m i g r a t i o n of boron can occur during the RBS measurement. The 
r a d i a t i o n damage i s a t t r i b u t e d t o the r e c o i l of the l a t t i c e atoms 
from the high energy protons used as the RBS probe. Using NDP, a 
more accurate understanding of the sample i s obtained and measurement 
a r t i f a c t s of the RBS technique can be i n v e s t i g a t e d . 
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Summary 

Neutron depth p r o f i l i n g has been a p p l i e d i n many areas of e l e c t r o n i c 
m a t e r i a l s r e s e a r c h , as d i scussed here and i n the r e f e r ences . The 
s i m p l i c i t y of the method and the i n t e r p r e t a t i o n of data are 
d e s c r i b e d . Major po in t s to be made f o r NDP as an a n a l y t i c a l t e c h 
nique i n c l u d e : i ) i t i s nondes t ruc t ive ; i i ) i s o t o p i c concen t ra t ions 
are determined q u a n t i t a t i v e l y ; i i i ) p r o f i l i n g measurements can be 
performed i n e s s e n t i a l l y a l l s o l i d m a t e r i a l s , however depth r e s o l u 
t i o n and depth of a n a l y s i s are m a t e r i a l dependent; i v ) NDP i s capable 
of p r o f i l i n g across i n t e r f a c i a l boundaries; and v) there are few 
i n t e r f e r e n c e s . 

S i g n i f i c a n t improvements i n s e n s i t i v i t y w i l l r e q u i r e more 
in tense neutron sources . Systems us ing l a r g e r s o l i d angles f o r par 
t i c l e c o l l e c t i o n w i l l a l l o w more e f f i c i e n t use of the present neutron 
f l u e n c e s . Be t t e r a lgor i thms f o r the deconvo lu t ion of system response 
from the energy spectrum w i l l be necessary as w e l l . Both NDP and RBS 
w i l l bene f i t as the energ  r e s o l u t i o f charged p a r t i c l  de t ec to r
improves w i t h a correspondin
(3) have designed a charge
system tha t should improve the energy r e s o l u t i o n , w h i l e reduc ing the 
photon induced background l e v e l s . 

F i n a l l y , the development of two- and th ree -d imens iona l neutron 
depth p r o f i l i n g should be p o s s i b l e through the use of p o s i t i o n s e n s i 
t i v e de tec to r s and i o n o p t i c s , p r o v i d i n g an even more advanced t o o l 
f o r the f u r t h e r unders tanding of m i c r o e l e c t r o n i c m a t e r i a l s . 
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10 
Thermal-Wave Measurement of Thin-Film Thickness 

Allan Rosencwaig 

Therma-Wave, Inc., Fremont, CA 94539 

We have develope
thickness of semiconductor thin films that i s 
nondestructive, noncontact and that can make 
measurements with 2-μm spat i a l resolution on 
both opt i c a l l y opaque and opt i c a l l y 
transparent films. This method i s based on 
the use of high-frequency thermal waves. 

Thin-film thickness measurements are of considerable importance 
i n semiconductor device processing. Direct measurements of the 
geometric thickness of a thin film require either microscopic 
examination of a cross-sectioned sample, a destructive procedure, 
or a profilometer (stylus) measurement of a step height, a 
contact procedure. Several noncontact, nondestructive methods 
are also available, although these are a l l indirect measurements 
of the geometric fil m thickness and therefore require either 
knowledge of several material parameters i n conjunction with a 
comprehensive model, or more commonly, careful calibration with 
known standards. The most common of these noncontact indirect 
methods include optical interferometry and optical ellipsometry 
for optically transparent films, eddy current and r e s i s t i v i t y 
probes for metallic films, and beta backscatter and x-ray 
fluorescence for certain metallic and other op t i c a l l y opaque 
films. None of the above noncontact methods i s widely 
applicable, and in particular none i s suitable for both the 
op t i c a l l y opaque and optic a l l y transparent films used in 
semiconductor processing. We have developed a new method, 
u t i l i z i n g high-frequency thermal waves, that i s noncontact, 
nondestructive and that can be used for most, i f not a l l , 
semiconductor thin films, including o p t i c a l l y opaque and 
opt i c a l l y transparent films. In addition, the thin-film 
thickness measurements can be performed with high s p a t i a l 
resolution, that i s , down to a 2-um spot size. 

I t i s well known from photoacoustic theory (1) that one can, 
with thermal waves, obtain information about the thermal 
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characteristics of a sample as a function of depth beneath i t s 
surface. Although there has been some experimentation in thermal 
wave depth p r o f i l i n g , (2-3) t h i s capability has not been 
extensively exploited, primarily because of the lack of adequate 
theoretical models. The recent model of Opsal and Rosencwaig (4) 
(OR model) shows how depth p r o f i l i n g and multilayer thickness 
analysis can be performed from thermal-wave measurements using 
either surface temperature or thermoacoustic probes, and allows 
for a f u l l e r exploitation of this depth-profiling capability. 
There have also been experimental impediments to thermal-wave 
p r o f i l i n g . For example, i n many cases one would l i k e to operate 
outside of a photoacoustic c e l l , to employ a completely 
contactless method for thermal-wave generation and detection, and 
to couple thickness measurements with high spatial resolution, 
t h i s last requirement necessitating the use of high frequency 
(>100 kHz) thermal waves. 

To date, only the thermoacousti  probe  which detect  th
thermoacoustic signals arisin
variations set up withi  sampl
thermal waves are propagating, has been used routinely for 
detecting high-frequency ( i . e . , megahertz regime) thermal waves. 
(5) The thermoacoustic detection methodology has found important 
applications i n thermal-wave imaging at high spat i a l resolution, 
where micron-sized thermal waves are needed, as in the study of 
semiconductor materials and devices. (5-7) The use of a 
thermoacoustic probe to detect the reflection and scattering of 
the thermal waves from the thermal features suffers, however, 
from the major drawback of requiring acoustic coupling between 
the sample and an ultrasonic transducer. In the analysis of 
semiconductor materials and devices, one would l i k e to operate i n 
an open environment, employ completely contactless methods for 
thermal-wave generation and detection, and be able to make 
measurements or obtain images at high sp a t i a l resolution. 

To satisfy a l l the above requirements one needs to u t i l i z e 
lasers for both the generation and the detection of the thermal 
waves. The generation i s , of course, straightforward. The 
detection i s more involved, performed either by interferometric 
detection of the thermoelastic displacements of the sample 
surface or by laser detection of the l o c a l thermoelastic 
deformations of the surface. A l l the other methods for thermal-
wave detection suffer from either being limited to low modulation 
frequencies or from needing contact to the sample. 

There have been some i n i t i a l studies of thermal-wave 
detection using the techniques described above. Ash and his 
colleagues have performed some imaging experiments with the laser 
interferometric technique, (8-11) while Amer and his colleagues 
have used both the laser interferometric and a laser deflection 
(surface deformation) technique for spectroscopic studies on 
amorphous s i l i c o n . (12-13) These various investigations were a l l 
performed at low to moderate modulation frequencies (<100 kHz) 
only. 
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We have developed a laser beam deflection technique which, 
although similar to the method employed by Amer's group, d i f f e r s 
i n several important respects. (14-15) In particular, our method 
employs highly focused heating and probe laser beams, both 
incident normal to the sample surface, and the experiments are 
performed at high modulation frequencies of up to 10 MHz. 

Figure 1 depicts the experimental arrangement that we use. 
The 488-nm beam of a 100-mW Ar+ ion laser i s intensity-modulated 
with an acousto-optic modulator, directed through a beam 
expander, and then focused to a 2-4um diam spot on the sample. 
This i s the heating beam, and i t has a sample incident power of 
-30 mW. The 633-nm beam of a 5-mW He-Ne laser, the probe beam, 
i s directed through a beam expander, a polarizing beam s p l i t t e r 
and quarterwave plate, reflected off a dichroic mirror, and then 
focused onto a 2-4um diam spot on the sample with an incident 
power of ~2mW. The two laser spots are displaced ~2um from each 
other at the sample surface  Th  488-n  heatin  bea  ref l e c t
back on i t s e l f , while th
deflection arising from
the sample surface. The reflected probe beam passes through the 
quarterwave plate again, and since i t i s 90° out of phase from 
the beam leaving the He-Ne laser, i t i s directed by the 
polarizing beam s p l i t t e r to the b i c e l l photodetector, which 
measures the periodic deflections of the probe beam. Unlike the 
laser interferometric technique, which measures lo c a l surface 
displacements i n the v e r t i c a l direction, the laser probe method 
measures changes in the loca l slope of the surface as depicted i n 
Figure 2. 

With the apparatus depicted in Figure 1, we are able to 
detect, at a 1-MHz modulation frequency, changes in the lo c a l 
surface slope \n Al that result from l o c a l surface displacements 
of ~10""I*A/(HZ)2« We have presented the basic theory underlying 
the thermoelastic deflection probe technique elsewhere. (15) 
Here we s h a l l discuss some of the results that we have obtained 
with this technique for the measurement of thin f i l m thickness. 

F i r s t l e t us consider the signals obtained on bulk Al and Si 
with a view to understanding the roles of the thermal expansion 
coefficient and the thermal lens effect. Since Al and S i have 
comparable thermal d i f f u s i v i t i e s (k/pC), the surface temperatures 
in these two materials w i l l be comparable under the same heating 
conditions. S t i l l the beam deflection from an Al surface i s 
approximately ten times greater than from a Si surface because of 
the difference i n thermal expansion coefficient. Using a more 
complete model that accounts for optical r e f l e c t i v i t i e s , f i n i t e 
absorption depths, and f i n i t e probe beam diameters, we have 
calculated the relative laser beam deflections from Al and Si as 
a function of modulation frequency. The results shown by the 
dashed curves i n Figure 3 are found to be i n excellent agreement 
with the experimental results plotted as open c i r c l e s on the same 
figure. 

Thermal lens effects occur in the a i r above the sample 
surface and within any layer of the sample that i s not op t i c a l l y 
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F i g u r e 2. S c h e m a t i c d e p i c t i o n o f p h y s i c a l p r o c e s s e s 
a f f e c t i n g t h e l a s e r p r o b e beam f o r an o p a q u e 
h o m o g e n e o u s s a m p l e i n c l u d i n g t h e r m o e l a s t i c 
d e f o r m a t i o n o f t h e a i r - s a m p l e i n t e r f a c e a n d t h e r m a l 
l e n s e f f e c t s i n t h e a i r a b o v e t h e s a m p l e . 
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opaque. Even though these thermal lenses have only micron-sized 
dimensions at the high modulation frequencies employed, their 
refractive power i s s t i l l considerable since the normalized 
refractive-index gradient n~Hdn/dx) = -e(dT/dx) across the lens 
i s now quite high, e being of the same order as the thermal 
expansion coefficient of a s o l i d . Also, even though the probe 
laser beam i s incident normal to the sample surface, i t strikes 
the thermal lens off-axis and thus undergoes refraction i n both 
incident and reflected directions. Consequently, the theory 
predicts, and we find experimentally, that the thermal lens 
effect can be appreciable for some materials such as S i . 

For a i r at 1 atm and 0°C, e = 1.1 x 10" 6/ C, and thus the 
rat i o of thermal lens effect to surface deflection effect for S i 
i s -0.6 and for Al i s -0.05. However, nonlinear effects due to 
higher temperatures (to be discussed later) w i l l tend to reduce 
these ratios. Figure 3 presents comparisons with experiments for 
a complete calculation (tha  include  nonlinearities) unde
vacuum, where there i s n
and in a i r , where there
The agreement between theory and experiment i s excellent. Note 
that the somewhat stronger dependence on frequency predicted for 
the thermal lens effect i s observed experimentally in that i t s 
contribution to the t o t a l measurement decreases with increasing 
frequency. 

In these thermal-wave experiments dc and ac temperature 
excursions can range from 30°C to several hundred degrees, 
depending on the sample's thermal characteristics. With such 
temperature of the various excursions, the dependence on 
temperature of the various thermal, o p t i c a l , and e l a s t i c 
parameters has to be considered as well. In general, the most 
c r i t i c a l parameters appear to be the refractive index and the 
thermal conductivity. The index of refraction of a i r i s given 
by, (16) 

n = 1 + "o- 1 P (1) 
l + a v

T 

where n 0 = 1.003 i s the index of refraction of a i r at 0°C, T i s 
the temperature above 0°C, a v = 3.66 x 10"3/°C i s the volume 
thermal expansion coefficient, and P i s the normalized pressure 
of the a i r . Thus for temperature excursions in a i r of 10-100°C, 
e w i l l decrease by 30-50*. In addition, for most solids the 
temperature dependence of the thermal conductivity at our 
operating temperatures i s given by, (17) 

where k 0 i s the thermal conductivity at T = 0°C, T i s the 
temperature above 0°C and, 8|< i s a temperature coefficient. 
Temperature excursions of 50-100°C i n Si where Bk = 7.1 x 10-3/°C, 
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decrease k by 30-60X. These temperature effects on e and k 
introduce appreciable nonlinearities in the model that cannot be 
neglected. 

Optical effects w i l l , of course, play an important role i n 
these experiments as well. For example, in S i we have to take 
into account the optical absorption length (~lpm) for the 488-nm 
Ar+ ion laser l i g h t . Optical r e f l e c t i v i t i e s must also be 
included. In addition, when dealing with op t i c a l l y transparent 
films such as SiQ2, optical interference effects within the film 
have to be considered as well. Figure 4 schematically depicts 
the situation encountered for an Si02 f i l m on S i . Here we see 
the thermoelastic deformations of both the Si-Si02 and the 
Si02-air surfaces, the thermal lenses in both the Si02 and the 
a i r , and the optical interference effects on the probe beam in the 
Si02 f i l m . Note that the thermal lenses have opposite signs i n 
a i r and Si02 because of the opposite signs of their respective e's. 

When a l l the therma
are properly included i
quantitative tool for measuring the thickness of thin films. 
This i s i l l u s t r a t e d in Figure 5, where we show theoretical curves 
and data obtained for single films of Al on Si and for double 
films of Al and Si02 on S i . We have used the magnitude of the 
thermal-wave signal rather than the phase i n these measurements, 
since the magnitude has a greater dynamic range and can be 
measured more precisely. The data in Figure 5 are i n excellent 
agreement with the theory both for the single and double films. 
The precision of the readings obtained with a 1-sec averaging 
time and 1-MHz modulation frequency translates to a thickness 
s e n s i t i v i t y of +2* over the thickness range of 500-25,000 A for 
these films. 

In Figure 6 we show the theoretical curves and the data for 
a series of transparent Si02 on S i . Although Si-Si02 on Si i s 
only a single fi l m problem, the theory i n this case must include 
thermoelastic deformations at both the Si-Si02 and the Si02-air 
interfaces, thermal lens effects in both the Si02 and the a i r , 
and optical interference effects in the Si02 (see Figure 4). The 
f i t between theory and experiment i s , with a l l this complexity, 
quite good, indicating that transparent as well as opaque films 
can be measured with this thermal-wave technique. The thickness 
s e n s i t i v i t y for Si02 films on Si appears to be +2% over the 
500-15,000 A range. 

This s e n s i t i v i t y i s , of course, the precision of the 
measurement based on signal:noise considerations, and i t does not 
r e f l e c t the absolute accuracy of the measurement. As with other 
noncontact, nondestructive methods, the thermal-wave technique 
provides an indirect measure of the geometric fil m thickness, and 
absolute accuracy must rely on either an accurate knowledge of 
the relevant physical parameters, or, as i s common with the other 
methods, the use of calibration standards. In analyzing the data 
presented here we have used a rather complete (and complex) 
theoretical model to explain our experimental data, and thereby 
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provide a firm theoretical basis for our method. Similarly, 
complex theoretical models are needed to account for all of the 
effects that play a role in any of the other indirect measurement 
techniques. In practice, however, the use of suitable calibra
tion standards greatly simplifies the modeling requirements for 
all of the methods including the thermal wave technique. 
Finally, it should be noted that when the thickness of a thin 
film is known, then the thermal-wave signal can be used to 
characterize the composition or uniformity of the thin film 
material. 
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Characterization of Materials, T h i n Films, and Interfaces 
by Optical Reflectance and Ellipsometric Techniques 

D. E. Aspnes 

Bell Communications Research, Inc., Murray Hill, NJ 07974 

Reflectance-base
niques offer the advantages of high energy resolu
tion and sensitivity to both macrostructural and 
microstructural effects while nondestructively pro
viding real-time information with the sample in any 
transparent ambient. Experimental and analytical 
methods are discussed, and examples are given to 
illustrate representative applications to problems 
of current interest in semiconductor technology. 

Reflectance-based optical characterization techniques such as 
polarimetry, ellipsometry, and specular, modulated, and 
scattered-light reflectometry derive information about a sample 
from the component of incident flux returned by the optical 
impedance mismatch between sample and ambient. Despite an his
torical head start, fundamental limitations on resolving power 
and instrument-imposed limitations on wavelength tuning ranges 
cause reflectance-based optical techniques to be intrinsically 
less powerful than the more sophisticated electron- and ion-
scattering spectroscopies that have been developed over the last 
few years. However, optical capabilities have also advanced. 
Significant progress has been made in a number of areas including 
automation, spectral scanning capabilities, and data analysis. 
The properties of rather complicated laminar and microscopically 
inhomogeneous samples can now be determined routinely from their 
measured optical behavior. At the same time, optical techniques 
retain their standard advantages of the generality of being able 
to obtain data in any transparent ambient, the convenience of 
being able to obtain these data in air or air-pressure environ
ments, the energy resolution to determine alloy compositions to 
within fractions of a percent, the submonolayer surface sensi
tivity necessary to optimize cleaning procedure and to monitor 
film growth even in the initial stages of film formation, and 
finally the capability of being able to obtain these data nondes
tructively. The last advantage is particularly important, 
because the sample or material is not affected by the measurement 
and can be used for further purposes. 
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T h i s paper i s intended to gi v e a b r i e f overview of 
r e f l e c t a n c e - b a s e d o p t i c a l c h a r a c t e r i z a t i o n techniques and t h e i r 
a p p l i c a t i o n s to determining sample p r o p e r t i e s . The next s e c t i o n 
deals with g e n e r a l p r i n c i p l e s , and i n c l u d e s comments about 
i n s t r u m e n t a t i o n and a n a l y t i c methods. The r e s t of the paper con
s i s t s of r e p r e s e n t a t i v e examples. Other a p p l i c a t i o n s can be 
found i n s e v e r a l recent reviews and symposium proceedings ( 1 - 5 ) . 
Length l i m i t a t i o n s preclude e x tensive d i s c u s s i o n s ; r e f e r e n c e s 
should be co n s u l t e d f o r f u r t h e r d e t a i l s . 

General P r i n c i p l e s 

The k i n d of i n f o r m a t i o n provided by r e f l e c t a n c e - b a s e d o p t i c a l 
data depends on whether the measurement i s specular or nonspecu-
l a r and on the s p e c t r a l range i n v o l v e d . Nonspecular ( s c a t t e r e d 
l i g h t ) data c a r r y i n f o r m a t i o n about macroscopic, s p a t i a l l y 
r e s o l v a b l e e x t r i n s i c f e a t u r e s such as p i t s , s c r a t c h e s , or p a r t i 
c u l a t e contamination. Th  c h a r a c t e r i s t i  dimension f thes
f e a t u r e s must be of th
len g t h 1 = 0.61X, wher

Specular data c a r r y i n f o r m a t i o n about i n t r i n s i c p r o p e r t i e s 
such as the atomic and e l e c t r o n i c s t r u c t u r e of m a t e r i a l s as w e l l 
as e x t r i n s i c i n f o r m a t i o n about m i c r o s t r u c t u r e and the th i c k n e s s e s 
of f i l m s and i n t e r f a c e s . Throughout t h i s paper, s t r u c t u r e , 
m i c r o s t r u c t u r e , and macrostructure w i l l r e f e r to l o c a l atomic 
c o n f i g u r a t i o n s , g r a i n s whose s i z e s are small compared to the 
wavelength of l i g h t yet s u f f i c i e n t l y l a r g e to r e t a i n t h e i r own 
d i e l e c t r i c i d e n t i t y , and f e a t u r e s l a r g e r than the Rayleig h 
l e n g t h , r e s p e c t i v e l y . S t r u c t u r e determines the v i b r a t i o n a l l i n e s 
i n the i n f r a r e d ( i r ) , while m i c r o s t r u c t u r e and e l e c t r o n i c energy 
l e v e l s determine the d i e l e c t r i c response i n the v i s i b l e - n e a r 
u l t r a v i o l e t (v-uv). F i l m t h i c k n e s s e s a f f e c t phase s h i f t s and can 
cause i n t e r f e r e n c e o s c i l l a t i o n s i n a l l regions of the o p t i c a l 
spectrum. T h i s i n f o r m a t i o n i s encoded most c l e a r l y i n the 
wavelength dependence of the r e f l e c t e d s i g n a l . 

Instrumentation l i m i t a t i o n s c r e a t e a n a t u r a l d i v i s i o n 
between the i r and the v-uv. I r photodetectors have low s e n s i 
t i v i t i e s and high i n t r i n s i c n o ise l e v e l s . F o u r i e r transform 
i n f r a r e d (FTIR) spectrometers overcome these l i m i t a t i o n s by 
a l l o w i n g a l l wavelengths to impinge on the d e t e c t o r simultane
o u s l y and s e p a r a t i n g them i n the data r e d u c t i o n process. V-uv 
photodetectors have high s e n s i t i v i t i e s and very low i n t r i n s i c 
n o i s e l e v e l s and t y p i c a l l y operate i n the shot-noise l i m i t where 
the noise i s determined by the l i g h t f l u x i t s e l f . Here, 
wavelength m u l t i p l e x i n g provides no advantages and can s a t u r a t e 
d e t e c t o r s . Therefore, v-uv systems are t y p i c a l l y quasimono-
chromatic with the wavelength tunable over a f i n i t e range. The 
speed advantage of m u l t i p l e wavelength d e t e c t i o n can be r e a l i z e d 
i n the v-uv by c o u p l i n g the d i s p e r s i n g element (prism or g r a t i n g ) 
to a l i n e a r d e t e c t o r a r r a y . 

Numerous methods have been used to measure and analyze 
s p e c u l a r l y r e f l e c t e d l i g h t . A b r i e f review of general concepts 
w i l l p l a c e these i n b e t t e r p e r s p e c t i v e . Information i n a mono-
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chromatic beam i s contained i n the complex amplitudes E and E 
x y 

of the p r o j e c t i o n s of the e l e c t r i c f i e l d E p a r a l l e l and perpen
d i c u l a r , r e s p e c t i v e l y , to the plane of i n c i d e n c e . The i n c i d e n t 
components E* and E* are transformed by r e f l e c t i o n to the 

r e f l e c t e d components E° = r E* and E° — r E* where r and r 
p p p s s s ' p s 

are the complex r e f l e c t a n c e c o e f f i c i e n t s . At any given 
wavelength, these two c o e f f i c i e n t s completely d e s c r i b e the 
r e f l e c t a n c e p r o p e r t i e s of a s p e c u l a r sample t h a t i s l a t e r a l l y 
i s o t r o p i c no matter how complicated the s t r u c t u r e normal to the 
s u r f a c e may be. P o l a r i m e t r y i s the o p t i c a l technique t h a t deals 
with the amplitudes and the r e l a t i v e phase of r p and r g . E l l i p -
sometry deals only with the r e l a t i v e amplitude and r e l a t i v e 
phase, u s u a l l y represented as the complex r e f l e c t a n c e r a t i o 
p = r p / r

s
 = ( t a n ^ ) e * ^ . Reflectometry deals only with the ampli

tudes R_ — I r I 2 , R = I r I 2 , while modulated r e f l e c t o m e t r y 
p p ' s s

deals with changes induce
a p p l i e d p e r t u r b a t i o n s such as e l e c t r i c f i e l d s . 

Some of the many d i f f e r e n t instrument c o n f i g u r a t i o n s t h a t 
have been proposed to o b t a i n these data have been d i s c u s s e d by 
Hauge (6J . The t e c h n i c a l d i f f i c u l t i e s a s s o c i a t e d with a c c u r a t e l y 
measuring amplitudes and r e l a t i v e phase simultaneously are f o r 
midable, so p o l a r i m e t r y i s not p r e s e n t l y a v i a b l e technique. 
S p e c t r o s c o p i c e l l i p s o m e t r y (SE) i s r a p i d l y becoming the dominant 
spe c u l a r technique i n the v-uv because two p i e c e s of i n f o r m a t i o n 
are obtained i n each measurement, and accuracy i s not d i f f i c u l t 
to achieve. E l l i p s o m e t r i c data are r e l a t i v e l y u n a f f e c t e d by 
source i n t e n s i t y f l u c t u a t i o n s or by a r t i f a c t s caused by l i g h t 
s c a t t e r i n g from the s u r f a c e s of m a c r o s c o p i c a l l y rough samples. 
Accurate data are more d i f f i c u l t to o b t a i n i n normal-or near-
normal-incidence reflectometry than i n e l l i p s o m e t r y , but the 
i n s t r u m e n t a t i o n i s much simpler, the computational burden i s 
much l e s s , and the r e s u l t s are r e l a t i v e l y u n a f f e c t e d by f o c u s i n g 
the probe beam to small spot s i z e s . Consequently, r e f l e c t o m e t r y 
and i t s modulated and s c a t t e r e d - l i g h t v a r i a t i o n s are i d e a l l y 
s u i t e d f o r o b t a i n i n g s p a t i a l l y r e s o l v e d i n f o r m a t i o n over l a r g e 
sample areas i n a s h o r t time. Reflectometry and modulated 
r e f l e c t o m e t r y are a l s o dominant i n i r spectroscopy, where the 
presence or absence of a p a r t i c u l a r v i b r a t i o n a l l i n e i s more 
important than i t s d e t a i l e d shape. 
A n a l y s i s of Laminar and M i c r o s t r u c t u r a l l y Inhomogeneous Samples. 
Much recent a t t e n t i o n has been d i r e c t e d to the problem of d e t e r 
mining the c h a r a c t e r i s t i c s of laminar samples and m i c r o s c o p i c a l l y 
inhomogeneous m a t e r i a l s from t h e i r o p t i c a l p r o p e r t i e s . The s c i 
ence (or a r t ) of o p t i c a l data a n a l y s i s i s t h a t of c o n s t r u c t i n g 
models t h a t a c c u r a t e l y reproduce the measured f u n c t i o n s of r p and 
r g f o r g i v e n samples f o r as many d i f f e r e n t c o n d i t i o n s as p o s s i 
b l e . Independent v a r i a b l e s may i n c l u d e wavelength, angle of 
i n c i d e n c e , index of r e f r a c t i o n of the ambient medium, or combina
t i o n s t h e r e o f . Models are i d e a l i z e d r e p r e s e n t a t i o n s of a c t u a l 
sample c o n f i g u r a t i o n s . T h e i r p r o p e r t i e s are mathematically 
evaluated u s i n g the F r e s n e l r e f l e c t a n c e expressions (7_) , which 
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d e s c r i b e wave propagation i n laminar c o n f i g u r a t i o n s , e f f e c t i v e 
medium t h e o r i e s (8J, which d e s c r i b e the d i e l e c t r i c responses of 
m i c r o s c o p i c a l l y inhomogeneous m a t e r i a l s , l e a s t - s q u a r e s r e g r e s s i o n 
a n a l y s i s (9.), which allows the b e s t - f i t values, c o r r e l a t i o n s , and 
confidence l i m i t s of the f r e e parameters of the model to be 
determined s y s t e m a t i c a l l y , and accurate r e f e r e n c e data f o r the 
d i e l e c t r i c f u n c t i o n s of the model c o n s t i t u e n t s , which provide the 
foundation from which the model p r o p e r t i e s are evaluated. T y p i 
c a l f r e e parameters i n c l u d e f i l m and i n t e r f a c e t h i c k n e s s e s , and 
compositions, d e n s i t i e s , and degrees of c r y s t a l l i n i t y of micros
c o p i c a l l y inhomogeneous m a t e r i a l s . The d i e l e c t r i c f u n c t i o n s of 
these m a t e r i a l s a l s o depend on m i c r o s t r u c t u r a l d e t a i l s such as 
g r a i n shapes t h a t cannot be measured d i r e c t l y , but the u n c e r t a i n 
t i e s a s s o c i a t e d with these ambiguities can be estimated with 
r e c e n t l y d e r i v e d l i m i t theorems (J_0) . 

Data a n a l y s i s i s u s u a l l y performed i n two d i s t i n c t ways. 
In the f i r s t , the measured f u n c t i o n of r and r serves as the 

p s 
template to which the
the model takes and th
adjusted u n t i l the best f i t i s obtained. Success ( c r e d i b i l i t y ) 
i s measured by the s i z e of the confidence l i m i t s and by the accu
racy to which the model a c t u a l l y r e p r e s e n t s the data. In the 
second, the equations r e p r e s e n t i n g the model are sol v e d u s i n g the 
o p t i c a l data f o r one ( r e f l e c t o m e t r y ) or two ( e l l i p s o m e t r y ) of the 
f r e e parameters f o r each combination of independent v a r i a b l e s , 
and the form of the model and the remaining f r e e parameters are 
adjusted u n t i l a r t i f a c t s such as wavelength-dependent f i l m 
t h i c k n e s s e s or i n t e r f e r e n c e - r e l a t e d s t r u c t u r e i n r e f r a c t i v e 
i n d i c e s v a n i s h . Here, success i s measured by the extent to which 
such a r t i f a c t s can be e l i m i n a t e d . 

Both approaches r e q u i r e a model, t h a t i s , assumptions to 
be made about the nature of the sample. While independent 
knowledge or the data themselves can o f t e n provide the informa
t i o n needed to e s t a b l i s h the gross f e a t u r e s of a model, a general 
weakness of o p t i c a l c h a r a c t e r i z a t i o n methods i s t h a t c o n s i d e r a b l e 
p h y s i c a l i n s i g h t may be r e q u i r e d to p r o p e r l y c o n s t r u c t a model 
t h a t a c c u r a t e l y represents the f i n e r d e t a i l s of a sample and i t s 
spectrum. I t should be obvious t h a t the more data, the b e t t e r ; 
only a very l i m i t e d amount of i n f o r m a t i o n can be obtained from a 
s i n g l e combination of independent v a r i a b l e s , and except p o s s i b l y 
f o r extremely simple or otherwise w e l l c h a r a c t e r i z e d samples, 
such i n f o r m a t i o n should be cons i d e r e d suspect because no c r o s s 
checks are prov i d e d to e s t a b l i s h i t s r e l i a b i l i t y . For these r e a 
sons, a s p e c t r o s c o p i c c a p a b i l i t y i s v i r t u a l l y e s s e n t i a l f o r the 
a n a l y s i s of complicated samples. However, single-wavelength 
measurements may be adequate f o r measurements on growing f i l m s 
where f i l m t h i c k n e s s i s the independent parameter, although the 
recent development of r a p i d - s c a n i n s t r u m e n t a t i o n may soon allow 
s p e c t r o s c o p i c measurements to be performed under dynamic c o n d i 
t i o n s (11) . 

Examples 

Surface and Sample Q u a l i t y . A focused-spot r e f l e c t o m e t e r capable 
of determining macroscopic i m p e r f e c t i o n s and p a r t i c u l a t e contami-
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n a t i o n on a 4 i n . semiconductor wafer i n 10 s has r e c e n t l y been 
d e s c r i b e d (Y2). The sample i s r o t a t e d and t r a n s l a t e d to scan a 
focused l a s e r beam over i t s s u r f a c e . The l i g h t s c a t t e r e d by 
macroscopic p a r t i c l e s and d e f e c t s i s c o l l e c t e d by a l a r g e -
aperture l e n s . The d e t e c t o r t h r e s h o l d may be set to d i s c r i m i n a t e 
among d i f f e r e n t s c a t t e r i n g s t r e n g t h s . A t y p i c a l s e r i e s of scans 
of the same wafer at d i f f e r e n t t h r e s h o l d s e t t i n g s i s shown i n 
F i g u r e 1. P a r t i c l e s i z e s down to f r a c t i o n s of a micron can be 
d e t e c t e d with t h i s technique. 

By u s i n g a near-uv l a s e r , the same instrument can a l s o 
determine m i c r o s t r u c t u r a l p r o p e r t i e s such as the degree of c r y -
s t a l l i n i t y or the c o n c e n t r a t i o n of twin boundaries i n amorphous 
(a-) S i (J_3) and s i l i c o n - o n - s a p p h i r e ( V U ) f i l m s , r e s p e c t i v e l y . 
These parameters c o r r e l a t e with the uv r e f l e c t a n c e because the 
d i e l e c t r i c p r o p e r t i e s of c r y s t a l l i n e ( c - ) , p o l y c r y s t a l l i n e ( p - ) , 
and a - S i are d i f f e r e n t . 

A l l o y Compositions and C a r r i e
tometry can be used to
c a r r i e r c o n c e n t r a t i o n s an y composition  sampl
fa c e . The p r i n c i p l e of the method can be understood by c o n s i d e r 
i n g the e l e c t r o r e f l e c t a n c e (ER) spectrum of the E 1 t r a n s i t i o n of 
Hg,|_ xCd xTe, x = 0.2, shown i n Figure 2 (J_5) . T h i s spectrum was 
obtained by a p p l y i n g a small audio-frequency v o l t a g e between an 
ohmic contact on the back of the sample and the KCl-water e l e c 
t r o l y t e i n which the sample was immersed. The modulating e l e c 
t r i c f i e l d i s developed i n the space charge r e g i o n adjacent to 
the s e m i c o n d u c t o r - e l e c t r o l y t e i n t e r f a c e . The t h r e s h o l d energy of 
the t r a n s i t i o n i s given by the zero c r o s s i n g of the s t r u c t u r e 
with r e s p e c t to the b a s e l i n e , here near 5200A. Since the t h r e s 
h o l d energy changes by about 1 eV across the a l l o y s e r i e s , the 
s e n s i t i v i t y of the c r o s s i n g wavelength, X Q , to x at x — 0.2 i s 
d\ Q/dx — 2300A. If the wavelength were set at the zero c r o s s i n g 
at a r e f e r e n c e p o i n t on the s u r f a c e , then a p o s i t i v e or negative 
s i g n a l would be present i f the value of x at a second p o i n t were 
gr e a t e r or l e s s than t h a t of the r e f e r e n c e , r e s p e c t i v e l y . A s i g 
n a l amplitude equal to 1% of the peak value near 5300A would 
correspond to a s h i f t by x by 0.0007. A contour map of the sam
p l e of F i g u r e 2 with compositional v a r i a t i o n s i n increments of 
0.2% i s shown i n F i g u r e 3 (15). 

The maximum value i t s e l f i s p r o p o r t i o n a l to the l o c a l c a r 
r i e r c o n c e n t r a t i o n i f the modulating f i e l d does not exceed the 
l o w - f i e l d l i m i t . T h e r efore, the s p a t i a l v a r i a t i o n of the c a r r i e r 
c o n c e n t r a t i o n can a l s o be mapped. The percentage d e v i a t i o n from 
a r e f e r e n c e value obtained i n t h i s way f o r a GaAs wafer i s shown 
i n F i g u r e 4 (_16_) . The p e n e t r a t i o n depth of l i g h t i n t h i s case 
was 150A, so t h a t the s p a t i a l v a r i a t i o n of the near-surface c a r 
r i e r c o n c e n t r a t i o n was measured. Information about depth u n i f o r 
mity can be obtained by choosing wavelengths where the penetra
t i o n depths are d i f f e r e n t . T h i s method i s a p p l i c a b l e f o r c a r r i e r 
c o n c e n t r a t i o n s i n the range of 1 0 1 6 — 1 0 1 8 cm - 3. 
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Figure 1. Particulate-contamination scans of the same wafer with 
d i f f e r e n t threshold s e n s i t i v i t i e s . (Reproduced with permission 
from Ref, 12. Copyright 1983 RCA Review.) 

4800 5000 5200 o 5400 5600 
WAVELENGTH (A) 

Figure 2. E l e c t r o l y t e ER spectrum of Hg 0.8 c d0.2 T e near the 
t r a n s i t i o n . (Reproduced with permission from Ref. 1_5. Copyright 
1978 American I n s t i t u t e of Physics.) 

X (mm) 

Figure 3. V a r i a t i o n i n composition of a Hg xCdi_ xTe sample. Con
tours d i f f e r by 0.2%. (Reproduced with permission from Ref. 15. 
Copyright 1978 American I n s t i t u t e of Physics.) 
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Thickness Determinations i n Laminar Systems. From now on, a l l 
samples w i l l be assumed to be l a t e r a l l y uniform. The simplest 
c h a r a c t e r i z a t i o n task i s to determine the t h i c k n e s s of f i l m s 
where the d i e l e c t r i c p r o p e r t i e s of the f i l m s and s u b s t r a t e s are 
a l r e a d y known. Data from single-wavelength e l l i p s o m e t e r s can be 
used to s o l v e model equations f o r t h i c k n e s s e s of t r a n s p a r e n t 
f i l m s , modulo a repeat t h i c k n e s s A/2n, with submonolayer s e n s i 
t i v i t i e s (7J. I f the f i l m s are more than about 100A t h i c k , then 
both t h i c k n e s s and r e f r a c t i v e index can be obtained. However, 
too many unknowns are i n v o l v e d i f the f i l m s are o p t i c a l l y absorb
in g , and f o r very t h i n f i l m s the r e s u l t s are extremely s e n s i t i v e 
to the exact values of the d i e l e c t r i c p r o p e r t i e s of the s u b s t r a t e 
and i n t e r f a c e . A l s o , no cross-check i s obtained on the r e l i a b i l 
i t y of the s o l u t i o n . 

Comparative instruments u s i n g white l i g h t sources o f f e r a 
simple way to circumvent some of these d i f f i c u l t i e s i f modest 
(~10A) r e s o l u t i o n i s adequate (17-19). Comparative instruments 
r e l y on two r e f l e c t i o n s
sample. In a r e c e n t l y
the sample and r e f e r e n c
p - p o l a r i z e d component of the f i r s t becomes the s - p o l a r i z e d com
ponent of the second, and v i c e v e r s a . R e f l e c t a n c e e f f e c t s are 
e x a c t l y c a n c e l l e d at a l l wavelengths i f the f i l m t h i c k n e s s e s of 
r e f e r e n c e and sample are i d e n t i c a l . By p o s i t i o n i n g cross p o l a r 
i z e r s at the source and d e t e c t o r , regions on the sample where 
t h i s c o n d i t i o n i s met appear dark. I f the r e f e r e n c e f i l m t h i c k 
ness i s tapered, then a dark band appears where the f i l m 
t h i c k n e s s e s are equal. T h i s instrument provides d i r e c t readouts 
of t h i c k n e s s e s with no moving p a r t s . An imaging c a p a b i l i t y l i m 
i t e d only by depth of f i e l d i s a l s o p o s s i b l e f o r u n i f o r m i t y meas
urements over a wafer s u r f a c e (J_8). 

In one form of comparison r e f l e c t o m e t e r , a s i m i l a r 
d o u b l e - r e f l e c t a n c e geometry i s used but the r e f e r e n c e i s 
t r a n s l a t e d while the i n t e n s i t y i s monitored (J_9) . When the f i l m 
t h i c k n e s s e s are equal, two of the four o p t i c a l paths tha t r e s u l t 
when a l l p o s s i b l e combinations of f r o n t - and back-surface r e f l e c 
t i o n s are taken i n t o account are i d e n t i c a l and t h e r e f o r e add i n 
phase. T h i s g i v e s r i s e to an i n t e n s i t y maximum. A c c u r a c i e s are 
comparable to those a t t a i n a b l e with comparison e l l i p s o m e t e r s . 

Other a l t e r n a t i v e s i n v o l v e the a n a l y s i s of i n t e r f e r e n c e 
o s c i l l a t i o n s i n data taken as a continuous f u n c t i o n of 
wavelength, as shown f o r r e f l e c t a n c e i n F i g u r e 5 (2p_) . One spec
trum i s c a l c u l a t e d f o r a 5000A p - S i f i l m d e p o s i t e d on a 1000A 
S i 0 2 l a y e r t h e r m a l l y grown on a c - S i s u b s t r a t e , and the other f o r 
a 3000A oxide o v e r l a y e r on the p - S i f i l m . A s i g n i f i c a n t change 
i n wavelength dependence i s produced by the e x t r a l a y e r , i n d i c a t 
i n g t h a t m u l t i l a y e r as w e l l as s i n g l e l a y e r a n a l y s i s i s p o s s i b l e 
with t h i s approach. A scanning r e f l e c t o m e t e r u s i n g o p t i c a l 
f i b e r s f o r f l u x t r a n s m i s s i o n and determining f i l m t h i c k n e s s e s by 
the template approach i s d e s c r i b e d i n r e f . (21). A microminia
t u r i z e d v e r s i o n of t h i s system, with a l l e l e c t r o n i c and o p t i c a l 
components - i n c l u d i n g an o p t i c a l prism — mounted on a s i n g l e 
card f o r i n s e r t i o n i n t o the back plane of a minicomputer, has 
r e c e n t l y been d e s c r i b e d (22J. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



11. ASPNES Optical Reflectance and Ellipsometric Techniques 199 

GQAS 2756 (4100A) 

X (mm) 

Figure 4. V a r i a t i o n i n impurity concentration for a GaAs sample 
as determined by ER. Contours represent 1% increments, (Repro
duced with permission from Ref. 16. Copyright 1979 American 
I n s t i t u t e of Physics.) 
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Figure 5. Calculated r e f l e c t a n c e of a p o l y s i l i c o n m u l t i l a y e r 
stack with and without a surface oxide. (Reproduced with 
permission from Ref. 20. Copyright 1979 Journal of the O p t i c a l 
Society of America.) 
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M a t e r i a l s A n a l y s i s . The next l e v e l of complexity i n v o l v e s the 
measurement of d i e l e c t r i c p r o p e r t i e s f o r the determination of 
composition and m i c r o s t r u c t u r e as w e l l as t h i c k n e s s e s . Thin 
f i l m s are t y p i c a l l y m i c r o s c o p i c a l l y inhomogeneous with substan
t i a l f r a c t i o n s of g r a i n boundaries and void s , so t h e i r d i e l e c t r i c 
p r o p e r t i e s are r a r e l y equal to those of the corresponding m a t e r i 
a l s i n bulk form. As an example, the p s e u d o d i e l e c t r i c f u n c t i o n 
<€> = <€<,> + i < € 2 > f o r a p - S i f i l m d e posited by low pressure 
chemical vapor d e p o s i t i o n (LPCVD) i s shown i n Figure 6 (2_3). A 
p s e u d o d i e l e c t r i c f u n c t i o n i s an apparent d i e l e c t r i c f u n c t i o n c a l 
c u l a t e d i n the two-phase model, t h a t i s , without t a k i n g i n t o 
account the p o s s i b l e e x i s t e n c e of o v e r l a y e r s . For comparison, 
the imaginary p a r t , € 2, of the complex d i e l e c t r i c f u n c t i o n 
€ = €<! + i c 2 f o r c - S i i s shown i n Fig u r e 7 (24_) . I t i s c l e a r t h a t 
a s i g n i f i c a n t d i f f e r e n c e e x i s t s , and th a t a model must be 
developed to d e s c r i b e the apparent d i e l e c t r i c response of the p-
S i f i l m i n terms of i t s c o n s t i t u e n t s and m i c r o s t r u c t u r e . 

T h i s model can b
The s t r u c t u r e s at 3.4 an
contains c - S i . The broad background of the <* 2> peak centered 
near 3.5 eV shows t h a t the p - S i f i l m a l s o contains a - S i . The 
small amplitude of the <c> spectrum shows th a t the d e n s i t y of 
the p - S i f i l m must be l e s s than t h a t of c- and a - S i , i . e . , the 
f i l m contains an a p p r e c i a b l e f r a c t i o n of v o i d s . F i n a l l y , the low 
value of the 4.2 eV peak i n < « 2 > r e l a t i v e to t h a t at 3.4 eV 
shows t h a t the su r f a c e i s m i c r o s c o p i c a l l y rough. With the 
m i c r o s t r u c t u r e q u a l i t a t i v e l y e s t a b l i s h e d , the model can be ca s t 
i n mathematical form u s i n g effective-medium theory and the equa
t i o n s d e s c r i b i n g propagation i n laminar media. Then the f r e e 
parameters can be evaluated u s i n g the template approach and the 
ref e r e n c e data of Fi g u r e 7. The b e s t - f i t s p e c t r a obtained are 
shown as the dashed curves. The agreement between c a l c u l a t i o n 
and experiment over the e n t i r e range f o r both r e a l and imaginary 
p a r t s of <e> demonstrates t h a t the model indeed a c c u r a t e l y 
r e p r e s e n t s the sample. The f i l m i s found to c o n s i s t of ap p r o x i 
mately 14 ± 2 v o l . % c - S i and 25 ± 6 v o l . % voids ( l e a v i n g 
61 ± 8 v o l . % a - S i ) , and to be covered with a m i c r o s c o p i c a l l y 
rough o v e r l a y e r represented by 12 ± 3A of S i 0 2 . A n a l y s i s of 
data f o r s i m i l a r samples heat t r e a t e d at 950C f o r 1/2 h i n a PB r 3 

atmosphere showed t h a t the c r y s t a l l i n e f r a c t i o n i n c r e a s e d to 
57 ± 4 v o l . % and the v o i d f r a c t i o n decreased to 8 ± 1 v o l . %. 

Fig u r e 8 shows the r e s u l t s of an a n a l y s i s of SE data f o r a 
p- S i l a y e r d e p o s i t e d on a 1000A t h e r m a l l y grown oxide on a c - S i 
s u b s t r a t e and subsequently annealed at 1000C f o r 1/2 h (25). 
Here, the model equations were sol v e d f o r the d i e l e c t r i c f u n c t i o n 
of the p - S i l a y e r u s i n g the SE data, r e f e r e n c e data f o r the t h e r 
mal oxide and the c - S i s u b s t r a t e , and estimated values of the 
fr e e parameters ( f i l m t h i c k n e s s e s ) . The top curve shows th a t the 
fr e e parameters can be chosen so that a l l i n t e r f e r e n c e - r e l a t e d 
a r t i f a c t s can be completely e l i m i n a t e d to the accuracy of the 
measurement. T h i s demonstrates t h a t the model a c c u r a t e l y 
represents the sample. The lower curves show the e f f e c t s of 
small changes i n the values of the f r e e parameters, a l l o w i n g the 
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F i g u r e 6. E l l i p s o m e t r i c <e> s p e c t r u m f o r a sample, compared t o 
model c a l c u l a t i o n s . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 23. 
C o p y r i g h t 1981 A m e r i c a n I n s t i t u t e o f P h y s i c s . ) 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



202 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

s e n s i t i v i t y to be estimated d i r e c t l y . The bottom curve shows 
th a t a f i f t h phase, r e p r e s e n t i n g m i c r o s c o p i c roughness, must be 
i n c l u d e d . The t h i c k n e s s of t h i s m i c r o s c o p i c a l l y rough o v e r l a y e r 
i s 6.5 ± 1A. 

An example i l l u s t r a t i n g the n o n d e s t r u c t i v e a n a l y s i s of a 
l o c k e d - i n i n t e r f a c e i s shown i n F i g u r e 9 (26_) . Here, a s i m i l a r 
computation i s performed to y i e l d the d i e l e c t r i c f u n c t i o n of an 
e l e c t r o c h e m i c a l l y grown anodic oxide on a CdTe s u b s t r a t e where 
one of the f r e e parameters i s the t h i c k n e s s of an assumed i n t e r -
f a c i a l l a y e r of a-Te. I n t e r f e r e n c e - r e l a t e d a r t i f a c t s are minim
i z e d f o r 1.5 ± 2A of a-Te between s u b s t r a t e and oxide. S i m i l a r 
c a l c u l a t i o n s f o r HgTe, Hg Q 8

C c i 0 2 T e a n d H g 0 2 9 C d 0 7 1 T e s h o w e d 

0 ± 2A a-Te at these i n t e r f a c e s . The r e s u l t s demonstrated t h a t 
the r e l a t i v e l y l a r g e (~30A) amounts of a-Te t y p i c a l l y found at 
the i n t e r f a c e s between these m a t e r i a l s and t h e i r e l e c t r o c h e m i 
c a l l y grown anodic oxides by d e s t r u c t i v e analyses are a r t i f a c t s 
of i o n m i l l i n g . 

The f i n a l exampl
i c a l c h a r a c t e r i z a t i o n technique
t r a n s m i s s i o n e l e c t r o n microscopy (XTEM) g 
sample p r o p e r t i e s . F i g u r e 10 shows an XTEM cross s e c t i o n of the 
s u r f a c e r e g i o n of a c - S i wafer t h a t had been implanted with 
200 keV S i ions to a f l u e n c e of 1 x 1 0 1 6 cm""2 (27J. Implantation 
y i e l d e d a m u l t i l a y e r s t r u c t u r e c o n s i s t i n g of a s u r f a c e oxide, a 
mixed c- and a-Si subsurface r e g i o n , a r e l a t i v e l y unperturbed c-
S i channeling r e g i o n , and a s u b s t a n t i a l l y amorphized r e g i o n where 
the p e n e t r a t i n g ions came to r e s t . The sample p r o p e r t i e s deduced 
from an a n a l y s i s of 2.0-4.0 eV SE data and independently from 
XTEM micrographs compare as f o l l o w s (XTEM values given f i r s t ) : 
oxide t h i c k n e s s : 25A, 24 ± 3A; subsurface r e g i o n : t h i c k n e s s 
120 ± 20A, t h i c k n e s s and composition 119 ± 19A, 18 ± 3% a - S i ; 
channeling r e g i o n : t h i c k n e s s 550 ± 50A, 511 ± 21A; t e r m i n a t i o n 
r e g i o n : t h i c k n e s s 250 ± 50A, t h i c k n e s s and composition 270 ± 
30A, 79 ± 3% a - S i . The t h i c k n e s s r e s u l t s are i n e x c e l l e n t 
agreement. However, the o p t i c a l a n a l y s i s goes f u r t h e r , p r o v i d i n g 
a d d i t i o n a l i n f o r m a t i o n about the r e l a t i v e f r a c t i o n s of c r y s t a l 
l i n e and amorphous m a t e r i a l i n the d i f f e r e n t l a y e r s . 

Real Time A p p l i c a t i o n s . O p t i c a l c h a r a c t e r i z a t i o n techniques can 
provide unique i n f o r m a t i o n i n r e a l - t i m e a p p l i c a t i o n s i n v o l v i n g 
d e p o s i t i o n or e t c h i n g . L i n e - o f - s i g h t access to the sample by 
both i n c i d e n t and r e f l e c t e d beams i s r e q u i r e d . The use of 
r e f l e c t a n c e techniques to monitor m a t e r i a l removal, e.g., i n 
plasma r e a c t o r s , i s w e l l known (28J ; the examples s e l e c t e d here 
w i l l i l l u s t r a t e l e s s w e l l explored p o s s i b i l i t i e s i n d e p o s i t i o n . 

F i g u r e 11 shows a A—xf/ t r a j e c t o r y measured at 5471A f o r an 
a-Si f i l m d e p o s i t e d by CVD on a Si-^N^ s u b s t r a t e (29.). A f t e r i n i 
t i a l h e a t i n g to 580C, d e p o s i t i o n begins as i n d i c a t e d . As the 
t h i c k n e s s i n c r e a s e s , o p t i c a l contact to the s u b s t r a t e i s l o s t and 
the t r a j e c t o r y approaches the p o i n t corresponding to a - S i . The 
dashed curve shows the t r a j e c t o r y expected i f the f i l m were being 
d e p o s i t e d u n i f o r m l y . While the i n i t i a l and f i n a l p o i n t s agree, a 
l a r g e d i s c r e p a n c y occurs f o r intermediate coverages and p a r t i c u 
l a r l y d u r i n g the i n i t i a l stage of d e p o s i t i o n . T h i s discrepancy 
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) I i I I 1 1 1 1 1 1 I L 
1.5 20 2.5 

E (ev) 

Figure 8. Calculated £2 values for the p-Si layer i n a m u l t i l a y e r 
stack, c a l c u l a t e d as described i n text. (Reproduced with permission 
from Ref. 25. Copyright 1984 American P h y s i c a l Society.) 

1 i I i I i l i i 
2 3 4 5 6 

E(ev) 

Figure 9. Calculated d i e l e c t r i c p roperties of oxide on CdTe for 
d i f f e r e n t i n t e r f a c e thicknesses of a-Te. (Reproduced with per
mission from Ref. 26*. Copyright 1984 American I n s t i t u t e of 
Physics.) 
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11 13 15 17 19 

(deg) 

Figure 11. Evolution of A-\p t r a j e c t o r y for deposited S i f i l m . 
(Reproduced with permission from Ref. 2̂ 9. Copyright 1980 
Journal of C r y s t a l Growth.) 

i n d i c a t e s t h a t the f i l m does not grow u n i f o r m l y . I f one now 
assumes t h a t growth proceeds by a c c r e t i o n of m a t e r i a l as hemis
p h e r i c a l bumps centered at n u c l e a t i o n s i t e s s c a t t e r e d with some 
mean s e p a r a t i o n over the s u r f a c e , the d i e l e c t r i c response of the 
f i l m can be c a l c u l a t e d by s e p a r a t i o n s are shown as the dot-dashed 
curves. The r e s u l t s a c c u r a t e l y represent the data u n t i l the hem
ispheres c o a l e s c e and the f i l m begins to a c q u i r e the c h a r a c t e r i s 
t i c s of a uniform l a y e r . Thus not only i s the growth mechanism 
i d e n t i f i e d , but the mean d i s t a n c e between n u c l e a t i o n centers i s 
e s t a b l i s h e d to be of the order of 90A. Note t h a t the growth 
mechanism can a l r e a d y be i d e n t i f i e d a f t e r only two monolayers of 
m a t e r i a l have been d e p o s i t e d . 

A v a r i a t i o n of the above procedure has been used to o b t a i n 
i n f o r m a t i o n about the a l l o y compositions of growing f i l m s t h a t 
are l a t e r a l l y m i c r o s c o p i c a l l y homogeneous but inhomogeneous i n 
the d i r e c t i o n of f i l m growth. The growing f i l m i s modeled as a 
m u l t i l a y e r stack with the p r o p e r t i e s of a given l a y e r being 
determined from the e l l i p s o m e t r i c data and the p r e v i o u s l y d e t e r 
mined s o l u t i o n s f o r the u n d e r l y i n g l a y e r s . The r e s u l t s of an 
a n a l y s i s f o r an e p i t a x i a l A l x G a j As f i l m prepared by metal-
organic chemical vapor d e p o s i t i o n (MOCVD) on a GaAs s u b s t r a t e are 
shown i n F i g u r e 12 (.30J . The nominal composition of x — 0.25 was 
not reached u n t i l n e a r l y 700A of m a t e r i a l had been d e p o s i t e d . 
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d(A) 
Figure 12. Evolution of complex refractive index for AlxGa^_xAs 
film grown by MOCVD. Reproduced with permission from Ref. 30. 
Copyright 1981 Revue de Physique Appliquee.) 

When GaAs was deposited on A1Q 25Ga0 75A s' t n e P r ° P e r composition 
was found to be reached in 100A. The results were interpreted as 
evidence of loss of the reactants due to gettering on the chamber 
walls. The gas did not reach its nominal composition at the 
growing surface until the walls of the chamber had been 
saturated. The real-time control possibilities evident from this 
example are obvious. 

Conclusion 

The above examples are representative of the present capa
bilities of reflectance-based optical characterization tech
niques. Other applications can be found in the general refer
ences given in the introductory paragraphs. Ir reflectance has 
not been discussed, not from lack of examples (31. 32). but 
because the major fraction of reflectance characterization has 
been done in the v-uv. Additional progress and new applications 
can be expressed in all areas. 
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Measurement of the Oxygen and C a r b o n Content 
of Silicon Wafers by Fourier Transform I R 
Spectrophotometry 

Asian Baghdadi 

Semiconductor Materials and Processe  Division  National Burea f Standards
Gaithersburg, MD 20899 

Fourier transform infrared (FT-IR) spectrophotometry is 
a rapid, nondestructive characterization technique 
which is being increasingly applied on a large scale to 
the routine measurement of the oxygen and carbon con
tent of silicon wafers used for the fabrication of 
microelectronic devices. Control of the oxygen content 
is needed to achieve acceptable yields in modern device 
processing, particularly for those processes which 
utilize oxide precipitates to protect active regions of 
devices from contamination by metallic impurities dur
ing high-temperature processing. The interlaboratory 
reproducibility of the measurement is not adequate 
considering the degree of control of the oxygen that is 
required. This review focuses primarily on the mea
surement of oxygen and carbon in silicon and on methods 
for improving quantitative FT-IR absorption measure
ments on semiconductor wafers. 

The evolution of silicon processing technologies for producing very 
large-scale, high-density integrated circuits has resulted in more 
demanding starting material specifications, and has increased the 
need for nondestructive and inexpensive characterization techniques 
(J_) which can be applied routinely to measure the properties of s i l i 
con wafers in production quantities. Infrared absorption spectropho
tometry, using either dispersive or Fourier transform (FT-IR) instru
ments, is used for the characterization of both neutral (oxygen and 
carbon) and electrically active impurities (e.g., group III or group 
V elements, as well as some oxygen complexes) in silicon. Oxygen and 
carbon content measurements, which can be made at room temperature 
without damaging the wafers, are being widely used to control materi
al properties prior to high-temperature processing. 

This paper describes the configuration of oxygen and carbon 
impurities in silicon and techniques which can be used to improve the 
quality and quantitative accuracy of IR absorption spectra obtained 
on FT-IR instruments. It also discusses instrument-to-instrument 
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v a r i a t i o n s , as w e l l as d i f f e r e n c e s i n the s i l i c o n wafers themselves, 
which may a f f e c t the i n t e r l a b o r a t o r y r e p r o d u c i b i l i t y of oxygen c o n 
tent measurements on a s - r e c e i v e d s i l i c o n wafers . 

Oxygen and Carbon i n S i l i c o n 

The most common use of i n f r a r e d absorp t ion f o r the c h a r a c t e r i z a t i o n 
of s i l i c o n wafers f o r m i c r o e l e c t r o n i c s p r o c e s s i n g i s fo r the d e t e r 
minat ion of the i n t e r s t i t i a l oxygen and, to a much l e s s e r e x t e n t , 
s u b s t i t u t i o n a l carbon conten t . C lose to the mel t ing p o i n t of s i l i 
c o n , i t i s p o s s i b l e to d i s s o l v e as much as 30 par ts per m i l l i o n atom
i c (ppma) oxygen i n s i l i c o n (2)• Wel l below the mel t ing p o i n t , how
e v e r , the e q u i l i b r i u m s o l i d s o l u b i l i t y i s c o n s i d e r a b l y lower so t h a t , 
dur ing high-temperature p r o c e s s i n g , the supersaturated oxygen can 
condense i n t o a v a r i e t y of complexes and p r e c i p i t a t e s , as shown i n 
Table I. S ince most semiconductor s i l i c o n c r y s t a l s are p u l l e d from 
c r u c i b l e s l i n e d with fused s i l i c a us ing the C z o c h r a l s k i c r y s t a l 
growth method, the s i l i c o  melt conta in  s i g n i f i c a n t amount f d i s
so lved oxygen. Moreover
not uni form, s ince i t depend
te rs i n c l u d i n g the r o t a t i o n ra tes of the c r u c i b l e and the c r y s t a l , 
the melt aspect r a t i o ( i . e . , the r a t i o of the melt he ight to the 
c r u c i b l e d iameter ) , the p u l l ra te of the c r y s t a l , temperature f l u c t u 
a t i o n s i n the mel t , the c r u c i b l e d i s s o l u t i o n rate and the evaporat ion 
of s i l i c o n monoxide from the exposed melt sur face (30. F o r t u n a t e l y , 
the oxygen i n c o r p o r a t i o n has been e m p i r i c a l l y found to be f a i r l y 
reproduc ib le f o r a g iven apparatus and s e t of growth c o n d i t i o n s , so 
that s i l i c o n s u p p l i e r s have been able to produce c r y s t a l s with s p e c i 
f i e d oxygen contents (over a s u b s t a n t i a l p o r t i o n of the ingot ) to 
meet s p e c i f i c process requirements (2 ,4)• T y p i c a l C z o c h r a l s k i c r y s 
t a l s c o n t a i n 10 to 20 ppma of oxygen, with both r a d i a l and a x i a l 
macroscopic v a r i a t i o n s . There are a l s o v a r i a t i o n s on a submi l l imeter 
s c a l e caused by changes i n the instantaneous c r y s t a l growth ra te 
(5-7)• These microscop ic v a r i a t i o n s i n the oxygen concen t ra t ion can 
in t roduce systemat ic e r r o r s i n the measurement of the oxygen d i s t r i 
bu t ion across a s i l i c o n wafer (8 ,9 ) . C z o c h r a l s k i c r y s t a l s grown 
us ing a d o u b l e - c r u c i b l e technique (3_), magnetic f i e l d s (10), or n i t r 
i d e - l i n e d c r u c i b l e s (11) have lower and more uniform oxygen concen
t r a t i o n s , a l though these techniques have not yet been adopted on a 
commercial s c a l e . 

Oxygen occupies i n t e r s t i t i a l s i t e s i n the s i l i c o n l a t t i c e . Th is 
was demonstrated by showing that the l a t t i c e parameter of s i l i c o n 
c o n t a i n i n g h igh concent ra t ions of oxygen was greater than that of 
low-oxygen s i l i c o n (\2_) • S ince i s o l a t e d oxygen i n s i l i c o n i s e l e c 
t r i c a l l y n e u t r a l , i t was proposed that the oxygen atom forms bonds 
with two neares t -ne ighbor s i l i c o n atoms which g ive up t h e i r o r i g i n a l 
bonds with each other (13-15)• At room temperature two absorp t ion 
bands are observed, a s t r o n g , broad band a t 1107 cm"* and a much 
weaker band at 515 cm""* • The 1107 cm" 1 band has been a t t r i b u t e d to 
an ant i -symmetr ic s t r e t c h i n g mode of the t r i a t o m i c S i - O - S i d e f e c t 
"molecule" (15), and the 515 cm" 1 mode has been r e c e n t l y proposed as 
a symmetric s t r e t c h i n g mot ion, s i m i l a r to v i b r a t i o n s o c c u r r i n g i n 
d i s i l o x a n e (16). Near l i q u i d n i t rogen temperatures, another band 
appears a t 1205 cm" 1 (17), as w e l l as some f a r - i n f r a r e d bands. At 
l i q u i d hel ium temperatures, the broad band a t 1107 cm" 1 s p l i t s i n t o a 
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Table I . Examples of the E f f e c t s of Annealing on the 
C o n f i g u r a t i o n of Oxygen i n S i l i c o n 

Anneal Time I n i t i a l 
& Temperature Oxygen 

Co n f i g u r a t i o n 

R e s u l t i n g Oxygen 
Configuration & i t s 
E l e c t r i c a l A c t i v i t y 

Reference 

450°C, 
1-10 hrs 

I n t e r s t i t i a l 
oxygen 

SiO x complexes, 
double donors known as 
thermal donors (TD fs) 

27 

650°C, 
30 mins 

700-800°C 
up t o 100 hrs 

1000-1150°C, 
2-10 hrs 

SiO x 

complexes 
formed at 
450°C 

Nucleation 
c e n t e r s , 
such as S i O x 

complexes or 
carbon-oxygen 
complexes 

M i c r o p r e c i p i -
t a t e s or other 
n u c l e a t i o n 
centers 

E l e c t r i c a l l y i n a c t i v e 
o x y g e n - s i l i c o n complexes 
or very s m a l l micro-
p r e c i p i t a t e s 

100"A - 1000 A, donors 
(ND»s) 

S i 0 2 p r e c i p i t a t e s , ~1 Mm, 
no e l e c t r i c a l a c t i v i t y 

27 

73 

74 

1350°C, 
hrs 

Any of the 
above defects 

I n t e r s t i t i a l oxygen no 
e l e c t r i c a l a c t i v i t y 

20 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12. BAGHDADI Oxygen and Carbon Content of Silicon Wafers 211 

number of sharp l i n e s a t 1128 to 1137 c m " 1 . These l i n e s cou ld be 
subdiv ided i n t o se ts of l i n e s whose i n t e n s i t i e s were i n the r a t i o of 
the r e l a t i v e abundance of 2 8 S i - 0 - 2 8 S i , 2 8 S i - 0 - 2 9 S i , 2 8 S i - O - 3 0 S i , 

2 9 S i - 0 - 2 9 S i , 2 9 S i - O - 3 0 S i , and 3 0 S i - O - 3 0 S i . Th is reduces the number 
of observed l i n e s f o r a s i n g l e s i l i c o n iso tope to three or p o s s i b l y 
four (}&)• The remaining l i n e s have been exp la ined as be ing due to 
a d d i t i o n a l l e v e l s i n the f a r - i n f r a r e d , due to o s c i l l a t i o n s of the 
oxygen atom as i t tunnels between i t s two ne igbor ing s i l i c o n atoms to 
e q u i v a l e n t p o s i t i o n s around the <111> a x i s (17)* F igure 1 i s a s c h e 
matic e n e r g y - l e v e l diagram, showing the al lowed i n f r a r e d o p t i c a l 
t r a n s i t i o n s of a model of the 2 8 S i - 0 - 2 8 S i complex, which r e s u l t s i n 
the m u l t i p l e - l i n e spectrum (17). 

E l e c t r i c a l l y a c t i v e de fec ts can a l s o e x h i b i t absorpt ion i n the 
i n f r a r e d due to changes i n t h e i r e l e c t r o n i c s t a t e s . For example, 
acceptor or donor i m p u r i t i e s , a t cryogenic temperatures, can have 
absorp t ion l i n e s due to t r a n s i t i o n s from the ground s t a t e of the 
n e u t r a l impur i ty to shal low hydrogen- l i ke or h e l i u m - l i k e l e v e l s l y i n g 
j u s t below t h e i r r e s p e c t i v  band edge  (19)  Thu  IR absorp t io
be used to detec t the presenc
complexes which may form

S i l i c o n - o x y g e n complexes can be formed by anneal ing the wafers 
at temperatures such as 450°C (20), as was shown i n Table I. The 
c o n f i g u r a t i o n of these complexes has not been c l e a r l y determined, but 
from the k i n e t i c s of t h e i r format ion they i n v o l v e a r e l a t i v e l y s m a l l 
number of oxygen atoms, p o s s i b l y three to f i v e atoms, forming the 
s i l i c o n - o x y g e n complex. The 450°C complex i s e l e c t r i c a l l y a c t i v e , 
and i t has been shown to form donor (21) l e v e l s j u s t below the c o n 
d u c t i o n band edge. At cryogenic temperatures, the c a r r i e r s " f reeze 
out" onto the oxide complex, so that an IR spectrum of the specimen 
e x h i b i t s a s e r i e s of sharp in tense bands (22)• The absorp t ion p r o 
cess i s shown s c h e m a t i c a l l y i n Figure 2. The d e t a i l s of the a c t u a l 
format ion and c o n f i g u r a t i o n of these d e f e c t s are s t i l l the sub jec t of 
a c t i v e debate (23-26), but t h e i r IR spec t ra have been i d e n t i f i e d as 
be ing due to n e u t r a l hydrogen- l i ke or s i n g l y - i o n i z e d h e l i u m - l i k e 
donors (22)• The spect ra have not a l l been assigned to a s i n g l e 
o x y g e n - s i l i c o n complex, but ra ther to a s e r i e s of complexes which 
come i n t o ex is tence one a f t e r the o ther , and which e x h i b i t d i f f e r e n t 
annea l ing behaviors (22^. These d e f e c t complexes which are known f o r 
h i s t o r i c a l reasons as thermal donors (TD) can be destroyed by a r e l a 
t i v e l y shor t (~30 minutes) heat treatment a t about 650°C (27) . 

Further long-term heat t reatments, a t temperatures ranging from 
550 to 9 5 0 ° C , c rea te a new c l a s s of donors , which have been termed 
new donors (ND) (28). These donors are a l s o not f u l l y understood, 
but they are presumably a type of oxide m i c r o p r e c i p i t a t e . Oxide 
m i c r o p r e c i p i t a t e s ranging i n s i z e from 100 A to 1000 A have been 
detected i n s i l i c o n by t ransmiss ion e l e c t r o n microscopy (29,30) f o l 
lowing heat treatments i n that temperature range. Long-term a n n e a l 
i n g a t temperatures above 1000°C promotes the format ion of l a r g e r (>1 
um) oxide p r e c i p i t a t e s . The growth of the oxide p r e c i p i t a t e s r e s u l t s 
i n a reduc t ion i n the i n t e n s i t y of the i n t e r s t i t i a l oxygen band a t 
1107 c m " 1 , and i n the growth of broad new bands, the most prominent 
of which i s centered a t about 1225-1230 cm" 1 (31-33) . The s i z e and 
shape of these p r e c i p i t a t e s , as w e l l as t h e i r composi t ion and c r y s 
t a l l o g r a p h y , can have important e f f e c t s on t h e i r IR s p e c t r a (31) . 
Formation of the p r e c i p i t a t e s g e n e r a l l y a l s o r e s u l t s i n the c r e a t i o n 
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Figure 1. Energy-level diagram f o r i n t e r s t i t i a l oxygen i n s i l i c o n , 
showing observed v i b r a t i o n a l t r a n s i t i o n s i n the near and 
fa r i n f r a r e d f o r a 2 8 S i - 0 - 2 8 S i complex. (Reproduced with 
permission from Ref. 17. Copyright 1970 The Royal Society.) 
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of networks of d i s l o c a t i o n s around the p r e c i p i t a t e s . These d i s l o c a 
t i o n s can serve to t rap f a s t - d i f f u s i n g m e t a l l i c i m p u r i t i e s . Th is i s 
the b a s i c mechanism which i s used i n the i n t r i n s i c g e t t e r i n g (IG) of 
undes i rab le i m p u r i t i e s to improve the y i e l d of semiconductor f a b r i c a 
t i o n processes (21)• 

Carbon i n s i l i c o n i s a much s impler and b e t t e r understood de 
f e c t . S i n c e , a t room temperature, i t occupies s u b s t i t u t i o n a l s i t e s 
and s ince i t i s i s o e l e c t r o n i c with the s i l i c o n atoms i n the host 
l a t t i c e , i s o l a t e d carbon atoms have only sub t le or i n d i r e c t e f f e c t s 
on the p r o p e r t i e s of the s i l i c o n . I ts i n f r a r e d spectrum i s s t r a i g h t 
forward , c o n s i s t i n g of a s i n g l e l o c a l v i b r a t i o n a l mode f o r each i s o 
tope . The 1 2 C absorbance band i s complete ly dominated by a two-pho-
non s i l i c o n l a t t i c e band a t 610 cm" 1 (see In f rared Absorpt ion Mea
surements )• The i n t e n s i t y of the two-phonon band i s very s t r o n g l y 
dependent on temperature, as shown i n F igure 3. The open t r i a n g l e s 
represent the i n t e n s i t y of the s i l i c o n l a t t i c e band at 610 c m " 1 , 
whi le the c l o s e d t r i a n g l e represents the absorp t ion c o e f f i c i e n t due 
to s u b s t i t u t i o n a l carbon at 300 K fo r a nominal carbon concent ra t ion 
of 1 ppma. Thus the temperatur
must be kept w i th in 1°C
match between the specimen and re ference s p e c t r a . Th is degree of 
temperature c o n t r o l i s not necessary f o r the measurement of the i n 
t e r s t i t i a l oxygen peak h e i g h t , s i n c e the absorp t ion due to the s i l i 
con l a t t i c e band at 1120 cm" 1 (shown as the open c i r c l e s i n F igure 3) 
i s much smal le r than the absorp t ion due to i n t e r s t i t i a l oxygen f o r a 
wafer con ta in ing 20 ppma oxygen (shown as the c l o s e d c i r c l e i n F igure 
3 ) . However, when the r a t i o of the a b s o r p t i v i t y of the oxygen band 
to the a b s o r p t i v i t y of the 610 cm" 1 s i l i c o n band (3j4) i s used f o r the 
computation of the oxygen content , the temperature dependence of the 
s i l i c o n l a t t i c e band must be taken i n t o account . 

The great r e d u c t i o n i n the i n t e n s i t y of the i n t e r f e r i n g 610 cm" 1 

s i l i c o n l a t t i c e band at low temperatures might be expected to lead to 
increased s e n s i t i v i t y and accuracy i n carbon determinat ions based on 
cryogen ic IR measurements. However, the r e f l e c t i o n losses a t each of 
the c r y o s t a t windows almost outweigh t h i s advantage (35)• The r e 
maining advantage i s u s u a l l y too s l i g h t to j u s t i f y the a d d i t i o n a l 
time f o r c o o l i n g the sample and f o r p repar ing s p e c i a l smal l specimens 
necessary f o r most low-temperature measurements. 

The d i s t r i b u t i o n of carbon i n s i n g l e - c r y s t a l s i l i c o n i s not 
uni form (36). S ince the carbon atom i s smal ler than the s i l i c o n atom 
i t r e p l a c e s , h igh l o c a l concent ra t ions of carbon can produce a l o c a l 
i z e d s t r a i n i n the l a t t i c e , which can serve as n u c l e a t i o n centers f o r 
the format ion of s t r u c t u r a l de fec ts such as " s w i r l " pa t te rns (36) . 
For t h i s reason, f l o a t - z o n e d s i l i c o n intended fo r the f a b r i c a t i o n of 
semiconductor power dev ices i s o f ten s p e c i f i e d to c o n t a i n low carbon 
c o n c e n t r a t i o n , e . g . , l e s s than 1 ppma. Carbon has been repor ted to 
p l a y a r o l e i n the heterogeneous n u c l e a t i o n of oxide p r e c i p i t a t e s 
(37-40) . In p r i n c i p l e , carbon n u c l e a t i o n of oxide m i c r o p r e c i p i t a t e s 
cou ld be used to advantage i n des ign ing IC p r o c e s s e s . In p r a c t i c e , 
however, the nonuni formi ty of the carbon d i s t r i b u t i o n renders t h i s an 
i m p r a c t i c a l approach. Thus i n order to avo id u n c o n t r o l l e d v a r i a t i o n s 
i n the oxide p r e c i p i t a t i o n , low-carbon s i l i c o n i s o f ten s p e c i f i e d f o r 
processes which use i n t r i n s i c g e t t e r i n g . 

Low-carbon s i l i c o n must a l s o be used f o r the f a b r i c a t i o n of 
e x t r i n s i c i n f r a r e d de tec to rs to prevent the format ion of c a r b o n -
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Figure 2. Energy-level diagram showing the absorpt i o n of r a d i a t i o n 
i n n-type s i l i c o n under various c o n d i t i o n s : (a) room tem
perature, (b) same specimen a t cryogenic temperatures, 
without any i l l u m i n a t i o n , and (c) same specimen at c r y o 
genic temperatures, w i t h sub-bandgap i l l u m i n a t i o n , showing 
c h a r a c t e r i s t i c absorption of the IR photons from the 
ground s t a t e of the donor to bound s t a t e s j u s t below the 
conduction band. 
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Figure 3. Temperature dependence of the s i l i c o n l a t t i c e a b sorption 
at 610 cm*"1 (A) and a t 1120 cm"1 (•), compared to the 
room-temperature ab s o r p t i o n due to s u b s t i t u t i o n a l carbon 
at 605 cm""1 (A) and i n t e r s t i t i a l oxygen at 1107 cm"1 ( o ) . 
(Adapted from Ref. 75.) 
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acceptor complexes (41)• These e l e c t r i c a l l y a c t i v e d e f e c t complexes 
c o n s i s t of a carbon atom p a i r e d with a group II IA acceptor atom (B, 
A l , Ga, In) . 

In f rared Absorpt ion Measurements 

In f rared absorp t ion r e s u l t i n g from l o c a l i z e d modes of v i b r a t i o n of 
i m p u r i t i e s i n the semiconductor l a t t i c e can be used to determine the 
concent ra t ions of c e r t a i n i m p u r i t i e s i n the semiconductor , as shown 
i n Table I I . L o c a l i z e d modes of v i b r a t i o n g e n e r a l l y occur when the 
impur i ty atom i s l i g h t e r than the host atom. However, heav ie r atoms 
can sometimes e x h i b i t c h a r a c t e r i s t i c absorp t ion because of the remov
a l of the t r a n s l a t i o n a l symmetry of the l a t t i c e due to the presence 
of the i m p u r i t y . Th is occurs when there are no s i l i c o n l a t t i c e bands 
wi th any s i g n i f i c a n t amplitude a t that c h a r a c t e r i s t i c f requency (42)• 
In these c a s e s , in -band resonance modes c h a r a c t e r i s t i c of the i m p u r i 
ty can then be observed (43,44) Note that nominal ly n e u t r a l i m p u r i 
t i e s , such as s u b s t i t u t i o n a l carbo  i n t e r s t i t i a l  i  s i l i
c o n , can g ive r i s e to i n f r a r e
s i n c e charge r e d i s t r i b u t i o
the d e f e c t . 

F igures 4a and 4b show the i n f r a r e d t ransmiss ion spec t ra of a 
h i g h - p u r i t y f l o a t - z o n e d s i l i c o n wafer and of a C z o c h r a l s k i wafer , 
r e s p e c t i v e l y (13)• The s p e c t r a l fea tures due to the presence of 
oxygen and carbon i n the C z o c h r a l s k i wafer are c l e a r l y shown i n F i g 
ure 4c , which i s the d i f f e r e n c e spectrum of the C z o c h r a l s k i wafer 
r e l a t i v e to that of the f l o a t - z o n e d wafer . This d i f f e r e n c e spectrum 
was obtained us ing a double beam d i s p e r s i v e spectrometer , with the 
f l o a t - z o n e d wafer i n the re ference beam and the C z o c h r a l s k i wafer i n 
the sample beam. The broad band at 1107 cm" 1 and the smal le r band a t 
515 cm""1 are due to i n t e r s t i t i a l oxygen, and the band a t 605 cm" 1 i s 
due to s u b s t i t u t i o n a l carbon. 

The raw data i n a F o u r i e r transform spectrophotometer are ob 
ta ined i n the form of an i n t e r f e r o g r a m , i . e . , a p l o t of the de tec to r 
response versus the o p t i c a l path d i f f e r e n c e between the f i x e d and 
moving mi r ro rs i n the i n t e r f e r o m e t e r . In e i t h e r d i s p e r s i v e or FT-IR 
ins t ruments , m u l t i p l e r e f l e c t i o n s w i th in the semiconductor specimen 
can r e s u l t i n Fabry -Pero t f r i n g e s i n the i n f r a r e d spectrum obta ined 
f o r that wafer . In FT-IR ins t ruments , m u l t i p l e r e f l e c t i o n s between 
the specimen sur faces and the in te r fe rometer can a l s o r e s u l t i n i n 
te r fe rence f r i n g e s (45)• These f r i n g e s can obscure weak fea tures i n 
the s p e c t r a , as w e l l as reduce the accuracy of q u a n t i t a t i v e measure
ments. In F o u r i e r t ransform spectrometry , the e f f e c t s of these mul 
t i p l e r e f l e c t i o n s are e v i d e n t , upon examination of the in te r fe rogram 
p r i o r to t rans fo rmat ion , as a s e r i e s of secondary and t e r t i a r y (45) 
i n t e r f e r o g r a m s , the secondary in ter ferograms being due to m u l t i p l e 
passes w i th in the specimen, and the t e r t i a r y in ter ferograms being due 
to m u l t i p l e passes between the specimen sur faces and the i n t e r f e r o 
meter m i r r o r s . These are superimposed on the main in t e r f e ro g ram, as 
shown i n F igure 5 (46^. Severa l methods have been developed f o r 
e l i m i n a t i n g these f r i n g e s i n FT-IR inst ruments: 

1• If the data are obta ined at a s u f f i c e n t l y low r e s o l u t i o n , f o r 
example a t 6 cm" 1 (^7), the i n t e r f e r e n c e f r i n g e s are not observed 
f o r s i l i c o n wafers t h i c k e r than 0.3 mm because the f r i n g e s are 
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Table I I . L o c a l i z e d V i b r a t i o n a l Modes of I s o l a t e d 
I m p u r i t i e s i n Semiconductors 

Host Impurity Mode Frequency Reference 
Semiconductor Species (temperature, K) cm - 1 

S i l i c o n 10 
11 
12 
13 
14, 

'B (s) 644(300), 646(80) 44 
B (s) 620(300), 622(80) 44 
C (s) 605(300), 608(80) 44 
{C (s) 586(300) 589(80) 44 

(s

0 ( i ) 515(300), 1107(300) 44 
517(80), 1136(80), 1205(80) 44 

As (s) 366(80) 43 
resonance 
mode 

P (s) 
resonance 
mode 

491(80) 43 

Germanium 
10 
H i 
16 r 

S i (s) 389(300) 
B (s) 571(80) 

(s) 547(80) 
( i ) 855(300), 862(4) 

43 
_43 
43 
43 

Gallium 
Arsenide 

S i (s) 
g a l l i u m 
s i t e 

384(80) 43 

Si (s) 
a r s e n i c 
s i t e 

399(80) 43 

(s) - s u b s t i t u t i o n a l 
( i ) - i n t e r s t i t i a l 
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(c) 

• I » i J L J 
1600 1400 1200 1000 800 600 400 250 

Wavenumber (cm/1) 

Figure 4. (a) Room-temperature, a i r - r e f e r e n c e , transmission spectrum 
of a high p u r i t y 4.5 mm t h i c k float-zoned s i l i c o n s p e c i 
men. 
(b) Room-temperature, a i r - r e f e r e n c e , transmission spectrum 
of a 150 ft#cm 4.5 mm thi c k Czochralski s i l i c o n specimen. 
(c) Room-temperature d i f f e r e n c e spectrum of the Czochral
s k i specimen used f o r (b) obtained i n a double-beam d i s 
p ersive spectrometer with the float-zoned specimen used 
f o r (a) i n the reference beam. A l l these spectra were 
obtained using a r e s o l u t i o n of 1 cm"1 above 600 cm"1, and 
2 cm"1 below 600 cm"1. (Reproduced with permission from 
Ref. 13. Copyright 1977 Masson S. A., P a r i s . ) 
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Figure 5. Interferogram of a 0.5-mm t h i c k s i l i c o n wafer. The u n i t s 
on the x-axis are d i r e c t l y p r o p o r t i o n a l to the m i r r o r 
p o s i t i o n , w i t h 10,000 u n i t s ~0.633 mm. The s i g n a l a t 
about 3000 u n i t s i s a t e r t i a r y interferogram, and the 
s i g n a l s at about 5,700 and 11,200 u n i t s are secondary 
interferograms (44). 
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c l o s e r together than the ins t rumenta l r e s o l u t i o n . This i s an 
a t t r a c t i v e approach when measuring a broad absorp t ion band, such 
as the i n t e r s t i t i a l oxygen i n s i l i c o n peak at 1107 c m " 1 , which 
has a fu l l -w id th -a t -ha l f -max imum (FWHM) of 32 cm" 1 (48) . On the 
other hand, i f the absorpt ion band of i n t e r e s t i s not much b road 
er than the ins t rumenta l r e s o l u t i o n , t h i s may not be the best 
approach. Th is i s e s p e c i a l l y true when working with a reg ion of 
a spectrum c o n t a i n i n g adjacent or over lapp ing l i n e s such as the 
s u b s t i t u t i o n a l carbon l i n e i n s i l i c o n at 605 c m " 1 / which i s dom
ina ted by the two-phonon l a t t i c e absorp t ion band a t 610 cm" 1 

0 3 ) . 
2. Another method, which i s best s u i t e d to FT-IR measurements, i s to 

rep lace the reg ions of the in te r fe rogram which c o n t a i n the e x t r a 
neous secondary and t e r t i a r y inter ferograms with zero amplitude 
(49)• This method i s equ iva len t to m u l t i p l y i n g the in te r fe rogram 
wi th a f u n c t i o n which i s zero i n c e r t a i n regions and u n i t y e l s e 
where. In order to minimize the r e s u l t i n g d i s t o r t i o n s to the 
transformed spectrum
m u l t i p l i e d by the sam

3. A t h i r d method, c l o s e l y r e l a t e d to the prev ious one, i s to r e
p l a c e the reg ions of the in ter fe rogram c o n t a i n i n g the secondary 
and t e r t i a r y in ter ferograms with a s e c t i o n from another i n t e r f e r 
ogram, taken wi th a t h i c k e r sample, which does not con ta in the 
o f fend ing in ter ferograms i n the same regions (49)• The spectrum 
obta ined by t h i s method may not be f u l l y s a t i s f a c t o r y because, 
even i f the two samples are w e l l matched i n t h e i r other p r o p e r 
t i e s , the d i f f e r e n c e i n th ickness i t s e l f makes i t imposs ib le f o r 
the new s e c t i o n s of the in ter ferogram to be f a i r representa t ions 
of the ones they are r e p l a c i n g . 

4 . The amplitude of the Fabry -Perot f r i n g e s can be reduced by mount
i n g the semiconductor specimen at Brewster 's angle (50) . In the 
case of s i l i c o n , Brewster 's angle i s 73° 4 1 1 . At t h i s a n g l e , the 
r e f l e c t a n c e f o r i n c i d e n t l i g h t p o l a r i z e d p a r a l l e l to the plane of 
inc idence i s z e r o , whi le the r e f l e c t a n c e fo r l i g h t p o l a r i z e d 
perpend icu la r to the plane of i n c i d e n c e , i s 0 .71. Thus the p a r 
a l l e l component does not cont r ibu te to the f r i n g e s . On the other 
hand, the pe rpend icu la r component, which does c o n t a i n i n t e r f e r 
ence f r i n g e s , i s g r e a t l y reduced i n i n t e n s i t y s ince i t s r e f l e c 
tance i s so la rge that on ly 17% of the i n c i d e n t p e r p e n d i c u l a r 
component i s t r a n s m i t t e d . In p r a c t i c e t h i s method, f o r the case 
of c i r c u l a r l y p o l a r i z e d l i g h t , has reduced the ampli tude of the 
f r i n g e s from 0.28, f o r a 0.4 mm t h i c k s i l i c o n wafer mounted n o r 
mal to the IR beam, to 0.05 when the wafer i s mounted a t Brew
s t e r ' s angle (50). However, mounting the specimen a t such a 
la rge angle may cause f u r t h e r problems: the l i g h t t ransmi t ted 
through the wafer i s s h i f t e d i n p o s i t i o n s i g n i f i c a n t l y compared 
to the background l i g h t . The change i n the d i s t r i b u t i o n of r a d 
i a t i o n at the de tec tor caused by t h i s s h i f t cou ld in t roduce an 
unnecessary element of u n c e r t a i n t y i n the measurement. 

M u l t i p l e r e f l e c t i o n s w i t h i n the specimen can a l s o reduce the 
accuracy of q u a n t i t a t i v e measurements (51,52)• The i n t e n s i t y of 
l i g h t t ransmi t ted through a plane p a r a l l e l p l a t e , a f t e r the i n t e r f e r 
ence f r i n g e s have been e l i m i n a t e d , i s g iven by (53): 
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I (v)T T e - a ( V > X 

l ( v ) - - 2 L*> _ ( 1 ) 

1 - R f R b e - 2 a ( V ) x 

where I(v) i s the i n t e n s i t y of the t ransmit ted l i g h t a t wavenumber 
v reach ing the d e t e c t o r , x i s the th ickness of the p a r a l l e l p l a t e , T 
and R are the nonscat tered t ransmit tance and the nonscat tered (specu
l a r ) r e f l e c t a n c e , r e s p e c t i v e l y , with the s u b s c r i p t s f and b s p e c i f y 
ing the f r o n t and back sur faces of the specimen, I Q (v) i s the i n t e n 
s i t y of the i n c i d e n t r a d i a t i o n and a(v) i s the absorp t ion c o e f f i c i e n t 
of the specimen at wavenumber v . Equat ion 1 has been rewr i t ten 
from i t s usua l form to account f o r the e f f e c t s of unpol ished f r o n t or 
back sur faces which may s c a t t e r the r a d i a t i o n i n a d d i t i o n to t r a n s 
m i t t i n g or r e f l e c t i n g i t . For the case of a s i l i c o n wafer wi th both 
f r o n t and back sur faces p o l i s h e d , T = 0.7 and R = 0 .3 , so that almost 
10% of the t ransmi t ted r a d i a t i o n i n t ransparent reg ions of the s p e c 
trum passes through the

Although specimens
surements would normal ly have bot  sur faces p o l i s h e d , t y p i c a  produc
t i o n s i l i c o n wafers commonly have only a s i n g l e p o l i s h e d s u r f a c e . 
The opposi te sur face i s g e n e r a l l y lapped and e tched , e i t h e r with an 
a c i d or a l k a l i n e e tch (54), or sometimes d e l i b e r a t e l y damaged, e i t h e r 
mechanica l ly or with a high-power l a s e r . The d e l i b e r a t e l y damaged 
back sur faces are used to c rea te d i s l o c a t i o n networks i n the s i l i c o n 
wafer , away from the a c t i v e regions of the d e v i c e s , which can t rap or 
"get ter" heavy-metal i m p u r i t i e s , and thereby improve the o v e r a l l 
y i e l d of the f a b r i c a t i o n process (55)• F igure 6 i s the absorp t ion 
spectrum of a s i l i c o n wafer with a rough back s u r f a c e . The s t r o n g l y 
s l o p i n g b a s e l i n e i s due to the wavenumber dependence of the s c a t t e r 
i n g a t the back s u r f a c e . In these c a s e s , the absorp t ion c o e f f i c i e n t 
due to an i m p u r i t y , i n a reg ion without s i l i c o n l a t t i c e bands, i s 
g iven by (53): 

o - 2 a . x 

"imp - [* A + l o 9 ( 1 " S ) " l o ^ 1 " S e ) l ( 2 ) 

where 

( -2a . x) _ f ree S = R-R,_e f b 

and where AA i s the net he ight of the absorbance band, S i s the 
m u l t i p l e - r e f l e c t i o n c o r r e c t i o n f a c t o r , and a f r e e i s the absorp 
t i o n due to f ree c a r r i e r s . When s i l i c o n l a t t i c e bands over lap the 
impur i ty band, t h e i r c o n t r i b u t i o n must be subt rac ted from the o b 
served absorp t ion i n order to obta in a i m p . Note that Equat ion 2 
conta ins the f a c t o r aj[mp on both s ides of the equat ion , so that 
i t must be so lved i t e r a t i v e l y . However, i t converges very r a p i d l y , 
and g e n e r a l l y needs l ess than four i t e r a t i o n s . 

The c o r r e c t i o n f a c t o r S i s c l o s e to zero f o r a wafer wi th a very 
rough back s u r f a c e , such as the one whose spectrum i s shown i n F igure 
6, and i s 0.09 f o r a l i g h t l y - d o p e d ( e . g . , r e s i s t i v i t y 5 ft#cm or 
greater ) wafer with both sur faces p o l i s h e d . The back sur faces of 
most wafers , however, f a l l between these two extremes, so that S must 
be determined i n order to measure a c c u r a t e l y the concen t ra t ion of an 
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i m p u r i t y . Severa l methods have been proposed to obta in the m u l t i p l e -
r e f l e c t i o n c o r r e c t i o n f a c t o r S (53,56-58) . If the wafer has a u n i 
form t h i c k n e s s , the r a t i o of the amplitudes of the secondary to p r i 
mary in ter ferograms can be used to ob ta in S (53 )̂ • A l t e r n a t i v e l y , the 
value of the b a s e l i n e i n a t ransparent reg ion of the spectrum can 
a l s o be used to determine the value of S (56)• This r e q u i r e s tha t 
the de tec tor system l i n e a r i t y be w e l l - e s t a b l i s h e d , the r e f l e c t i o n s 
between the specimen sur faces and the spectrometer components be 
understood q u a n t i t a t i v e l y , and there be no other problems, such as a 
s h i f t of the p o s i t i o n of the r a d i a t i o n at the d e t e c t o r when the back
ground in ter fe rogram i s being ob ta ined . A t h i r d method uses the 
magnitude of the apparent absorbance obta ined f o r a multiphonon s i l i 
con l a t t i c e absorbance band of known value as a c a l i b r a t i o n to c a l c u 
l a t e the true value of the absorbance due to the impur i ty (51) • Th is 
method, however, can be q u a n t i t a t i v e only when the s c a t t e r i n g i s not 
dependent upon the wavelength of the r a d i a t i o n . Th is i s not g e n e r a l 
l y the c a s e , as i s i l l u s t r a t e d i n F igure 6. Once the value of S has 
been determined by one of thes  methods  Equat io  2  b d t
ob ta in the absorpt ion c o e f f i c i e n

Measurements o f the Oxygen Content of S i l i c o n Wafers 

The shor t - te rm r e p r o d u c i b i l i t y of i n f r a r e d absorp t ion spect roscopy i n 
the determinat ion of the oxygen content of a t y p i c a l p roduct ion s i l i 
con wafer can be good, as shown i n F igure 7. These data represent 
twenty- four consecut ive measurements of a s i n g l e spot on a s i l i c o n 
wafer wi th an etched back s u r f a c e . The data were obta ined a t 4 cm" 1 

r e s o l u t i o n on an FT-IR spectrophotometer equipped with a mercury 
cadmium t e l l u r i d e d e t e c t o r , a KBr/Ge beamsp l i t t e r and a Globar (59) 
IR s o u r c e . A 1 mm aperture was p laced i n f r o n t of the s i l i c o n wafer , 
and 200 scans were taken f o r each data p o i n t . Un for tuna te ly , t h i s 
degree of r e p r o d u c i b i l i t y only demonstrates the p o t e n t i a l p r e c i s i o n 
of FT-IR measurements. In f a c t , v a r i a t i o n s of up to 20% have been 
repor ted (60-62)• These v a r i a t i o n s can occur i n the measurement of 
the same specimen by d i f f e r e n t l a b o r a t o r i e s or i n the a n a l y s i s of a 
g iven specimen before and a f t e r i t has undergone d i f f e r e n t back-
sur face t reatments . Experiences of t h i s k ind have caused a lack of 
conf idence i n the p r e c i s i o n of the IR method fo r the determinat ion of 
the oxygen content of p roduct ion s i l i c o n wafe rs . Th is problem has 
been a s c r i b e d to d i f f e r e n c e s among the wide v a r i e t y of instrument 
models and computer software packages used i n the measurements (610 • 
V a r i a t i o n s i n the specimen c o n d i t i o n , i . e . , dopant l e v e l , back-
sur face treatment or oxygen d i s t r i b u t i o n have a l s o been a source of 
poor r e p r o d u c i b i l i t y (8 ,9 ,52 ,53 ,63 ) . 

Shive and Schul te (61) have descr ibed a re ference m a t e r i a l s 
approach to improve the p r e c i s o n of the IR a n a l y s i s method. The 
re ference s i l i c o n wafers were g iven one of the standard b a c k - s u r f a c e 
t reatments: a c i d etched (AE), back -sur face damaged (BSD), or e n 
hanced ge t te red (EG). The EG wafers were a c i d - e t c h e d wafers with a 
p o l y c r y s t a l l i n e s i l i c o n layer deposi ted on t h e i r rough s i d e . Each 
wafer was quar tered and then one of the quar ter s e c t i o n s was p o l i s h e d 
on the back s u r f a c e . An oxygen content was assigned to each wafer by 
a n a l y z i n g t h i s d o u b l e - s i d e p o l i s h e d (DSP) s e c t i o n . The oxygen c o n 
tents were determined a u t o m a t i c a l l y from the transformed s p e c t r a 
u s i n g computer programs w r i t t e n by the ins t rument ' s manufacturer . 
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Figure 6 . Spectrum of a s i l i c o n wafer w i t h a back surface which was 
mechanically damaged to provide g e t t e r i n g s i t e s . 
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Figure 7. R e p r o d u c i b i l i t y of consecutive measurements of the same 
spot on a Cz o c h r a l s k i s i l i c o n wafer c o n t a i n i n g a p p r o x i 
mately 7.3 x i o 1 7 i n t e r s t i t i a l oxygen atoms/cm^ 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12. BAGHDADI Oxygen and Carbon Content of Silicon Wafers 223 

The b ias of the d a t a , which was def ined as the d i f f e r e n c e between the 
oxygen content determined f o r the DSP s e c t i o n and the oxygen content 
determined fo r the s i n g l e - s i d e p o l i s h e d (SSP) s e c t i o n s , was d e t e r 
mined f o r each type of back surface* c o n d i t i o n . I t should be noted 
that the oxygen concent ra t ions quoted i n Shive and S h u l t e ' s paper 
were based upon the " o l d " ASTM c a l i b r a t i o n c o e f f i c i e n t (64) , and have 
been converted here to values us ing the most cur ren t ASTM c o e f f i c i e n t 
(48) . This method turned out to be s u c c e s s f u l with the BSD wafers , 
but not with the AE or EG wafers (61)• The reason f o r the f a i l u r e 
wi th the AE and EG back sur face c o n d i t i o n s was a t t r i b u t e d to the 
dramatic v a r i a b i l i t y of the s c a t t e r i n g of these wafers . In these 
c a s e s , a method f o r o b t a i n i n g the m u l t i p l e r e f l e c t i o n c o r r e c t i o n 
d i r e c t l y from the specimen in ter ferogram or spectrum, such as one of 
the methods d e s c r i b e d i n the s e c t i o n on In f rared Absorpt ion Measure
ments, should be u s e d . The c a l i b r a t i o n method a l s o worked w e l l with 
DSP wafe rs . Thus the c a l i b r a t i o n method was s u c c e s s f u l e i t h e r when 
the f u l l m u l t i p l e r e f l e c t i o n c o r r e c t i o n could be a p p l i e d , i . e . , i n 
DSP wafers , or when the back sur face was so rough that the magnitude 
of the m u l t i p l e - r e f l e c t i o
the case f o r BSD wafe rs
s i m i l a r conc lus ions i n a recent a r t i c l e (65). 

High concent ra t ions of f ree c a r r i e r s have important e f f e c t s on 
the p r e c i s i o n of the oxygen content determinat ion i n s i l i c o n wafers 
by IR spectrophotometry (63). Absorpt ion of the IR beam by the f r e e 
c a r r i e r s (see F igure 8) can reduce the s i g n a l - t o - n o i s e r a t i o of the 
measurement u n t i l , f o r low r e s i s t i v i t y wafers , meaningful measure
ments can no longer be made. The f ree c a r r i e r s a l s o a f f e c t the r e 
f l e c t a n c e of the s i l i c o n , thus changing the magnitude of the m u l t i 
p l e - r e f l e c t i o n c o e f f i c i e n t . However, s ince wafers with r e s i s t i v i t i e s 
much below 0.1 ft*cm cannot be measured, the e r r o r due to t h i s e f f e c t 
i s l ess than 1%. F igure 9 shows the c o n t r i b u t i o n of the f ree c a r r i 
ers to the b a s e l i n e f o r the case of n-type s i l i c o n , as c a l c u l a t e d by 
Weeks (63). These c a l c u l a t e d b a s e l i n e s proved to be an e x c e l l e n t 
s i m u l a t i o n of the b a s e l i n e s of t ransmiss ion s p e c t r a obta ined f o r a 
s e r i e s of n-type s i l i c o n samples with f ree c a r r i e r concent ra t ions 
ranging from 5 x 1 0 1 3 donors /cm 3 to 5 x 1 0 1 8 d o n o r s / c m 3 . The e f f e c t 
of t h i s curv ing b a s e l i n e must be taken i n t o account i f the q u a n t i t a 
t i v e a n a l y s i s of the spectrum r e l i e s on the r a t i o of the oxygen peak 
a t 1107 cm" 1 to one of the st rong s i l i c o n l a t t i c e absorbance bands a t 
lower wavenumbers. 

Some of the lack of i n t e r l a b o r a t o r y r e p r o d u c i b i l i t y may be 
caused by the use of d i f f e r e n t ins t ruments . V a r i a t i o n s i n the oxygen 
content determinat ion can be due to the use of d i f f e r e n t a p o d i z a t i o n 
f u n c t i o n s i n d i f f e r e n t FT-IR ins t ruments , to d i f f e r e n t des igns of 
t h e i r o p t i c a l benches or simply to d i f f e r e n c e s i n the performance of 
t h e i r components. Apod iza t ion func t ions are used to reduce the am
p l i t u d e of a r t i f a c t s i n the transformed s p e c t r a , caused by the t r u n 
c a t i o n of the in ter ferograms by the ins t rument . Four of the most 
commonly used apod iza t ion func t ions are boxcar , c o s i n e , Happ-Genzel , 
and t r i a n g u l a r (66) . The e f f e c t of these d i f f e r e n t a p o d i z a t i o n f u n c 
t i o n s on the magnitude of the oxygen absorbance i s shown i n F igure 10 
(66)• Note that these data are not intended to be used to compare 
the peak he ight at one r e s o l u t i o n to the peak he ight a t another r e s o 
l u t i o n . They should on ly be used at a g iven r e s o l u t i o n , to compare 
the e f f e c t s of d i f f e r e n t apod iza t ion funct ions at that r e s o l u t i o n . 
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F igure 8. E r r o r , based upon two standard d e v i a t i o n s of a set of 10 
measurements, i n the determinat ion of the i n t e r s t i t i a l 
oxygen content of s i l i c o n as a f u n c t i o n of r e s i s t i v i t y f o r 
both n - and p-type s i l i c o n , expressed as a percentage of 
the oxygen c o n c e n t r a t i o n . (Reproduced with permiss ion 
from Ref . 62. Copyright 1983 ASTM.) 
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F i g u r e 9. C a l c u l a t e d a b s o r p t i o n due t o f r e e - c a r r i e r s i n 500-um t h i c k 
n - t y p e s i l i c o n c o n t a i n i n g 5 x 1 0 1 6 t o 1 x i o 1 8 d o n o r s / c m 3 

( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 62. C o p y r i g h t 
1983 ASTM.) 

1.02 

o fc^™^^ 
^ 0.98 h 1 - ^ J . -o 

O. • Boxcar \ 

| 0.94 - V C o s l n e X
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w ° Happ-Genzel \ 
A Triangular \ 
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2 4 8 
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F i g u r e 10. The e f f e c t o f t h e a p o d i z a t i o n f u n c t i o n on t h e r e l a t i v e 
m a g n i t u d e o f t h e a b s o r b a n c e band a t 1107 c m - 1 due t o i n 
t e r s t i t i a l o x y g e n i n s i l i c o n . These d a t a were o b t a i n e d on 
a 0.87-mm t h i c k s i l i c o n w a f e r p o l i s h e d on b o t h s i d e s . The 
e r r o r b a r s p l o t t e d o n t h e t r i a n g u l a r a p o d i z a t i o n c u r v e c a n 
a l s o be a p p l i e d t o t h e o t h e r c u r v e s . They r e p r e s e n t t h e 
g r e a t e s t s t a n d a r d d e v i a t i o n f o r any o f t h e d a t a s e t s ( c o 
s i n e , H a p p - G e n z e l , o r t r i a n g u l a r ) o b t a i n e d a t t h a t r e s o l u 
t i o n ( 6 5 ) . 
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The oxygen determination is most often carried out at a resolution of 
4 cm"1; at this resolution, the use of triangular apodization results 
in a reduction of the peak height by about 4%, compared to the peak 
height obtained by the use of boxcar apodization. The effects of 
beam geometry and polarization have also been calculated (66), and 
found not to be significant, except in the most extreme cases. For 
example, the change in the reflectance of a silicon wafer for a ver
tical, columnar IR beam with a maximum angle of incidence at the 
sample of 10 deg, polarized horizontally, is only 0.6%, compared to 
the case of an unpolarized beam. On the other hand, detector system 
nonlinearity in one instrument was found to be in part responsible 
for the lack of precision in the oxygen content determination (66)• 
Therefore, the lack of interlaboratory reproducibility is apparently 
not due to different optical bench designs in the different instru
ments, but rather is attributed to differences in the software or to 
the performance of the detector systems. 

The American Society for Testing and Materials (ASTM) recommends 
obtaining the interstitial  concentratio  i  atoms/cm3 b  mul
tiplying the peak absorptivit
same conversion coefficien y
organization, Deutsches Institut fttr Normung (DIN) (48,67). This 
value was obtained by calibrating the infrared absorptivity using 
vacuum fusion analysis. However, the Japan Electronics Development 
Association (JEIDA), using charged-particle activation analysis, has 
obtained a significantly different value, 3.0 x 1017 (68). The ASTM 
and DIN conversion coefficient for obtaining the substitutional car
bon content from the peak absorptivity at 605 cm"1 is 1.0 x 1017 

(69) • This coefficient was determined using deuteron activation 
analysis as the absolute analytical method (70)• 

Conclusions 

Fourier transform infrared spectrophotometry is used widely in the 
semiconductor industry for the routine determination of the intersti
tial oxygen content of production silicon wafers. However, the lack 
of interlaboratory reproducibility in this method has forced the use 
of ad-hoc calibration methods. The sources of this lack of reproduc
ibility are just beginning to be understood. As investigation of 
this problem continues and wider acceptance is gained for improved 
experimental and analytical techniques, a greater degree of reproduc
ibility should be achieved. Furthermore, new standard test methods 
and standard reference materials being developed by the ASTM (TV), 
DIN (72̂ ), JEIDA (Jl) r a n d t n e Bureau Centrale de Materiaux References 
(73) should also significantly improve the precision of the impurity 
content determination. 
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13 
Application of the Raman Microprobe 
to Analytical Problems of Microelectronics 

Fran Adar 

Instruments SA, Inc., Metuchen, NJ 08840 

The Raman microprobe MOLE consisting of a conven
tional research microscope that is optically and 
mechanically coupled to a Raman spectrometer, is 
described. Microanalysis for quality control and 
materials development is performed non-destructively 
and requires minimum sample modification. Spatial 
resolution, determined by optical wavelengths and 
available microscope optics is approximately lμm 
laterally and 10μm axially in transparent materials; 
in opaque materials the axial resolution, determined 
by the optical skin depth, will be ca. 300-3000A. The 
minimum Raman detectable volume is dependent on the 
intrinsic Raman intensity. Examples of successful 
identification of organic contaminants on Si wafers 
include silicone oil, PET, EDTA, FIFE and cellulose. 
Elemental silicon has been identified in the vicinity 
of an Al wire bonded to Au. Stress in laser-annealed 
laterally seeded Si on silicon oxide has been measured 
quantitatively and stress-relief at the surface has been 
detected. The crystalline phase of a ZrO2 particle 
precipitating a break in an optical fiber has been 
identified; since two possible sources of ZrO2 
contaminants exist in different crystalline polymorphs, 
only phase identification enabled elimination of this 
problem. Other potential uses of the Raman microprobe 
in a microelectronics analytical laboratory will be 
discussed. 

Raman scattering is a vibrational spectroscopic technique that can 
fingerprint both organic and inorganic species and identify poly
morphs of crystalline materials. By coupling an optical 
microscope to a conventional spectrometer, the technique becomes a 
microprobe with spatial resolution of 1pm, determined by the 
wavelength of the radiation (ca. .5pm) and the numerical aperature 
of the microscope objective (n.a <L .9 on dry objectives). (1) 

0097-6156/86/0295-0230$06.00/0 
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Since Raman microprobe (RMP) spectra are identical to spectra 
acquired in a classical (macro) geometry, literature spectra and 
spectral files can be used for interpretation. Applications in 
the microelectronics industry include fingerprint identification 
of microscopic contaminants and inclusions, and characterization 
of technologically important new materials. 

general ir^rwrent Design 
The coupling between micro-sampling optics and a Raman spectro
meter was accomplished simultaneously in France and in the United 
States. Delhaye and co-workers coupled a conmerical research 
grade microscope to a Raman monochromator (2,3) while Rosasco 
coupled an elliptical reflector (4) to a Raman monochro
mator. (ILi£) The work described here was accomplished on a 
second-generation instrument of the French design. 

The instrument is shown in Figure 1. The coupling of laser 
to microscope to sampl
splitter in the nose piec
scope. The beam splitte  separatio g 
and scattered radiation with high numerical aperture at the 
sample. Standard microscope objectives serve to focus the laser 
irradiation and to collect the scattered light. Sample 
preparation is identical to that required for standard optical 
microscopy. Sample alignment is achieved by positioning the 
region of interest under the focussed laser beam. Subsequently 
the focal plane is adjusted to maximize the signal when samples 
are large and high spatial resolution is not essential. When 
maximum spatial resolution is required, especially in the axial 
direction, an i r i s diaphragm behind the microscope (not shown in 
figure) can be employed as a spatial f i l t e r . The i r i s is mounted 
at an image plane conjugated to the sample, and has the effect of 
eliminating radiation originating outside of the laser focal 
volume. (4f7f9) 

Mfcr\>anaiygig - organic Cfrntariflatipn 
Over the past years we have been asked to identify organic 
contaminants that appear on silicon wafers during processing 
operations. As the scale of integration of the circuits 
increases, and the size of the smallest features decreases, the 
size of contaminants that can effect a device's operation becomes 
more critical and the ability to identify foreign materials 
becomes increasingly important. The amount of material present is 
often too small for analysis by infrared absorption or X-ray 
diffraction. The Auger and electron microprobes are incapable of 
yielding chemical (i.e., molecular) identification. The Raman 
microprobe is unique in its ability to identify organic 
contaminants that appear as particles as small as lpm, or as films 
as thin as lpm. 
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ED1A. A very large particle (XLOOvim) on a silicon wafer was 
identified as EDTA (ethylene diamine tetraacetic acid). Because 
of the size of the particle, i t was apparent that the EDIA had not 
precipitated on this wafer after inadequate rinsing (precipitated 
crystals would exhibit morphology of growth on a substrate) • It 
was inferred that this particle had inadvertently settled on the 
wafer when clean room gloves had not been appropriately changed. 

SILICONE. A silicone film about 5ym thick was identified on a 
silicon substrate. It would have been difficult by X-ray 
microanalysis to detect the additional silicon due to the film 
above the silicon X-ray signal from the substrate. Moreover, the 
X-ray spectrum would not have revealed the presence of surface 
silicon as organically-bound silicon, i.e., as a form of 
poly (dimethyl siloxane) • However the Raman spectrum, by 
fingerprinting the polymer, provides clues to the source of the 
contaminant. In this case, a degraded silicone-rubber gasket was 
suspected of introducin  material that had settled  thi  sample

PET CHIP. A microscopi  particl  finger
printed as a piece of polyethylene terephthalate. The source of 
this contaminant was identified as a wafer handling basket. This 
result was especially surprising because these baskets had been 
"guaranteed" not to chip and produce debris. 

Fluorinated Hydrocarbon. The bottom of Figure 2 shows a spectrum 
of material that had settled on another wafer. The features at 
521 and 950cm"1 are one- and two phonon bands of the silicon 
substrate. The other features come from the contaminant. The top 
of the figure shows a spectrum of teflon (polytetrafluor-
ethylene) • While the two spectra in the figure are not a perfect 
match, i t is significant to note that there are no spectral 
features between 1400 and 1500cm"1, which is where most hydro
carbons exhibit a strong band due to the C H 2 deformation. The 
lack of this feature implies the absence of any alkane regions 
longer than two carbon atoms. 

Interpretation of this spectrum requires information on the 
history of the wafer. This specimen had been polished with a 
slurry containing organic solvents and then etched. The 
contaminant could be attributed to two sources. Low molecular 
weight polymer could have been carried from a teflon container. 
Or polymer could have been deposited on the wafer during etching 
in a C F 4 / H 2 plasma i f the plasma contained excess H 2 . 

CWfffflFFf The upper spectrum of Figure 3 was recorded from a 
hazy film (<5pm thick) on a Si wafer. In addition to the silicon 
phonon at 521cm"1, other bands appeared which could be matched 
to literature spectra of native cellulose (polymorphy I), whose 
spectrum is shown in the lower portion of the figure. 

It was speculated that the source of this contaminant coulcf 
be cellulose filter material used in one of the processing 
operations. However, there is a problem in reconciling the 
assignment to cellulose I and the film morphology. It has usually 
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TEFLON 

500 750 1000 1250 1500 1750 
WAVENUMBERS 

LASERt 135 MW 0 514.5 NM. SLITSi 300 MIC. DATE 3-15-83 
1 SCAN(S). TIMEi .5 SEC/PT, PTS SPACED BY 1 WAVENUMBERS 

Figure 2 - Raman microprobe spectrum of a contaminated silicon 
wafer (lower trace) compared with a spectrum of teflon (upper 
trace) . Acquisition conditions are displayed at the bottom of 
the figure. Note that laser power at the sample is 10% of the 
value displayed. 
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Hazy Film on Silicon Wafer 

(< 5um thick) 

200 400 600 800 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0 

\ / 
Raman Spectra of crystalline forms of CELLULOSE distinguishable by XRD 

/ 

2 0 0 6 0 0 1 0 0 0 1 U 0 0 

Figure 3 - Raman microprobe spectrum of a hazy film 
contaminating a silicon wafer (upper trace) • Reference spectra 
Of Celluloses I and II Shown belOW. (Reproduced with 
permission from Ref. 9b. Copyright 1976 John Wiley.) 
Conditions used to acquire the microprobe spectrum: Laser -
514.5nm, 8.5mw at sample; Slits, 300 m, Scan rate 
100cro"vmin? Coaddition of 3 scans; Objective 80x. 
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been observed that cellulose I cannot be recovered from cellulose 
solutions. Chemically processed cellulose shows X-ray diffraction 
and Raman spectra of cellulose II. Thus one would not expect to 
observe cellulose I from a film of re-precipitated cellulose. 
However, Attala has been able to show that cellulose I can be 
recovered from solutions of cellulose by precipitation at elevated 
tempertures (>150°C) • (2) Thus, this Raman spectrum enables one 
not only to identify the chemical composition of the contaminant, 
but also allows determination of the processing step during which 
the contaminant precipitated. It is useful to note here that 
identification of crystalline polymorphs of many other polymers 
provides information on their thermal anchor stress history. 

MgiQariaj-ysj-s - Preek in Wire Connect 
An integrated circuit package that had failed during use was sub
mitted for analysis. The ceramic package had been opened and i t 
was found that some of
far from the gold bondin
deposited on the gold aroun
identified - the material was suspected to be organic. 

Numerous scans taken of the deposited residue did not 
indicate the presence of an organic material. However, a band at 
approximately 519cm"1 was observed on every pass - and i t was 
not observed when the instrument was focussed on the gold pad or 
aluminum wire. We were forced to the conclusion that the 
"contaminating" material was elemental, semi-crystalline silicon. 
(The silicon phonon frequency down shifts when the crystallite 
size is reduced (1Q) or when the lattice is under tensile stress 
(11)). 

From infrared analysis, i t was known that significant amounts 
of silica were present. It was subsequently argued that silica 
gel had contaminated the package and acted as a carrier for 
corroding chemicals. The Raman microprobe did not find evidence 
for silica in significant amounts. We argued that the failure 
could have been caused by the aluminum wires themselves. These 
often have a small percentage of micro-crystalline silicon added 
as a hardening agent. If the silicon is inadequately dispersed 
there might be local heating during use which would promote 
electron-migration of the silicon and could end ultimately in a 
break in the wire. 

In order to reconcile the Raman microprobe results with those 
of infrared, i t is important to recognize the limitations of the 
techniques. The Raman-active phonon mode in silicon is infrared 
inactive. However, a l l silicon is coated to some extent with a 
thin film of a thermal oxide to which infrared absorption is very 
sensitive. While the oxide is also active in the Raman effect, 
its signal is much weaker than that of the silicon itself. 

Stress in tarer Annealed Silicon on Silicon Qxite 

In collaboration with Hewlett Packard Laboratories lateral-
epitaxially regrown films of laser-annealed silicon on silicon 
oxide islands were examined. (1Q) This study is motivated by the 
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attempt to produce high quality single crystal silicon films 
isolated by oxide from the silicon crystal wafer. Such materials 
could then be used to manufacture devices with increased component 
density per package. It is known, however, that mismatch at the 
silicon/oxide interface will usually result in stress in the 
annealed material that causes dislocations and grain boundaries 
which will effect the silicon's conductivity. The BMP study (1Q) 
discribed here was an effort to combine the ability of the Raman 
signal to monitor stress with the high spatial resolution of the 
technique. (11) The measured stress could then be correlated with 
the geometry of the sample. 

The samples were prepared by depositing .55pm of polysilicon 
over a (001) silicon wafer patterned with 480ym square islands of 
Si02 that were 1.4pm thick. The edges of the island were 
oriented along (110) directions. The polysilicon was encapsulated 
with 60A of silicon nitride. The samples were held at 500°C 
during recrystallization which was accomplished by scanning an 
11W, 80pm diameter Gaussia  io  lase  bea  th  sampl
at a rate of 25cm/sec,

The Raman active phono  hig  quality singl  crysta
silicon occurs at 520.7cm""1. Under tensile stress the band 
shifts to lower energies; under compressive stress the band shifts 
to higher energies. (12) Because of the values of the thermal 
expansion coefficients of silicon and its oxide, the silicon film 
re-crystallized over the oxide will experience tensile stress. In 
order to maximize the accuracy with which the stress could be 
measured, the Raman spectra were recorded digitally with 0.1cm""1 

between data points. (Instrumental repeatability was also 
0.1cm-"1). 

Figure 4 shows a plot of the Raman phonon frequency as a 
function of distance from the edge of the oxide island. The 
figure also shows the dependence of the stress (as extrapolated 
from the Raman frequency) on the position of the probe. 

Two sets of data are illustrated in the figure; Raman spectra 
were excited at wavelengths 514.5 and 457.9nm. Because the 
optical penetration depth of silicon is different at these two 
wavelengths, the information generated reflects different 
thicknesses of samples. Both sets of data indicate an increase in 
stress as the distance from the oxide edge increases. A striking 
difference is the indication of a drop in stress at approximately 
25ym from the edge that is detected in the 457.9nm-excited data. 
This is to be attributed to the shallower penetration depth of 
this radiation; the conclusion to be drawn is that after the 
sample breaks into polycrystalline grains approximately 11pm from 
the edge (as measured by Nomarski contrast micrographs), there is 
relief of stress at the surface of the recrystallized material. 

Other Areas of Applicability of the BMP 

Optical Fibers. Several manufacturers of optical fibers have 
suggested that a Raman microprobe could be a useful tool in char
acterizing fibers. The literature shows that i t is possible to 
monitor the concentration of additives to silica down to the 1 
mole percent level. (13-17) Polished sections of preforms or drawn 
fibers have been monitored in the microprobe in this laboratory. 
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521.0 -

STRESS 
(x109 dyncm- 2 ) 

514.5 nm EXCITATION: 5/13/82 • 
, 12/28/82 • 

1/5/83 o 

• 
O 

SINGLE CRYSTAL SILICON 

O 
• 

-20 -10 SEED SOI 10 20 

DISTANCE FROM SEED / SOI BOUNDARY (fim) 

30 

Figure 4 - Raman phonon frequency of l a se r - r ec rys t a l l i zed 
l a t e r a l e p i t a x i a l l y annealed s i l i o n on insula t ing oxide (SOI) 
and the derived s t ress , as a function of distance from the 
seecl/SOI interface: Spectra were acquired with laser 
wavelengths 514.5 and 457.9nm. 

In col laborat ion wi th L . Soto at B e l l Laboratories, we have 
recently succeeded i n ident i fy ing the cause of a break i n a 
cxxonunications f i b e r . (18) By X-ray fluorescence zirconium was 
known to be present i n the 2um p a r t i c l e p rec ip i t a t ing the break -
the Raman spectrum showed c lear evidence for the monoclinic 
polymorph. Because the furnace used to p u l l the f ibers contained 
monclinic and tetragonal z i rconias i n different loca t ions , i t was 
only the polymorph i d e n t i f i c a t i o n by the Raman microprobe which 
provided the information necessary to refine the manufacturing 
process. 

I I I - V Semiconductors. The use of Raman spectroscopy to 
characterize c r y s t a l l i n e f i lms of compound semiconductors has been 
reviewed. (12) Effects that can be monitored are or ien ta t ion , 
ca r r i e r concentration, charge c a r r i e r s 1 scat tering times, 
mixed-crystal composition (12) and Group V deposits i n the native 
oxides.(20) 
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Characterization of Gallium Arsenide 
by Magneto-optical Photoluminescent Spectroscopy 

D. C. Reynolds 

Air Force Wright Aeronautical Laboratories, AADR, Wright-Patterson Air Force Base, 
OH 45433 

Identification of residual and doped donors have been 
identified in expitaxial GaAs using the photolumines
cence technique in the presence of applied magnetic 
fields. Transitions occur between excited initial 
and final states of the neutral-donor-bound-exciton 
complexes. The magnetic field compresses the wave 
function which sharpens the optical transitions. The 
magnetic field also separates the different donors 
when viewed from the neutral-donor-bound-exciton 
transitions. These two effects make possible the 
identification of donors when the donor concentra
tion is in the mid 1015cm-3 range. 

R e f l e c t i o n , emiss ion and a b s o r p t i o n i n s o l i d s has long been s t u d i e d . 
Intense photoluminescence i s observed i n many semiconductors at low 
temperatures. When s p e c t r a l l y a n a l y z e d , t h i s photoluminescence p r o 
v i d e s an extens ive source of exper imental data which c o n t r i b u t e s to 
the u l t imate i d e n t i f i c a t i o n of the e l e c t r o n i c s t a t e s of i m p u r i t i e s 
and d e f e c t s i n these semiconductors . Many sharp l i n e s appear i n 
such s p e c t r a , p a r t i c u l a r l y from bound e x c i t o n s , which prov ide a 
" f i n g e r p r i n t " of the i m p u r i t i e s and d e f e c t s which are present i n 
the semiconductor l a t t i c e . 

The e x c i t o n i s the probe i n t h i s c a s e , becoming bound to 
v a r i o u s i m p u r i t i e s , d e f e c t s , and complexes and the subsequent decay 
from the bound s ta te y i e l d s in format ion concerning the center to 
which i t was bound. The e f f e c t i v e mass l i k e donors i n many I I I -V 
b inary and i n s e v e r a l of the I I I -V ternary systems are sha l low . The 
chemical s h i f t s and c e n t r a l c e l l c o r r e c t i o n s are s m a l l , there fore 
the energy separa t ion of donors r e s u l t i n g from d i f f e r e n t i m p u r i t i e s 
or host de fec ts i s s m a l l . T h i s r e q u i r e s low r e s i d u a l concent ra t ions 
to prevent concent ra t ion broadening and merging of the impur i ty 
l e v e l s wi th the conduct ion band. C o n t r o l l e d doping experiments wi th 
known donors must a l s o be i n the low c o n c e n t r a t i o n range to permit 
the i d e n t i f i c a t i o n of s p e c i f i c donors . The b ind ing energ ies of 
acceptors are i n genera l l a r g e r than donors . T h i s makes the e x p e r i 
mental c h a r a c t e r i z a t i o n of acceptors e a s i e r than that f o r donors . 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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The behavior of these sharp l i n e t r a n s i t i o n s i n per tu rb ing magnetic 
and s t r a i n f i e l d s make i t p o s s i b l e to d i f f e r e n t i a t e between simple 
s u b s t i t u t i o n a l donors and acceptors and complexes composed of com
b i n a t i o n s of i m p u r i t i e s and or d e f e c t s . 

E x c i t o n Spectra 

I n t r i n s i c E x c i t o n s . The i n t r i n s i c fundamental gap e x c i t o n i n semi 
conductors i s a h y d r o g e n i c a l l y bound h o l e - e l e c t r o n p a i r , the ho le 
being der ived from the top va lence band and the e l e c t r o n from the 
bottom conduct ion band. I t i s a normal mode of the c r y s t a l c rea ted 
by an o p t i c a l e x c i t a t i o n wave, and i t s wave f u n c t i o n s are analogous 
to those of the Block wave s t a t e s of f r e e e l e c t r o n s and h o l e s . When 
most semiconductors are o p t i c a l l y e x c i t e d at low temperatures i t i s 
the i n t r i n s i c e x c i t o n s that are e x c i t e d . The energy of the ground 
and e x c i t e d s t a t e s of the e x c i t o n l i e below the band gap energy of 
the semiconductor . Hence, the e x c i t o n s t r u c t u r e must f i r s t be d e 
termined i n order to determin  th  band  Th  e x c i t o
b ind ing energy can be determine
hydrogenic ground and e x c i t e
energ ies can be determined by adding the e x c i t o n b i n d i n g energy to 
the exper imenta l ly measured photon energy of the ground s t a t e 
t r a n s i t i o n . 

E x t r i n s i c E x c i t o n s . Bound e x c i t o n complexes or impur i ty e x c i t o n 
complexes are e x t r i n s i c p r o p e r t i e s of m a t e r i a l s . These complexes 
are observed as sharp l i n e o p t i c a l t r a n s i t i o n s i n both photo lumines
cence and a b s o r p t i o n . The bound complex i s formed by b ind ing a f r e e 
e x c i t o n to a chemical impur i ty atom ( i o n ) , complex, or a host l a t 
t i c e d e f e c t . The b i n d i n g energy of the e x c i t o n to the impur i ty or 
de fec t i s g e n e r a l l y weak compared to the f ree e x c i t o n b ind ing 
energy. The r e s u l t i n g complex i s m o l e c u l a r - l i k e (analogous to the 
hydrogen molecule or mo lecu le - ion ) and bound e x c i t o n s have many 
s p e c t r a l p r o p e r t i e s which are analogous to those of s imple d iatomic 
m o l e c u l e s . The center to which the f r e e exc i tons are bound can be 
e i t h e r n e u t r a l donor and acceptor centers or i o n i z e d donor and 
acceptor c e n t e r s . The emiss ion or a b s o r p t i o n energ ies of these 
bound e x c i t o n t r a n s i t i o n s are always below those of the cor respond
ing f r e e e x c i t o n s , due to the molecular b i n d i n g energy. 

The sharp s p e c t r a l l i n e s of bound e x c i t o n complexes can be 
very in tense ( l a rge o s c i l l a t o r s t r e n g t h ) . The l i n e i n t e n s i t i e s 
w i l l , i n g e n e r a l , depend on the concent ra t ions of i m p u r i t i e s and/or 
de fec ts present i n the sample. 

The theory o f " impur i ty" or defect a b s o r p t i o n i n t e n s i t i e s i n 
semiconductors has been s t u d i e d by Rashba (_1) . By use of the 
Fredholm method, he f i n d s that i f the a b s o r p t i o n t r a n s i t i o n occurs 
at k=0 and i f the d i s c r e t e l e v e l a s s o c i a t e d wi th the impur i ty 
approaches the conduct ion band, the i n t e n s i t y of the a b s o r p t i o n l i n e 
i n c r e a s e s . The exp lanat ion o f f e r e d f o r t h i s i n t e n s i t y behavior i s 
that the o p t i c a l e x c i t a t i o n i s not l o c a l i z e d i n the impur i ty but 
encompasses a number of ne ighbor ing l a t t i c e p o i n t s of the host 
c r y s t a l . Hence, i n the absorp t ion p r o c e s s , l i g h t i s absorbed by 
the e n t i r e r e g i o n of the c r y s t a l c o n s i s t i n g of the impur i ty and i t s 
sur round ings . 
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I n an a t t a c k on t h e p a r t i c u l a r p r o b l e m o f e x c i t o n s w h i c h a r e 
w e a k l y bound t o l o c a l i z e d " i m p u r i t i e s " , Rashba and G u r g e n i s h v i l i ( 2 ) 
d e r i v e d t h e f o l l o w i n g r e l a t i o n between t h e o s c i l l a t o r s t r e n g t h o f 
t h e bound e x c i t o n and t h e o s c i l l a t o r s t r e n g t h o f t h e i n t r i n s i c 
e x c i t o n s £ » u s i n g t h e e f f e c t i v e - m a s s a p p r o x i m a t i o n 

F -(E / | E | ) 3 / 2 f ( 1 ) d o ' ' ex 
2 2/3 

where E Q = ( 2 h /m)(*jr/fi ) , E i s t h e b i n d i n g e n e r g y o f t h e e x c i t o n t o 
t h e i m p u r i t y , m i s t n e e f f e c t i v e mass o f t h e i n t r i n s i c e x c i t o n , and 
fig i s t h e volume o f t h e u n i t c e l l . 

I t h a s been shown i n some m a t e r i a l s t h a t F, e x c e e d s f by more 
t h a n f o u r o r d e r s o f m a g n i t u d e . An i n s p e c t i o n or E q u a t i o n ? X r e v e a l s 
t h a t , as t h e i n t r i n s i c e x c i t o n becomes more t i g h t l y bound t o t h e 
a s s o c i a t e d c e n t e r , t h e o s c i l l a t o r s t r e n g t h , and h ence t h e i n t e n s i t y 
o f t h e e x c i t o n complex l i n e , s h o u l d d e c r e a s e as ( l / E ) * * ' 2 . 

I n m a g n e t i c f i e l d s , bound e x c i t o n s have u n i q u e Zeeman s p e c t r a l 
c h a r a c t e r i s t i c s , f r o m w h i c
c e n t e r s t o w h i c h t h e f r e
t r o s c o p y i s a v e r y p o w e r f u l a n a l y t i c a l t o o l f o r t h e s t u d y and 
i d e n t i f i c a t i o n o f i m p u r i t i e s and d e f e c t s i n s e m i c o n d u c t o r m a t e r i a l s . 

M a g n e t o - O p t i c a l S p e c t r o s c o p y T e c h n i q u e s 

M a g n e t o - o p t i c a l s p e c t r o s c o p y t e c h n i q u e s have been a p p l i e d t o t h e 
c h a r a c t e r i z a t i o n o f GaAs w h i c h i s a p o t e n t i a l l y i m p o r t a n t m a t e r i a l 
f o r many t e c h n o l o g i c a l a p p l i c a t i o n s . H i g h q u a l i t y m a t e r i a l i s r e 
q u i r e d f o r many o f t h e s e a p p l i c a t i o n s . To i m p r o v e t h e q u a l i t y r e 
q u i r e s a knowledge o f t h e r e s i d u a l i m p u r i t i e s i n undoped m a t e r i a l . 
The a c c e p t o r s , h a v i n g r e l a t i v e l y l a r g e b i n d i n g e n e r g i e s as compared 
t o t h e d o n o r s (~30 v s . 5.7 meV), c a n be i d e n t i f i e d q u i t e e a s i l y . 
The s h a l l o w h y d r o g e n i c d o n o r s , on t h e o t h e r hand, have s m a l l b i n d i n g 
e n e r g i e s and a l s o have s m a l l c e n t r a l - c e l l c o r r e c t i o n s . T h i s makes 
t h e r e s o l u t i o n o f d i f f e r e n t d o n o r s r e s u l t i n g f r o m d i f f e r e n t c h e m i c a l 
i m p u r i t i e s d i f f i c u l t t o a c h i e v e . The e a r l y e x p e r i m e n t s f r o m w h i c h 
d i f f e r e n t c h e m i c a l d o n o r s were i d e n t i f i e d employed h i g h - r e s o l u t i o n 
F o u r i e r - t r a n s f o r m i n f r a r e d m a g n e t o s p e c t r o s c o p y ( F T I R ) w h i c h u s e d t h e 
m o d u l a t e d p h o t o c o n d u c t i v i t y d e t e c t i o n t e c h n i q u e t o m o n i t o r t h e 
1S-2P_^ t r a n s i t i o n i n a f i x e d m a g n e t i c f i e l d . 

F T I R S t u d i e s . T h ese s t u d i e s were m o t i v a t e d by b o t h f u n d a m e n t a l and 
t e c h n o l o g i c a l i n t e r e s t s . F u n d a m e n t a l l y t h e r e was a d e s i r e t o d e t e r 
mine how e f f e c t i v e l y t h e s e i m p u r i t y s t a t e s c o u l d be t r e a t e d by 
e f f e c t i v e mass t h e o r y . A l s o t h e e f f e c t o f l o c a l p o t e n t i a l s due t o 
t h e d i f f e r e n t c o r e c o n f i g u r a t i o n s o f d i f f e r e n t c h e m i c a l i m p u r i t i e s 
was o f p a r t i c u l a r i n t e r e s t . I t i s t h e s e c h e m i c a l s h i f t s t h a t r e 
q u i r e c o r r e c t i o n s t o be made t o t h e e f f e c t i v e mass t h e o r y . These 
s h i f t s a l s o make p o s s i b l e t h e i d e n t i f i c a t i o n o f d i f f e r e n t c h e m i c a l 
s p e c i e s w h i c h i s o f g r e a t t e c h n o l o g i c a l i n t e r e s t . C o n s i d e r i n g I I I - V 
s e m i c o n d u c t o r s , d o n o r s a r e i n t r o d u c e d by s u b s t i t u t i n g g r o u p IV atoms 
on t h e g r o u p I I I s i t e o r s u b s t i t u t i n g g r o u p V I atoms on t h e g r o u p V 
s i t e . I n a s i m i l a r manner a c c e p t o r s a r e i n t r o d u c e d by s u b s t i t u t i n g 
g r oup I I atoms on t h e g r o u p I I I s i t e o r by s u b s t i t u t i n g group IV 
atoms on t h e g r o u p V s i t e . The s l i g h t e n e r g y s h i f t ( c e n t r a l c e l l 
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c o r r e c t i o n ) r e s u l t i n g from i n t r o d u c i n g d i f f e r e n t chemical donors or 
acceptors makes p o s s i b l e the i d e n t i f i c a t i o n of the s u b s t i t u t e d atom. 

The FTIR experiment can be e i t h e r a transmission experiment or a 
photoconductive experiment. Photoconductive d e t e c t i o n i s much more 
s e n s i t i v e than the transmission experiment w h i l e s t i l l r e t a i n i n g the 
high r e s o l u t i o n feature of the technique. I t was shown by S t i l l m a n 
(_3) that photoconductive d e t e c t i o n allows one to observe t r a n s i t i o n s 
between bound impurity s t a t e s . The e x c i t e d c a r r i e r can absorb a 
phonon and make a t r a n s i t i o n to a conduction band s t a t e . 

E f f e c t i v e Mass Model. The e f f e c t i v e mass d e s c r i p t i o n of an impurity 
(donor) s t a t e r e q u i r e s that the e l e c t r o n o r b i t extend over many 
l a t t i c e d i s t a n c e s . This permits the use of the macroscopic d i e l e c 
t r i c constant to describe the e l e c t r o n i c motion. With these c o n d i 
t i o n s s a t i s f i e d , the impurity energy s t a t e can be approximated by 
the hydrogenic form w i t h the e l e c t r o n mass replaced by an e f f e c t i v e 
mass m* 

E =
* m 

where R i s an e f f e c t i v e Rydoerg which i s r e l a t e d to the hydrogen 
Rydberg by the f o l l o w i n g expression 

R* = h m* e 4 / e 2 tf2 (3) o 
I t i s c l e a r that the e f f e c t i v e mass model must be modified i n order 
to account f o r d i f f e r e n t chemical donors. The FTIR experiment 
monitors the n = 1 to n = 2 t r a n s i t i o n . For shallow donors i n many 
of the I I I - V compounds the 2s and 2p s t a t e s are degenerate f o r a l l 
p r a c t i c a l purposes. The r e s o l u t i o n i s improved by applying a mag
n e t i c f i e l d . The magnetic f i e l d separates the o r b i t a l angular 
momentum s t a t e s . The magnetic f i e l d a l s o compresses the wave func
t i o n which sharpens the t r a n s i t i o n s , i t a l s o separates t r a n s i t i o n s 
due to d i f f e r e n t chemical i m p u r i t i e s (h). 

High R e s o l u t i o n Photoluminescence Studies. More r e c e n t l y , shallow 
r e s i d u a l donors have been i d e n t i f i e d i n h i g h - p u r i t y VPE GaAs using 
h i g h - r e s o l u t i o n photoluminescence spectroscopy (_5, 6 ) . The o p t i c a l 
t r a n s i t i o n s that were used to i d e n t i f y the r e s i d u a l donors r e s u l t 
from the c o l l a p s e of neutral-donor-bound e x c i t o n s . The decay of an 
ex c i t o n bound to a donor (acceptor) may leave the donor (acceptor) 
i n an e x c i t e d s t a t e . This was f i r s t pointed out by Thomas and 
Ho p f i e l d ( 7 ) . They observed t r a n s i t i o n s i n CdS that were charac
t e r i z e d by la r g e magnetic f i e l d s p l i t t i n g s and negative diamagnetic 
s h i f t s which they t e n t a t i v e l y i d e n t i f i e d w i t h t r a n s i t i o n s of t h i s 
type. E x c i t e d - s t a t e t r a n s i t i o n s of t h i s type were l a t e r i d e n t i f i e d 
i n GaP, ( 8 ) , CdSe, (9, K>) CdS, (11) ZnO, (12) and ZnSe (13). R e s i d 
u a l donors have subsequently been r e s o l v e d i n GaAs by Almassy et a l . 
(5) from o p t i c a l t r a n s i t i o n s r e s u l t i n g from the c o l l a p s e of an 
e x c i t o n bound to an e x c i t e d donor s t a t e , l e a v i n g an e x c i t e d t e r m i n a l 
s t a t e . The ter m i n a l s t a t e of t h i s t r a n s i t i o n , from which chemical 
i d e n t i f i c a t i o n s are made, i s the n = 2 s t a t e . When the t e r m i n a l 
s t a t e i s a 2s s t a t e , then the c e n t r a l - c e l l c o r r e c t i o n to t h i s s t a t e 
i s assumed to be 1/8 of i t s value f o r the Is s t a t e . In t r a n s i t i o n s 
of t h i s type i t i s p o s s i b l e to observe 7/8 of the t o t a l c e n t r a l - c e l l 
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c o r r e c t i o n . When the ter m i n a l s t a t e i s a 2p s t a t e the f u l l c e n t r a l -
c e l l c o r r e c t i o n i s observed. 

Emission l i n e s have been observed on the high-energy side of 

m a t e r i a l s , CdTe, (14) GaAs, (^5, J_6) CdS, (17) and ZnSe (13). These 
t r a n s i t i o n s were i n t e r p r e t e d as e x c i t e d s t a t e s of the D*,X but w i t h 
very l i t t l e d e t a i l as to the nature of the e x c i t e d s t a t e s . Guillaume 
and L a v a l l a r d (18) proposed a r i g i d - r o t a t o r model to e x p l a i n these 
e x c i t e d s t a t e s i n CdTe. In t h i s model the hole i s e x c i t e d to r o t a t e 
around the f i x e d donor analogous to r o t a t i o n of diatomic molecules. 
This model had d i f f i c u l t y i n p r e d i c t i n g the observed energies f o r 
the e x c i t e d - s t a t e t r a n s i t i o n s . A n o n - r i g i d - r o t a t o r model was sub
sequently proposed by Ruhle and K l i n g e n s t e i n , (19) which was success
f u l i n p r e d i c t i n g the e x c i t e d - s t a t e energies i n InP and GaAs. I t 
was the c o l l a p s e of ex c i t o n s bound to the n = 2 r o t a t i o n a l s t a t e of 
the donors from which the r e s i d u a l donors were r e s o l v e d i n 
Reference 5. I t has been observed that i n many c r y s t a l s the D*,X 
s t a t e as w e l l as the f i r s  n o n - r i g i d - r o t a t i o n a l  broadened 
wh i l e other bound-excito
have observed broadenin
and have a l s o observed that t h i s broadening decreased w i t h i n c r e a s 
ing r o t a t i o n a l quantum number. I t has been proposed (21) that an 
analogous broadening mechanism i s r e s p o n s i b l e f o r the broadening of 
the Er,X t r a n s i t i o n as w e l l as the t r a n s i t i o n from the f i r s t non-
r i g i d - r o t a t i o n a l s t a t e . I t was observed that when the ground s t a t e 
was broadened the e x c i t e d - (n = 2) s t a t e t r a n s i t i o n s were a l s o 
broadened. The energy se p a r a t i o n between the D ,X s t a t e and the 
f i r s t r o t a t i o n a l s t a t e i n GaAs i n 50yV. I f one attempts to r e s o l v e 
r e s i d u a l donors from the e x c i t e d - s t a t e (n = 2) t r a n s i t i o n s of these 
two s t a t e s , the combined l i n e broadening and sm a l l energy se p a r a t i o n 
render i t impossible i n most cases. Almassy et a l . (5) circumvented 
t h i s problem by observing the n = 2 s t a t e s r e s u l t i n g from the 
c o l l a p s e of the e x c i t o n bound to the second n o n - r i g i d - r o t a t i o n a l 
s t a t e of the donor, which i s not broadened. This has the advantage 
that the experiment i s done i n zero magnetic f i e l d and therefore 
the donor energies are d i r e c t l y measured. The scheme has the d i s 
advantage that the i n t e n s i t y of the n = 2 s t a t e a s s o c i a t e d w i t h the 
second n o n - r i g i d - r o t a t i o n a l s t a t e i s considerably l e s s than the 
i n t e n s i t y of the n = 2 s t a t e a s s o c i a t e d w i t h the f i r s t n o n - r i g i d -
r o t a t i o n a l s t a t e . 

I t would be d e s i r a b l e to i d e n t i f y the r e s i d u a l donors i n GaAs 
from the t r a n s i t i o n i n v o l v i n g an e x c i t o n bound to the f i r s t non-
r i g i d - r o t a t i o n a l s t a t e . The t e r m i n a l s t a t e c o n s i s t s of the e x c i t e d 
s t a t e (n = 2) of the e l e c t r o n on the donor. The observation of 
d i f f e r e n t r e s i d u a l donor species from t h i s t r a n s i t i o n i s made 
p o s s i b l e by performing the experiment i n a magnetic f i e l d . The 
magnetic f i e l d produces two e f f e c t s : (a) I t separates out s t a t e s 
w i t h d i f f e r e n t o r b i t a l angular momentum and (b) i t compresses the 
wave f u n c t i o n which sharpens the l i n e s and separates the donors. 
In the f i n a l s t a t e the t r a n s i t i o n can terminate i n e i t h e r the 2s 
or 2p s t a t e . From p a r i t y arguments i t can be shown that the i n i t i a l 
s t a t e of the D*,X t r a n s i t i o n has odd p a r i t y . The 2s f i n a l s t a t e i n 
t h i s t r a n s i t i o n w i l l have even p a r i t y whereas the 2p f i n a l s t a t e w i l l 
have odd p a r i t y . The p r e f e r e n t i a l t r a n s i t i o n , t h e r e f o r e , from the 
D ,X i n i t i a l s t a t e w i l l be to the 2s f i n a l s t a t e . By s i m i l a r 

the neutral-donor many 
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argument i t c a n be shown t h a t t h e i n i t i a l s t a t e o f t h e e x c i t o n bound 
t o t h e f i r s t r o t a t i o n a l s t a t e o f t h e n e u t r a l donor w i l l have e v e n 
p a r i t y . The p r e f e r e n t i a l t r a n s i t i o n f o r t h i s s t a t e t h e n w i l l be t o 
th e 2p f i n a l s t a t e h a v i n g odd p a r i t y . The i n t e n s i t i e s o f t h e s e 
t r a n s i t i o n s were o b s e r v e d by Dean e t a l . ( 2 2 ) f o r t h e c a s e o f ZnTe. 
They showed t h a t when t h e e x c i t o n c o l l a p s e d f r o m t h e f i r s t r o t a t i o n a l 
s t a t e t h e t e r m i n a l s t a t e i n t e n s i t y r a t i o 2p/2s = 20. They f u r t h e r 
showed t h a t when t h e e x c i t o n c o l l a p s e d f r o m t h e D*,X s t a t e t h e 
t e r m i n a l s t a t e i n t e n s i t y 2p/2s = 1/5. I t c a n t h e r e f o r e be c o n c l u d e d 
t h a t i n t h e c a s e o f GaAs t h e 2p f i n a l s t a t e s a r e p r e d o m i n a t e l y 
a s s o c i a t e d w i t h e x c i t o n s bound t o t h e f i r s t n o n - r i g i d - r o t a t i o n a l 
s t a t e , and t h e 2s f i n a l s t a t e s a r e p r e d o m i n a t e l y a s s o c i a t e d w i t h t h e 
l f * , X s t a t e . 

T r a n s i t i o n f r o m N e u t r a l Donor S t a t e s . When a n e x c i t o n d e c a y s f r o m 
t h e D*,X s t a t e i n a m a g n e t i c f i e l d t h e e x c i t e d 2s and 2p t e r m i n a l 
s t a t e s a r e s e p a r a t e d . The 2p a n g u l a r momentum s t a t e s a r e a l s o 
s e p a r a t e d . The i n i t i a
e l e c t r o n s and one u n p a i r e
u n p a i r e d h o l e w i l l s p l i
t h e c omplex c o n s i s t s o f one u n p a i r e d e l e c t r o n e i t h e r i n t h e g r o u n d 
s t a t e o r i n a n e x c i t e d s t a t e . The t r a n s i t i o n s o f i n t e r e s t i n t h i s 
p a p e r a r e t h o s e a s s o c i a t e d w i t h t h e t e r m i n a l e l e c t r o n i n t h e n = 2 
s t a t e . The i n s e t i n F i g u r e ( 1 ) i s a d e n s i t o m e t e r t r a c e o f t h e D ,X 
s t a t e and i t s a s s o c i a t e d n o n - r i g i d - r o t a t i o n a l s t a t e s . The i n i t i a l 
s t a t e o f t h e t r a n s i t i o n c a n o r i g i n a t e f r o m D*,X o r any o f i t s r o 
t a t i o n a l s t a t e s . The t r a n s i t i o n o f i n t e r e s t i s t h e one whose 
i n i t i a l s t a t e i s t h e f i r s t n o n - r i g i d - r o t a t i o n a l s t a t e . The s p e c i f i c 
t r a n s i t i o n r e s u l t s f r o m t h e c o l l a p s e o f a n e x c i t o n bound t o t h e 
f i r s t n o n - r i g i d - r o t a t i o n a l s t a t e and t e r m i n a t i n g i n t h e 2p s t a t e o f 
th e e l e c t r o n on t h e n e u t r a l d o n o r . The i n i t i a l s t a t e o f t h e compl e x 
s p l i t s i n t o a q u a r t e t a nd t h e f i n a l 2p s t a t e s p l i t s i n t o t h r e e 
w i d e l y s e p a r a t e d s t a t e s 2 p + ^ , 2 p Q , and 2p_.. I n t h i s t r a n s i t i o n a 
n e g a t i v e d i a m a g n e t i c s h i f t o c c u r s so t h a t t h e l o w e s t - e n e r g y 2p 
s t a t e r e s u l t s i n t h e h i g h e s t - e n e r g y o p t i c a l t r a n s i t i o n . T h i s i s t h e 
2p_^ s t a t e w h i c h h a s t h e h i g h e s t i n t e n s i t y o f t h e p - s t a t e t r a n s i 
t i o n s . The m a g n e t i c f i e l d s p l i t t i n g o f t h i s s t a t e a t 40 kG i s shown 
i n F i g u r e ( 2 ) . The i n s e t o f F i g u r e ( 2 ) shows t h e z e r o - f i e l d t r a c e 
i n t h e n = 2 s p e c t r a l r e g i o n o f t h e n e u t r a l - d o n o r - bound e x c i t o n . 
Here i t i s s e e n f r o m t h e c o l l a p s e o f t h e e x c i t o n bound t o t h e 
s e c o n d , t h i r d , and f o u r t h n o n - r i g i d - r o t a t i o n a l s t a t e s t h a t t h e 
c r y s t a l c o n t a i n s r e s i d u a l S i and S d o n o r s . The s p l i t t i n g o f the 
2p_^ s t a t e shows components o f t h e s e two d o n o r s a s marked i n F i g u r e 
( 2 ) . The h i g h e s t - i n t e n s i t y t r a n s i t i o n s a r e t h e s p i n - c o n s e r v i n g 
t r a n s i t i o n s . The l i n e s a r e s h a r p and w e l l r e s o l v e d . The d o n o r s 
c o u l d n o t be r e s o l v e d f r o m t h i s t r a n s i t i o n i n z e r o m a g n e t i c f i e l d 
due t o b r o a d e n e d l i n e s a n d t h e n e a r p r o x i m i t y o f t h e p r i n c i p a l -
d onor - bound e x c i t o n . Much c an be g a i n e d by u s i n g a m a g n e t i c 
f i e l d w i t h t h e p h o t o l u m i n e s c e n c e i d e n t i f i c a t i o n o f s h a l l o w d o n o r s . 

I t was shown by F e t t e r m a n e t a l . ( 4 ) t h a t t h e s e p a r a t i o n b e 
tween d i f f e r e n t c h e m i c a l d o n o r s i n c r e a s e d m o n o t o n i c a l l y w i t h magne
t i c f i e l d s t r e n g t h . I n t h e i r c a s e t h e y were a n a l y z i n g t h e d o n o r s 
by t h e FTIR t e c h n i q u e . S i n c e t h e e x c i t o n i s v e r y l o o s e l y bound t o 
th e d onor i n t h e p h o t o l u m i n e s c e n c e scheme, a s i m i l a r r e s p o n s e m i g h t 
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r I.5I4I0D0,X 

Figure 1. Schematic representation of r a d i a t i v e recombination of 
an exciton bound to a n e u t r a l donor where the f i n a l s t a t e i s the 
donor i n the ground or i n the ex c i t e d c o n f i g u r a t i o n . The in s e t 
shows the i n i t i a l s t a t e of the neutral-donor-bound exciton i n the 
ground and se v e r a l e x c i t e d r o t a t i o n a l s t a t e s . (Reproduced with 
permission from Ref. 24. Copyright 1983 American P h y s i c a l Society.) 
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ENERGY (eV) 

F i g u r e 2. M a g n e t i c f i e l d components o f t h e 2p ^ s t a t e a t 40 kG 
r e s u l t i n g f r o m t h e c o l l a p s e o f an e x c i t o n bound t o t h e f i r s t -
r o t a t i o n a l s t a t e o f t h e n e u t r a l donor f o r b o t h s u l f u r a nd s i l i c o n . 
The i n s e t shows t h e same two d o n o r s i n z e r o m a g n e t i c f i e l d r e 
s u l t i n g f r o m t h e e x c i t o n bound t o t h e s e c o n d , t h i r d , and f o u r t h 
r o t a t i o n a l s t a t e s o f t h e s e n e u t r a l d o n o r s . ( R e p r o d u c e d w i t h p e r 
m i s s i o n from R e f . 24. C o p y r i g h t 1983 A m e r i c a n P h y s i c a l S o c i e t y . ) 
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be expected. The p e r t u r b a t i o n theory of Fetterman et a l . r e s u l t e d 
i n the f o l l o w i n g expression f o r the magnetic f i e l d s e p a r a t i o n of 
donors 1 and 2: 

A 1 , 2 ( B ) = K l , 2 I X i s < 0 ) | 2 (*> 
where K. ^ i s an a d j u s t a b l e parameter independent of magnetic f i e l d . 
X, (0) x ^ t* i e v a l u e °f t n e effective-mass envelope f u n c t i o n f o r an 
e l e c t r o n i n the donor ground s t a t e at the o r i g i n i n the presence of 
a magnetic f i e l d . This f u n c t i o n i s magnetic f i e l d dependent. X l g 

can be c a l c u l a t e d from effective-mass theory. The s o l i d l i n e i n 
Figure (3) i s a t h e o r e t i c a l p l o t of \x (0)| as a f u n c t i o n of 
magnetic f i e l d taken from Cabib et a l . f23). In the same f i g u r e i s 
p l o t t e d A ( s i l i c o n , s u l f u r donor separation) by a d j u s t i n g the 
right-hand s c a l e to place the point at 40 kG c l o s e to the t h e o r e t i 
c a l curve. With the use of u n i t K the remaining experimental p o i n t s 
f a l l as shown i n Figure (_3). The f i t i s reasonably good and shows 
that the p e r t u r b a t i o n theor  i  a l s  a p p l i c a b l  whe  e x c i t o  i
l o o s e l y bound to the donor
f i e l d s increased donor separatio

A geometric c o n s t r u c t i o n was used to analyze the magnetic 
f i e l d s p l i t t i n g of the 2p_^ s t a t e s of the S i and S donors whose 
densitometer t r a c e s are shown i n Figure ( 2 ) . Since the e x c i t o n s 
are very l o o s e l y bound to the donors i t i s reasonable to assume 
that the e l e c t r o n g value i n these bound s t a t e s w i l l be e s s e n t i a l l y 
the same as the f r e e - e l e c t r o n g v a l u e . Using an e l e c t r o n g value 
of g = -0.55, the nomogram at 40 kG shown i n Figure (4) was pro
duce!. From the nomogram a hole K value of 0.65 i s measured. 

In Figure 5 the d e v i a t i o n from the center of mass of the M Q 
t r a n s i t i o n f o r the s i l i c o n donor as a f u n c t i o n of magnetic f i e l d 
i s p l o t t e d . An e f f e c t i v e g value of 1.1 i s obtained from t h i s 
s p l i t t i n g . This i s c l o s e to the sum of the magnitudes of the e l e c 
t r o n and hole g values which i s expected f o r t h i s s p l i t t i n g . An 
i d e n t i c a l s p l i t t i n g i s obtained f o r the s u l f u r donor. 

I d e n t i f i c a t i o n of Donors i n Doped GaAs 

Magneto-optical photoluminescent spectroscopy was used to i d e n t i f y 
the donors i n two samples of S i doped GaAs. The S i concentration 
i n sample A as determined by C-V p r o f i l i n g was N D = 5X10 cm""3. 
The t o t a l donor concentration i n sample B was = 3X10^^cm"^ w i t h a 
c a r r i e r m o b i l i t y = 45,000 cm 2/V-sec at 77 K determined from H a l l 
e f f e c t measurements. 

The donors were i d e n t i f i e d from the c o l l a p s e of excitons bound 
to n e u t r a l donors. The o p t i c a l t r a n s i t i o n s i n v o l v e the c o l l a p s e 
of e x c i t o n complexes whose i n i t i a l s t a t e c o n s i s t s of an e x c i t o n 
bound to the f i r s t n o n r i g i d r o t a t i o n a l s t a t e of the n e u t r a l donor 
and whose te r m i n a l s t a t e c o n s i s t s of the 2p_j s t a t e of the n e u t r a l 
donor. The most intense t r a n s i t i o n s i n t h i s process are the s p i n 
conserving t r a n s i t i o n s . The measurements were made i n an a p p l i e d 
magnetic f i e l d of 36kG. The t r a n s i t i o n s to the 2 p , s t a t e are 
shown i n Figure 6. The dashed curve f o r sample A snows the 
s p i n conserving t r a n s i t i o n s f o r the S i donor i n t h i s S i doped 
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H (kG) 

F i g u r e 3. S e p a r a t i o n o
m a g n e t i c f i e l d i s shown by t h e c l o s e d c i r c l e s . The s o l i d l i n e 
i s t h e t h e o r e t i c a l c u r v e o f I X i g ( 0 ) | 2 a s a f u n c t i o n o f m a g n e t i c 
f i e l d . The z e r o - f i e l d v a l u e o f S A . „ i s 0.43 cm"" . (R e p r o d u c e d w i t h 
p e r m i s s i o n from R e f . 24. C o p y r i g h t 1 *ft83 A m e r i c a n P h y s i c a l S o c i e t y . ) 

F i g u r e 4. Nomogram f o r i n t e r p r e t a t i o n o f the 2 p _ i m a g n e t i c f i e l d 
components o f t h e S i and S d o n o r s . The f r e e - e l e c t r o n g v a l u e i s 
assumed, a h o l e k v a l u e o f k = 0.65 i s t h e n measured. ( R e p r o d u c e d 
w i t h p e r m i s s i o n from R e f . 24. C o p y r i g h t 1983 A m e r i c a n P h y s i c a l 
S o c i e t y . ) 
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Figure 5. De v i a t i o n from the center of mass i s p l o t t e d as a 
fu n c t i o n of magnetic f i e l d f o r the S i donor. Reproduced w i t h per
mission from Ref. 24. Copyright 1983 American P h y s i c a l Society.) 

I I I i I I 
1.51092 1.51112 1.51132 

ENERGY (eV) 

Figure 6. Shallow donors i d e n t i f i e d i n two d i f f e r e n t GaAs 
samples from the 2p_^ t r a n s i t i o n . The dashed curve shows the 
S i donor i n sample A, the s o l i d curve shows the S i donor as w e l l 
as the r e s i d u a l S donor i n sample B. 
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sample. The s o l i d curve fo r sample B , a l s o S i doped shows the S i 
donor w i t h the w e l l r e s o l v e d S r e s i d u a l donor a l s o p resen t . Th i s 
demonstrates that the technique i s capable of i d e n t i f y i n g donors a t 
r e l a t i v e l y h i g h concen t r a t ions ( 5 X 1 0 1 5 c m " 3 ) . These r e s u l t s cou ld 
not have been achieved i n zero magnetic f i e l d . 

The magne to -op t i ca l spect roscopy technique has c e r t a i n advan
tages over FTIR: (1) I t can penetra te l a y e r s such as a c t i v e l a y e r s 
as w e l l as l a y e r s a s soc i a t ed w i t h some h e t e r o s t r u c t u r e s , (2) i t does 
not r e q u i r e c o n t a c t s , (3) donors and acceptors can be i d e n t i f i e d 
s imul taneous ly p e r m i t t i n g an es t imate o f sample compensation, and 
(4) s i n c e i t samples a ve ry t h i n l a y e r o f m a t e r i a l i t can be used i n 
p r o f i l i n g l a y e r s . These two techniques p rov ide methods f o r 
i d e n t i f y i n g very sha l low l e v e l s i n semiconductors . 

Conc lus ions 

In order to make judgement about the q u a l i t y o f an e p i t a x i a l l a y e r , 
or any semiconductor m a t e r i a l  i  i  c h a r a c t e r i z  tha
m a t e r i a l . The c h a r a c t e r i z a t i o
the intended end produc
c h a r a c t e r i z a t i o n has been emphasized, focus ing on the magneto-
o p t i c a l photoluminescent spectroscopy technique f o r i d e n t i f y i n g 
i m p u r i t i e s . The e a r l y experiments from which d i f f e r e n t chemica l 
donors were i d e n t i f i e d i n m a t e r i a l s l i k e GaAs employed the FTIR 
technique . Both of these techniques are very u s e f u l f o r i d e n t i f y i n g 
i m p u r i t i e s however, i n t h i s paper , i t i s p e r t i n e n t to p o i n t out 
some o f the advantages o f the magne to-op t ica l spect roscopy technique: 
(1) I t can penetra te l a y e r s such as a c t i v e l a y e r s as w e l l as l a y e r s 
a s soc i a t ed w i t h some h e t e r o s t r u c t u r e s , (2) I t does not r e q u i r e 
c o n t a c t s , (3) donors and acceptors can be i d e n t i f i e d s imul t aneous ly 
p e r m i t t i n g an es t imate o f sample compensation, and (4) s i n c e i t 
samples a ve ry t h i n l a y e r of m a t e r i a l i t can be used i n p r o f i l i n g 
l a y e r s . 
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Thermal-Wave Imaging 
in a Scanning Electron Microscope 

15 

Allan Rosencwaig 
Therma-Wave, Inc., Fremont, CA 94539 

Thermal-wav
permits the detection and imaging of surface 
and subsurface thermal features in a sample 
through the interaction of thermal waves 
with these features. A scanning electron 
microscope, modified to perform high-
resolution thermal-wave imaging, has been 
used to detect subsurface mechanical defects 
such as microcracks, to image grains, grain 
boundaries and dislocation networks, and to 
detect and image dopant regions and lattice 
variations in crystals. 

There has been considerable interest lately in imaging techniques 
that employ thermal waves. (1-4) In thermal-wave imaging, a 
beam of energy, usually a laser or electron beam, is focused and 
scanned across the surface of a sample. This beam is generally 
intensity-modulated at a frequency in the range of 10kHz to 
10MHz. As the beam scans across the sample it is absorbed at or 
near the surface, and periodic surface heating results at the 
beam modulation frequency. This periodic heating is the source 
of thermal waves, which propagate from the heated region. The 
thermal waves are diffusive waves similar to eddy current waves, 
evanescent waves, and other critically damped phenomena that 
travel only to two wavelengths before their intensity becomes 
negligibly small. Nevertheless, within their range, the thermal 
waves interact with thermal features in a manner that is 
mathematically similar to the scattering and reflection processes 
of conventional propagating waves. (5) Thus any features on or 
beneath the surface of the sample that are within the range of 
these thermal waves and that have thermal characteristics 
different from their surroundings will reflect and scatter the 
waves and thus become visible. These thermal features can be 
defined as those regions of an otherwise homogeneous material 
that exhibit variations, relative to their surroundings, in 
either the thermal conductivity k, the volume specific heat pC, 
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and i n some instances the thermal expansion coefficient a.^. 
Variations i n these thermal parameters arise, most commonly, from 
variations i n the lo c a l l a t t i c e structure of the material, and, 
for metals and other good e l e c t r i c a l conductors, from variations 
i n the lo c a l c a r r i e r concentration as well. 

Imaging of these thermal features requires detection of the 
scattered and reflected thermal waves. This detection i s 
currently accomplished by several different techniques. However, 
thermal-wave imaging at the high sp a t i a l resolution needed for 
microelectronics investigations, where micron-sized features must 
be resolved, requires, as seen i n Table I, the detection of high 
frequency (MHz range) thermal waves. To date only the 
thermoacoustic detection method has been used routinely for 
detecting such high frequency thermal waves. QJ (6) 

Table I. Thermal-Wav
(Si l icon, Metals) an

Biological Materials) 

Modulation Thermal Thermal 
Frequency Conductor Insulator 

100 Hz 200 to 300 urn 20 to 30 ym 
10 kHz 20 to 30 urn 2 to 3 ym 
1 MHz 2 to 3 ym 2000 to 3000 A 

Thermoacoustic signals occur i n any sample with a nonzero 
thermal expansion coefficient because of the periodic stress-
str a i n conditions i n the heated volume defined by thermal waves, 
thus, as depicted in Figure 1, the 1-MHz thermal waves give rise 
to 1-MHz acoustic waves. These thermoacoustic waves are 
propagating waves of much longer wavelengths, t y p i c a l l y a few 
millimeters at 1MHz, compared to a few microns for thermal waves 
at the same frequency. The magnitude and phase of the 
thermoacoustic waves are dir e c t l y related to the temperature 
pr o f i l e s i n the heated volume and thus are di r e c t l y affected by 
the presence of scattered and reflected thermal waves. 

Thermoacoustically generated ultrasonic waves were predicted 
by White ( 2 ) and f i r s t used for imaging by von Gutfeld and 
Melcher. (8) These and subsequent experiments were concerned, 
however, with the use of thermoacoustic waves for ultrasonic 
imaging, where the interactions of the acoustic waves with the 
e l a s t i c features i n the sample produce the principal contrast 
mechanisms. The p o s s i b i l i t y of using the thermal waves, which 
precede the thermoacoustic waves for the imaging of thermal 
features was not realized at the time. Although acoustic waves 
are detected, thermal-wave imaging with the thermoacoustic probe 
i s not acoustic imaging, since the acoustic waves always have 
wavelengths many orders of magnitude greater than the thermal waves 
a n d t h u s a r e n o t a b l e t o image t h e same s m a l l f e a t u r e s . 
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S A M P L E 
TOP 
SURFACE 

FOCUSED 
ENERGY 
BEAM 
(Blanked at @ 5 0 % 
duty cycle; typical 
frequency 1 MHz) 

ACOUSTIC 
COUPLING 
MATERIAL 

\ 
DETECTOR 
(Piezoelectric 

transducer) 

F i g u r e 1: A s c h e m a t i c r e p r e s e n t a t i o n o f t h e 
p h y s i c a l p r o c e s s e s t h a t o c c u r d u r i n g t h e r m a l - w a v e 
i m a g i n g . 
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That i s , the acoustic waves simply carry or amplify the 
waves and thus are not able to image the same small features. 
That i s , the acoustic waves simply carry or amplify the 
information describing the thermal-wave event. In thermal-wave 
imaging, the thermoacoustic waves are thus used as a monitor to 
detect the presence of thermal waves scattered or reflected from 
thermal features. 

Experimental Configuration 

Most high-frequency thermal-wave imaging i s performed in a 
scanning electron microscope where an intensity-modulated 
electron beam i s used to generate the thermal waves. The 
experiments that w i l l be reported here a l l have been performed 
with a Therma-Wave, Inc. Model 101 system attached to a Hitachi 
S-520 scanning electron microscope. The system block diagram for 
the scanning electron/thermal-wave microscope i s shown in Figure 
2. 

The SEM i s usually operate  range
f i n a l condenser relaxed and the f i n a l aperature removed, to 
provide a beam of up to 2yamp with a spot size of 0.5ym. the 
beam i s intensity-modulated at frequencies from 100kHz-2MHz using 
electrostatic plates inserted just below the gun anode. The 
electrostatic plates are driven by a driver that supplies a 100V 
square-wave pulse train with a 50* duty cycle. The ris e and f a l l 
times of the square waves are < 35 nsec. We have found that 
during this type of blanking the SEM resolution i s degraded by 
less than O.lym, thus allowing conventional electron imaging to 
be performed even with the beam blanking on. 

The sample i s mounted to a specially designed piezoelectric 
transducer that takes the place of the conventional SEM stub. 
The sample mounting i s commonly done with s i l v e r paint, although 
wax, vacuum grease, cement, and even mechanical attachments have 
a l l been used successfully. The transducer employs a piezo-
ceramic element and i s designed for high s e n s i t i v i t y and good 
shielding from the stray f i e l d s and electron flux i n the SEM 
chamber. 

The signal from the transducer i s fed into a low-noise 
preamplifier and then into an analyzer. This analyzer 
incorporates a frequency synthesizer, a phase-sensitive lock-in 
amplifier system capable of operating from 64kHz to 2MHz, a video 
amplifier, and various image control functions. The frequency 
synthesizer provides the input to the blanking driver and the 
reference to the phase-sensitive lock-in amplifier system. The 
video output from the analyzer i s fed d i r e c t l y into the imaging 
CRT of the SEM, thereby generating a thermal-wave image as the 
SEM electron beam rasters over the sample. Alternatively, the 
video output i s fed into an image buffer which can then provide a 
time-averaged steady-state thermal-waver image on a video 
monitor. 
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Applications, We have performed, with the system described 
above, high-resolution, thermal-wave imaging on many different 
materials. We have detected and imaged subsurface mechanical 
defects such as microcracks and voids, grain boundaries, grains, 
and dislocations, and dopant regions and l a t t i c e variations in 
crystals. 

Subsurface Mechanical Defects. Subsurface mechanical defects 
such as voids, cracks and delaminations represent substantial 
thermal features and thus are readily detected with a 
thermal-wave microscope. (1) (9) (10) One i l l u s t r a t i o n of this 
application i s shown in Figure 3. Figure 3a i s the electron 
image of a S i device. The thermal-wave image i n Figure 3b shows 
a large subsurface crack network in the Si chip and a 
delamination or subsurface chip-out region at the top i n the 
center. Neither of these mechanical defects i s v i s i b l e with 
either optical or electron microscopy. Other examples of 
thermal-wave imaging of subsurfac  mechanical defect  hav  bee
presented elsewhere. (9

Metallography. Thermal waves can also be used to image 
variations i n single and multi-phase crystals. This a b i l i t y i s 
of considerable u t i l i t y i n metallography, since different 
metallic phases or grains can be readily imaged with no special 
sample preparation. We i l l u s t r a t e this i n Figure 4 where the 
columnar or dendritic grains and the various transistion and 
precipitation zones are clearly v i s i b l e i n the thermal-wave image 
of a weld region i n a Co-Cr all o y . In addition, we can see in 
the thermal-wave image, a crack forming along the sharp 
precipitation zone i n the center of the dendritic grains. This 
image dramatically reveals that we are dealing with an inherently 
weak weld due to the presence of the large dendritic grains and 
the sharp transistion or precipitation zone. In addition, the 
thermal-wave image shows that this weld already has an incipient 
crack forming i n i t along the precipitation zone. Such images 
cannot be obtained by any other nondestructive means. 

Another example i s shown in Figure 5 which shows the 
electron and thermal-wave images of an Al-Zn al l o y . The electron 
image (a) shows only topographical fetures, while the thermal-
wave image (b) clearly shows both the grain structures and the 
presence of Fe or Sn precipitates. 

As seen from the above Figures and from those obtained by 
other investigators (2) (11) grain structures i n single and 
multi-phase metals and alloys show up very clearly i n thermal-
wave images. I t should be kept in mind that conventional SEM 
images w i l l usually show grain contrast only for multi-phase 
materials with substantial atomic number differences between 
grains, and for single-phase materials only i f they have been 
previously etched or i f one can perform electron channeling 
experiments. There are several possible mechanisms for the 
exceptionally strong contrast seen i n the thermal-wave images of 
both grains and grain boundaries. Certainly grain boundaries 
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SPECIMEN • 
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F i g u r e 2: B l o c k d i a g r a m o f t h e t h e r m a l - w a v e 
m i c r o s c o p e s y s t e m as p a r t o f a s c a n n i n g e l e c t r o n 
m i c r o s c o p e • 

F i g u r e 3: E x a m p l e s o f s u b s u r f a c e m e c h a n i c a l d e f e c t s 
i n a S i d e v i c e . The e l e c t r o n m i c r o g r a p h ( a ) shows 
no d e f e c t f e a t u r e s . The t h e r m a l - w a v e image ( b ) 
shows a s u b s u r f a c e n e t w o r k o f m i c r o c r a c k s i n t h e 
l o w e r h a l f o f t h e d e v i c e and a s u b s u r f a c e 
d e l a m i n a t i o n o r c h i p - o u t i n t h e t o p c e n t e r . 
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F i g u r e 4: a.) E l e c t r o n m i c r o g r a p h o f a p o l i s h e d 
w e l d r e g i o n i n a Co-Cr a l l o y . b.) T h e r m a l - w a v e 
m i c r o g r a p h o f same r e g i o n s h o w i n g a l l o f t h e g r a i n 
m i c r o s t r u c t u r e i n c l u d i n g t h e d e n d r i t i c g r a i n s and 
t r a n s i t i o n z o n e s i n t h e w e l d r e g i o n . N o t e t h e 
p r e s e n c e o f a s u b s u r f a c e m i c r o c r a c k f o r m i n g a l o n g 
t h e s h a r p p r e c i p i t a t i o n zone n e a r t h e c e n t e r o f t h e 
w e l d . 

F i g u r e 5: E l e c t r o n ( a ) and t h e r m a l - w a v e ( b ) 
m i c r o g r a p h s a t 50X o f an A l - Z n a l l o y . The 
t h e r m a l - w a v e m i c r o g r a p h shows t h e A l - Z n g r a i n s , and 
t h e p r e s e n c e o f Fe o r Sn p r e c i p i t a t e s . 
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represent lo c a l areas of strongly perturbed l a t t i c e structure, 
and thus of considerable variations in the lo c a l thermal 
parameters. Likewise, different grains in a multi-phase material 
may have different chemical compositions, and thus quite 
different thermal parameters as well. The contrast mechanism for 
grains in a single-phase material i s somewhat more d i f f i c u l t to 
explain. Other investigators (2) (11) have suggested that this 
contrast i s due primarily to anisotropy i n the e l a s t i c properties 
with the result that differently oriented grains respond 
differently to the localized thermal deformation. However, local 
variations in the e l a s t i c properties affect the thermal-wave 
signal only through Poisson's r a t i o , and the antisotropy i n 
Poisson's ratio w i l l be much smaller than that in the e l a s t i c 
constants themselves. Thus this does not appear to be the major 
source of contrast as i t would be in acoustic imaging. Instead 
we should look to l o c a l variations in the thermal parameters, pC, 
at and most of a l l k. Note that even in a cubic material, 
s i g n i f i c a n t anisotropic  aris  i  th  thermal conductivit  k
and, to a lesser extent
at the surface of the sampl
surface-related conditions. 

Crystalline Distruptions and Variations. When a crystal l a t t i c e 
i s highly ordered, minor changes in l a t t i c e structure can produce 
measurable changes i n the l o c a l thermal conductivity of the 
material and thus can be imaged with a thermal-wave microscope. 
(10) (12) This capability i s i l l u s t r a t e d i n Figure 6 which shows 
a GaAs device. The optical and and electron micrographs image 
the v i s i b l e features of the gate structures in the devices. The 
thermal-wave image shows, in addition, the Si-doped regions of 
the GaAs, since these regions have a different thermal 
conductivity than the undoped regions. Such images permit a 
rapid and nondestructive analysis of the effects of l a t e r a l 
diffusion of dopant in semiconducting crystals. 

Correlations with EBIC and XRT. Thermal features that arise 
either from mechanical defects or from metallic grains and grain 
boundaries are usually easy to recognize. However, thermal 
features arising from more subtle c r y s t a l l i n e disruptions and 
variations, such as those described above are more d i f f i c u l t to 
i d e n t i f y . Before thermal-wave microscopy can be accepted as a 
routine, standard analytical technique, one needs to establish a 
direct correlation of some of these less obvious thermal-wave 
images with those obtained with other more widely accepted 
techniques. Below, we discuss two such correlations, one with 
electron beam induced current (EBIC) and the other with x-ray 
topography (XRT). 

EBIC analysis i s an important tool for characterizing 
e l e c t r i c a l l y active features i n semiconducting materials (13). 
EBIC images are generated by rastering the electron beam of a SEM 
over the sample and collecting the current generated in 
electron-hole production. A p-n junction or Schottkey barrier 
must be established on the sample to c o l l e c t the charge. 
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Contrast i s produced in the image when either the probing beam 
scans across a region in which the electron-hole production 
changes measurably, or when the probe beam comes close to a 
strong recombination center, EBIC image resolution and EBIC 
sampling depth are both controlled by the size of the region 
within which the primary electrons lose energy as they enter the 
sample. The l i m i t s of this volume are defined by the surfaces at 
which the electrons no longer have s u f f i c i e n t energy for 
ionization. A ty p i c a l EBIC resolution l i m i t i s 0.5ym, and a 
typ i c a l sampling depth i s approximately 5ym. 

Thermal-wave microscopy has s i m i l a r i t i e s i n resolution and 
sampling depth. While the contrast mechanisms are very 
different, we would expect to find many of the same features 
appearing in both EBIC and thermal-wave images since both 
e l e c t r i c a l conductivity and thermal conductivity are transport 
properties of the material, and thus w i l l respond to changes i n 
material properties i n simila

The correlation study  imaging 
was performed with S i solar c e l l material. This i s large-grain 
ribbon material which has been polished to produce a smooth 
surface for the EBIC studies. Figure 7 i s a thermal-wave 
micrograph of the Si solar c e l l material showing grain boundaries 
and other thermal features. Figure 8a i s an electron image of a 
smaller area of the sample, i n which the only features seen are 
the contact metallization lines from the solar c e l l . Figure 8b 
i s the EBIC picture of the same area showing d e t a i l due to 
subgrain boundaries. The thermal-wave image in Figure 8c shows 
a l l the same subgrain boundary features as the EBIC micrograph 
with similar resolution. This suggests that thermal-wave 
microscopy can be used to study the same features that EBIC would 
show, but without the need to make the p-n junctions. 

X-ray topography i s a technique which uses x-ray d i f f r a c t i o n 
to image features which produce d i f f r a c t i o n contrast, (14) ( i . e . , 
produce changes i n diffracted beam angles). Thus i t i s applied 
primarily to single crysta l or, at least, highly oriented 
polycrystalline samples. Contrast i s produced at cr y s t a l l i n e 
defects such as dislocations, twins, or stacking faults which are 
regions of high strain and often the location of precipitate 
p a r t i c l e s . In general, the XRT images lo c a l variations i n 
cry s t a l s t r a i n . The diffracted beam which i s used to produce the 
image can be selected to be either a beam that i s transmitted 
through the sample (in which case the image i s the integral of 
a l l contrast producing features within the sample), or a beam 
that i s reflected i n the sample surface region (in which case the 
sampled volume i s only a layer approximately 20 urn thick at the 
surface). The x-ray topograph i s usually recorded by exposing a 
photographic emulsion, thus producing a unity magnification image 
of the sample. Further magnification i s then obtained 
photographically by enlarging the image during printing. The 
magnification and resolution l i m i t s are imposed by the grain size 
in the emulsion and this t y p i c a l l y l i m i t s the resolution to 
approximately 1-5 ym. 
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F i g u r e 6 : Images o f a GaAs d e v i c e . The e l e c t r o n 
m i c r o g r a p h ( a ) shows t h e s u r f a c e c i r c u i t f e a t u r e s . 
The t h e r m a l - w a v e image ( b ) shows, i n a d d i t i o n , t h e 
S i - d o p e d r e g i o n s a r o u n d and u n d e r n e a t h some o f t h e 
c i r c u i t s t r u c t u r e s . 

F i g u r e 7 : T h e r m a l - w a v e image o f S i s o l a r c e l l 
m a t e r i a l s h o w i n g g r a i n s t r u c t u r e . 
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F i g u r e 8: a,) E l e c t r o n m i c r o g r a p h o f a s i n g l e 
g r a i n r e g i o n o f S i s o l a r a l l m a t e r i a l . b.) EBIC 
image o f same r e g i o n s h o w i n g t h e s u b - g r a i n 
b o u n d a r i e s t h a t a f f e c t e l e c t r o n - h o l e c u r r e n t i n t h e 
p-n j u n c t i o n . c.) T h e r m a l - w a v e image o f same 
r e g i o n s h o w i n g t h e same f e a t u r e s a s t h e EBIC i m a g e . 
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Figure 9a i s a part of a reflection topograph taken on an 
LEC-grown GaAs c r y s t a l . A 30-hour exposure was required to 
obtain this image. The patterns seen i n this topograph are 
primarily very dense dislocation networks. 

For comparison, Figure 9b i s a thermal-wave micrograph of 
the same area of the c r y s t a l . Clearly, the same features are 
v i s i b l e i n the two imaging techniques and, in fact the 
dislocation networks appear to be somewhat better resolved in the 
thermal-wave image. However, whereas the x-ray topograph 
required 30 hours to obtain the thermal-wave image was obtained 
i n two minutes. We have also seen individual dislocations at 
higher magnification with thermal-wave imaging, as shown i n 
Figure 10, where the individual dislocations appear as small 
points. 

The contrast mechanism in the XRT micrograph i s clearly the 
variations i n the l o c a l e l a s t i  s t r a i n  Tha  th  e l a s t i  strai
variations are not th
thermal-wave micrograp
arguments and from recent work related to acoustic microscopy. 
(15) (16) This work has shown, both experimentally and 
theoret i c a l l y , that dislocations i n semiconducting crystals are 
not detectable by even the micron-sized ultrasonic waves 
generated i n a high-frequency acoustic microscope, because the 
dislocation strain f i e l d s produce negligible variations in the 
l o c a l e l a s t i c constants. Thus the thermal-wave contrast 
mechanism must be attributable primarily to variations in the 
l o c a l thermal conductivity, which, being a dynamic transport 
property, i s more sensitive to l a t t i c e perturbations than are the 
s t a t i c e l a s t i c properties. 

Thermal-wave imaging thus appears to be as powerful a 
technique as x-ray topograhy for imaging dislocations in GaAs 
materials, but i s much faster and simpler. 
Conclusion 

Thermal-wave imaging i s a means of detecting and imaging 
previously i n v i s i b l e thermal features. Its applications i n 
materials analysis are many and diverse. These include the 
detection and imaging of subsurface defects, including 
i n t e r f a c i a l flaws and microcracks; the detection and 
characterization of areas of a c r y s t a l l i n e l a t t i c e that have been 
modified through the introduction of foreign ions or defects; and 
the imaging of dislocations both singly and in networks. In 
addition, the a b i l i t y to image c r y s t a l l i n e phases and grains in 
single and multi-phase materials with no special sample 
preparation makes possible more convenient, nondestructive 
i n - s i t u , and perhaps even dynamic studies of metals, composites, 
and other materials. In biology, the method may be used in the 
future to analyze and map the microscopic structure of membranes 
and c e l l s i n terms of their l o c a l thermal parameters, thereby 
providing potentially valuable data. 
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F i g u r e 9: a.) X - r a y t o p o g r a p h (XRT) o f a s e c t i o n 
o f LEC-grown GaAs c r y s t a l a t 20X m a g n i f i c a t i o n , 
s h o w i n g a dense n e t w o r k o f d i s l o c a t i o n s . b.) 
Ther m a l - w a v e image o f same r e g i o n s h o w i n g t h e same 
f e a t u r e s as t h e XRT im a g e . Note t h e c r a c k t h a t 
a p p e a r s i n b o t h i m a g e s i n t h e l o w e r r i g h t - h a n d 
c o r n e r . 

F i g u r e 10: H i g h e r m a g n i f i c a t i o n ( 1 0 0 X ) t h e r m a l - w a v e 
image o f t h e LEC-grown GaAs c r y s t a l i n t h e r e g i o n s 
of t h e c r a c k , s h o w i n g b o t h d i s l o c a t i o n n e t w o r k s and 
f e a t u r e s ( i n d i v i d u a l d a r k p o i n t s ) r e l a t e d t o 
i n d i v i d u a l d i s l o c a t i o n s . 
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Fourier Transform Mass Spectrometry 
in the Microelectronics Service Laboratory 

W. H. Penzel 

Defense Systems Division, Honeywell Inc., Hopkins, MN 55343 

Mass spectrometr
support of electronic development and manufacturing 
processes. Fourier transform mass spectrometry, the 
latest advance in this analytical method, is another 
step forward in versatility, sensitivity and 
reproducibility in analytical characterization, 
qualification and quantification of raw materials 
and contaminants as used in electronic devices. A 
review will be provided of basic instrument hardware 
and interfacing, significant operating parameters 
and limitations, and special inlet systems. 
Emphasis will be placed on material evaluation, 
process control and failure analysis. Data handling 
will be reviewed using appropriate examples 
encountered in material and failure analysis. 

Over the last 50 years, mass spectrometry has seen the 
introduction and development of several types of mass 
spectrometers. These fall into the general categories of time-of-
flight, quadrupole and electrostatic/magnetic sector instruments. 
The application and utility of these increased significantly as 
data handling technology began to catch up with the needs of the 
analyst. 

Ion cyclotron resonance (ICR) experiments were performed in 
the early !70fs, which applied the theory that ion spin frequency 
was directly related to ion mass, and which, by application of 
Fourier transforms, permitted the development of the theoretical 
base and practical application for Fourier transform mass 
spectrometry (FTMS) (1-7). While initial experiments utilized 
conventional field sources, i.e. electromagnets, the desire for 
greater field strength and stability soon led to the use of super 
conducting magnets. Experimentation confirmed advantages of this 
approach to mass spectrometry. Since mass determination is based 
purely on ion spin frequency, it is possible to form and to detect 
ions in the same region of the instrument, only separating these 
events by time (1-7). Additionally, all ions are detected 
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simultaneously (not s e q u e n t i a l l y as i n the other types 
ofinstruments) thus minimizing time r e l a t e d d i s t o r t i o n of the mass 
sp e c t r a . 

In FTMS, s e v e r a l a n a l y t i c a l techniques are a v a i l a b l e simply 
by v a r y i n g c e l l parameters. The techniques are e l e c t r o n 
i o n i z a t i o n ( E I ) , chemical i o n i z a t i o n ( C I ) , s e l f - C I , and MS/MS 
(Mass Spectrometry/Mass Spectrometry, p r o v i d i n g r e - a n a l y s i s of 
s p e c i f i c p r e v i o u s l y obtained mass fragments). Wide mass range, 
high s e n s i t i v i t y , u l t r a high r e s o l u t i o n , high scan r a t e s , and the 
e l i m i n a t i o n of the need f o r i n t e r n a l standards are p o s s i b l e , due 
to the high f i e l d s t r e n g t h and s t a b i l i t y of the super conducting 
magnet (6-10). 

Commercial instrumentation using the superconducting magnet 
was f i r s t introduced by N i c o l e t , Inc., i n 1982. Our l a b o r a t o r y i s 
equipped wi t h one of the f i r s t instruments i n i n d u s t r i a l s e r v i c e 
use, and i t has demonstrated many of the outstanding c a p a b i l i t i e s 
mentioned p r e v i o u s l y . An example of the high s t a b i l i t y of the 
instrument i n terms of mass i s given i n Table I  which l i s t s 
v a r i o u s mass fragment
three consecutive days
p e r f l u o r o t r i b u t y l a m i n e (PFTBA) and u t i l i z e d an instrument mass 
range of 10-3,000 and a f i e l d s t r e n g t h of 1.9 T e s l a . The data 
shows a maximum d e v i a t i o n of 3.3 ppm at m/z 18, 124 ppm at m/z 
100, and 35 ppm a t m/z 502, which i s noteworthy p a r t i c u l a r l y i n 
view o f the f a c t that operating parameters were changed f r e q u e n t l y 
between the analyses c i t e d , and that the instrument was placed i n 
the stand-by mode overnight between operating days. Although t h i s 
data would not q u a l i f y f o r high r e s o l u t i o n research work, i t more 
than s u f f i c e s f o r s e r v i c e l a b o r a t o r y a p p l i c a t i o n . 

Table I . S t a b i l i t y of Selected Ions Over Four Days In The Absence 
of Instrument R e c a l i b r a t i o n 

m/z Day I Day I I De l t a Day I I I Delta Day IV De l t a 
PPM PPM PPM 

18.01023 +2.8 
99.98674 -107 
130.98410 -21 
218.99513 +27 
501.97144 +35 

18 
100 
131 
219 
502 

18.01018 
99.99742 
130.98685 
218.98919 
501.95394 

18.01022 +2.2 
99.98869 -87 
130.98430 -20 
218.99589 +30 
501.94941 -9.0 

18.01024 +3.3 
99.98498 -124 
130.98635 -3.8 
218.99600 +32 
501.94529 -17 

However, i f the same fragments are repeatedly examined over a 
short p e r i o d of time, they y i e l d more reproducible data. The 
r e s u l t s obtained over a 90 minute period are shown i n Table I I ; 
representing r e a n a l y s i s without i n t e r v e n i n g c a l i b r a t i o n . Here the 
maximum d e v i a t i o n a t m/z 18 i s 2.2 ppm, a t m/z 100 i s 23 ppm and 
at m/z 502 i s 95 ppm. 
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Table I I . Short-Term S t a b i l i t y of Selected Ions Over 90 Minutes 
In the Absence of Instrument C a l i b r a t i o n 

m/z I n i t i a l 30 Min. De l t a 60 Min. D e l t a 90 Min. Del t a 
PPM PPM PPM 

18 18.010313 18.010284 -1.6 18.010291 -1.2 18.010272 -2.2 
100 99.997673 99.995857 -18 99.996349 -13 99.995405 -23 
131 130.998072 130.996902 -8.9 130.996897 -9.6 130.996452 -12 
219 218.985515 218.968526 -78 218.973151 -56 218.970313 -69 
502 502.040229 502.015054 -50 502.008728 -63 501.992678 -95 

S i m i l a r l y , s t a b i l i t y comparisons were made over short periods 
o f time using low f i e l d s t r ength at 0.7 Te s l a . This s e t t i n g i s 
necessary f o r analyses of ions below m/z 10, such as when b a c k f i l l 
gases are being analyzed. Table I I I gives t y p i c a l r e s u l t s f o r 
t h i s c o n d i t i o n . I t should be noted that the t o t a l mass range of 
the instrument i s l i m i t e d t  maximu f approximatel  m/  250 t 
t h i s f i e l d s t r e n g t h . 

Table I I I . S t a b i l i t y of Selected Ions Over One Hour In The Absence 
of Instrument R e c a l i b r a t i o n 

30 Del t a One Del t a 
m/z I n i t i a l Minutes PPM Hour PPM 
18 18.00172 18.00194 +12 18.00179 +3.8 

131 130.35528 130.34772 -58 130.33418 -162 
219 220.37685 220.37341 -16 220.40116 +110 

While t h i s v a r i a t i o n i s s i g n i f i c a n t l y g r e a t e r than i n the 
case of the higher f i e l d s t r ength data, i t i s not considered 
s i g n i f i c a n t i n our a p p l i c a t i o n because i n d i v i d u a l peaks of 
i n t e r e s t are s t i l l r e a d i l y i d e n t i f i a b l e and do not represent 
q u a n t i f i c a t i o n d i f f i c u l t i e s . In a d d i t i o n , i t should be noted that 
accuracy can be enhanced g r e a t l y by using concurrent c a l i b r a n t s 
during any a n a l y s i s . This approach would be very h e l p f u l i f 
absolute mass determinations must be performed, but i s a process 
not u s u a l l y necessary i n our a p p l i c a t i o n . 

Equipment 

The FTMS c o n s i s t s of s e v e r a l major s e c t i o n s , which i n c l u d e the 
analyzer assembly, the i n l e t systems and the e l e c t r o n i c c o n t r o l 
system. The analyzer assembly c o n s i s t s of a f o u r - i n c h diameter 
vacuum chamber which extends through the super conducting magnet 
(Figure 1). The magnet i s l i q u i d helium cooled, w i t h a l i q u i d 
n i t r o g e n j a c k e t p r o v i d i n g e x t e r n a l heat p r o t e c t i o n . The vacuum 
chamber i s equipped w i t h a turbomolecular pump p r o v i d i n g pressures 
i n the 10"^ Torr range, an i o n i z a t i o n gauge, an i n l e t system 
f l a n g e , and a c e l l connector f l a n g e . The one cubic i n c h 
a n a l y t i c a l c e l l r e s i d e s i n the center of the magnetic f i e l d (10, 
13)> w i t h i n the vacuum chamber. Both the c e l l and the chamber are 
heatable t o above 250°C. The sample i n l e t s i n c l u d e a 
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gas chromatograph i n t e r f a c e , a gas i n l e t system, a s o l i d s 
i n s e r t i o n probe, and a custom r e s i d u a l gas a n a l y s i s (RGA) and 
moisture a n a l y s i s f i x t u r e (Figure 2 ) . 

The e l e c t r o n i c c o n t r o l system i n c l u d e s c e l l operating 
c o n t r o l s ; an RF generator; vacuum, temperature and l i q u i d 
h e l i u m / l i q u i d n i t r o g e n c o n t r o l s ; and a 196 Kbyte (20 b i t ) data 
system. The data system i n c l u d e s , i n a d d i t i o n , 10 Mbyte and 160 
Mbyte d i s k d r i v e s , as w e l l as appropriate p r i n t e r s / p l o t t e r s . 
(Figure 3). This c o n t r o l system not only permits adjustment of 
operating c o n d i t i o n s a f f e c t i n g r e s o l u t i o n , s e n s i t i v i t y , scan r a t e s 
and c e l l parameters, but a l s o permits experiment s e l e c t i o n , data 
manipulation, peak measurement, background s u b t r a c t i o n and l i b r a r y 
searches. 

The b a s i c operation of the instrument (3) c o n s i s t s o f the 
i o n i z a t i o n of the sample i n the c e l l by a timed e l e c t r o n beam 
which i s f o l l o w e d , a f t e r a short i n t e r v a l , by an RF pulse a p p l i e d 
to the p l a t e s o f the c e l l . This pulse coherently e x c i t e s a l l ions 
i n the c e l l i n t o c y c l o t r o  motion  Th  motio  continue  a f t e
c e s s a t i o n of the pul s e
p l a t e s of the c e l l , a m p l i f i e
The e x c i t a t i o n / d e t e c t i o n c y c l e i s repeated numerous times and the 
c o l l e c t e d data summed. The data i s then subjected t o f o u r i e r 
transformation and the frequency spectrum r e s u l t i n g converted i n t o 
a mass spectrum. The spectrum i s normalized to the major peak. 
For q u a n t i t a t i v e work, the c a l i b r a t i o n can be based e i t h e r on peak 
height or peak area. Here, major c o n s i d e r a t i o n s w i l l i n c l u d e the 
r e s o l u t i o n chosen and the r e l a t i v e concentrations of the 
co n s t i t u e n t s under i n v e s t i g a t i o n . 

Only a few s p e c i f i c operating parameters have a major impact 
on the s p e c t r a obtained. These i n c l u d e the e x c i t a t i o n l e v e l (the 
power of the RF p u l s e ) , the fil a m e n t emission c u r r e n t , the 
e l e c t r o n beam v o l t a g e , the t r a p p i n g v o l t a g e , (which i s a p p l i e d t o 
the c e l l t r a p p i n g p l a t e s ) , and the s i g n a l a t t e n u a t i o n . Each of 
these has t o be tuned s p e c i f i c a l l y t o maximize response f o r any 
peak(s) of i n t e r e s t , and t h i s i s p a r t i c u l a r l y important f o r the 
lower f i e l d s t r e n g t h analyses. 

A p p l i c a t i o n s 

Freedom from contamination i s i n c r e a s i n g l y important as s o l i d 
s t a t e devices increase i n complexity and decrease i n s i z e . Since 
c o r r o s i o n c o n t r o l i s a major problem i n such devices, t e s t s have 
been devised t o assure the c l e a n l i n e s s l e v e l of manufactured 
p a r t s . 

Moisture. C o n t r o l of moisture has become a major challenge as 
part o f the contamination c o n t r o l p i c t u r e . Mil-Std-883C, Method 
1018.2, recognizes t h i s and has e s t a b l i s h e d mass spectrometry as 
one o f the methods found s u i t a b l e f o r moisture a n a l y s i s i n 
packaged devices with i n t e r n a l volumes of 10 to 800 m i c r o l i t e r s . 

Just as other types of mass spectrometers r e q u i r e s p e c i a l 
i n l e t f i x t u r i n g to accomplish t h i s a n a l y s i s , so does the FTMS 
(Figure 2 ) . The f i x t u r i n g developed i n our l a b o r a t o r y c o n s i s t s o f 
a temperature c o n t r o l l e d specimen holder (Figure 4) which a l s o 
provides f o r back up ( p r o t e c t i v e ) vacuum. The s p e c i f i e d " t r a n s f e r 
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Figure 3- Data system of N i c o l e t , Inc. FTMS-1000. 

Figure 4 . Component holder f o r i n t e r n a l moisture a n a l y s i s of 
sealed devices. 
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passage" consists of a piercing block with a high vacuum linear-
motion feedthrough, appropriate valving, a 0-10 Torr differential 
capacitance pressure measuring head, a replaceable add-on dead 
volume, and a connecting line with fixed "leak." This complete 
assembly i s maintained at the specified 125°C and i s prepumped by 
a four-inch diffusion pump. 

The analysis performed util i z e s instrument background spectra 
and calibration factors based on nitrogen with known moisture 
concentration and room a i r . These standards permit calculation of 
response factors for the masses of interest, including m/z 2, 4, 
18, 28, 32, 40, 44, and any other as necessary for a specific 
analysis. Specific standardization i s accomplished using a three 
volume generator (Figure 5) which covers the sample volume range 
and simulates, as much as possible, the actual piercing of a test 
specimen. 

Prior to analysis
for at least 1 hour. Th
sample holder and pressed against the piercing block to form a 
vacuum seal. The "transfer* passage," which includes the piercing 
block, i s evacuated to 10 Torr, minimum, and background spectra 
are collected. The specimen i s then pierced, the contained 
atmosphere allowed to expand into the transfer passage and the 
mass spectrometer, and sample spectra are collected. This 
sequence requires that an appropriately sized add-on volume has 
been chosen for the transfer passage to assure that the f i n a l 
sample pressure in the mass spectrometer i s in the optimum range. 
This particular condition i s necessitated by one of the few 
drawbacks of the FTMS. Care must be tak^n to maintain total 
analytical chamber pressure below 2 X 10"' Torr. Should the 
sample pressure rise in the c e l l to the point where the mean free 
path of individual ions i s impacted by adjoining ions, then any 
additional sample w i l l actually cause signal attenuation, which 
results in erroneous test data. Experimentally, ths_ threshold for 
this phenomenon has been established at 2 X 10"' Torr in our 
instrument, thus establishing a limit above which experiments 
should not be performed. By providing for a total expansion 
volume of the transfer passage sized to keep the c e l l pressure 
below this threshold, one can readily avoid the attenuation 
problem and produce reliable data. 

Data evaluation can be accomplished using either peak height 
or peak area. Peak height has been found to produce more 
consistent results due to the d i f f i c u l t y of consistently applying 
baselines to small peaks in the mass spectra in the process of 
making area determinations. Peak height data avoids this problem 
to the greatest degree. The raw data i s then calculated into 
component concentrations, in the process of which provision has to 
be made for instrument background and specific peak response 
factors. A typical result of analyses of five metal-can 
integrated circuits i s shown in Table IV. 
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Table IV. A T y p i c a l Contained Atmosphere Composition In T0-5 Can 
Operational A m p l i f i e r , Nominally Back F i l l e d 

w i t h Dry Nitrogen 

Sample Number 1 2 3 4 5 
Water, ppm 3460 2930 2230 2230 2250 
Nitrogen, $ 99.6 99.6 99.7 99.7 99.7 
Oxygen, % N.D. N.D. N.D. N.D. N.D. 
Argon, % N.D. N.D. N.D. N.D. N.D. 
Carbon Dioxi d e , % 0.1 0.1 0.1 0.1 0.1 

N.D.; Not detected. 

M a t e r i a l s . Another aspect of semiconductor manufacture i s the 
c o n t r o l of m a t e r i a l s used i n the f a b r i c a t i o n process. A t y p i c a l 
example i s a spin-on f l u i d used t o deposit i n o r g a n i c f i l m s by 
h y d r o l y s i s of an organometallic  C a p i l l a r y or packed column GC/MS 
can r e a d i l y be performe
appropriate s p l i t t e r
chromatograph and the mass spectrometer. Figures 6 and 7 
i l l u s t r a t e packed column GC/MS r e s u l t s by showing the gas 
chromatogram, the t o t a l i o n chromatogram, and a mass spectrum of 
the 3.1 minute GC peak. A complete a n a l y s i s i s l i s t e d i n Table V. 
Note that the concentration data i s not response f a c t o r c o r r e c t e d . 

Table V. T y p i c a l Spin-On F l u i d Solvent Composition 

Peak Retention Time 
Minutes 

Concentration 
% 

I d e n t i f i c a t i o n 

1 2.42 7.0 Methanol 
2 3.09 51.6 Ethanol 
3 4.66 5.4 Methyl Acetate 
4 5.40 35.4 E t h y l Acetate 

Residues. During f a i l u r e a n a l y s i s o r as a process c o n t r o l , i t i s 
fre q u e n t l y of i n t e r e s t t o determine whether r e s i d u a l s o l v e n t s or 
p o t e n t i a l o f f g a s s i n g / o u t g a s s i n g products e x i s t i n coatings a p p l i e d 
t o components or assemblies. A p p l i c a t i o n of a modified commercial 
purge and t r a p apparatus (Hewlett-Packard, Model 7675A) has proven 
e f f e c t i v e f o r t h i s type o f i n v e s t i g a t i o n . 

Known s i z e specimens are placed i n the tube and are flooded 
w i t h a purge gas, t y p i c a l l y helium. The tube has been modified 
w i t h a heater and c o n t r o l s , and i s thus able t o subject the 
specimen t o a c o n t r o l l e d elevated temperature environment. Should 
h i g h l y v o l a t i l e compounds be suspected, p r e - c h i l l i n g o f the sample 
and tube p r i o r t o purging i s p o s s i b l e . The time o f purge 
necessary t o obtain an optimum sample has t o be e s t a b l i s h e d 
experimentally and w i l l vary with the nature of the specimen under 
t e s t . 

Once the purge time has elapsed, a normal desorption/GC 
i n j e c t i o n c y c l e f o l l o w s . C a p i l l a r y GC/MS has been found t o be the 
most e f f e c t i v e approach i n completing the a n a l y s i s . An 
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Figure 5. Three volume generator f o r moisture a n a l y s i s 
c a l i b r a t i o n . 

1 2 3 4 5 6 
G C. RUN TIME IN MINUTES 

Figure 6. Gas chromatogram ( i n s e t ) and t o t a l i o n chromatogram 
of t y p i c a l spin-on f l u i d s o l v e n t package. 
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GC PEAK #2 R. T. 3. 30 

20 40 
MASS IN A. M. U. 

Figure 7. Mass spectrum of 3.1 minute GC peak, i d e n t i f i e d 
e t h a n o l , of Figure 6. 
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i l l u s t r a t i v e example i s shown i n Table VI, which demonstrates the 
s e n s i t i v i t y of the technique as a p p l i e d to r e s i d u a l s o l v e n t s i n a 
conformal coated p r i n t e d w i r i n g board, which had been subjected to 
fluorocarbon s o l v e n t c l e a n i n g s e v e r a l hours e a r l i e r . The gas 
chromatogram/total i o n chromatogram (Figure 8) and mass spectrum 
(Figure 9) i l l u s t r a t e t y p i c a l r e s u l t s obtained. 

Table VI. Composition of P r i n t e d Wiring Board 
Offgassing/Outgassing Products A f t e r 

Fluorocarbon Solvent Degreasing 

GC 
Peak GC Probable 
No. R-Time I d e n t i f i c a t i o n O r i g i n 

1 4.03 1,1,2-Trichloro-2,2, Degreasing s o l v e n t 
1-Tri fluoroethane 

2 5.13 2-Methyl-1 , 3-Butanediol Flux residue 
3 7.04 U n i d e n t i f i e d 
4 8.55 3-Bromopentan

Process. Gases are o c c a s i o n a l l y suspect when contamination or 
s i d e r e a c t i o n s are observed i n the manufacturing process of s o l i d 
s t a t e d e v i c e s . For t h i s type of sample, the gas i n l e t system 
permits d i r e c t connection to the gas supply or t r a n s f e r v e s s e l and 
c o n t r o l l e d i n j e c t i o n i n t o the mass spectrometer v i a p r e c i s i o n 
bleed v a l v e s . U s u a l l y , s e p a r a t i o n of c o n s t i t u e n t s i s not 
necessary, s i n c e most gases y i e l d c h a r a c t e r i s t i c peaks i n the mass 
spectrum. T y p i c a l examples examined have i n c l u d e d c h l o r i n e i n 
n i t r o g e n and methane i n argon. Caution must be observed i n t h i s 
approach, however, s i n c e the dynamic range of the instrument 
l i m i t s r e l a t i v e s e n s i t i v i t y t o 0.1?. This c l e a r l y e s t a b l i s h e s 
that t r a c e contamination a n a l y s i s i s not v i a b l e through t h i s 
method, but that the method can be used t o screen process gases. 

Contamination. Another approach to contamination i d e n t i f i c a t i o n 
f o r s o l i d specimens i s temperature programmed d i r e c t i n s e r t i o n 
s o l i d s probe a n a l y s i s (J_3). In t h i s i n s t a n c e , a s o l i d specimen, 
say a surface s c r a p i n g of an IC d i e , i s placed i n t o a c a p i l l a r y of 
a d i r e c t i n s e r t i o n probe and i s then heated from a -50 to 450°C 
under programmed c o n d i t i o n s w h i l e continuous scans are being 
acquired. E v a l u a t i o n of such s p e c t r a i n d i c a t e s a q u a s i - s e p a r a t i o n 
of components by b o i l i n g p o i nt and does permit cleaner 
i d e n t i f i c a t i o n than i n the case of p y r o l y s i s . Figure 10 i s a 
t y p i c a l example of a spectrum obtained from a d i s c o l o r e d IC d i e 
which was analyzed i n t h i s manner. The spectrum was obtained at 
400 C and shows remnants of the d i e bond epoxy a t the lower mass 
end, w h i l e the peaks at m/z 207, 208 and 209 s t r o n g l y suggest 
d i f f u s i o n pump o i l , as i d e n t i f i e d i n previous analyses. A 
comparison of t h i s spectrum with a spectrum obtained from an 
undiscolored d i e showed that they were e s s e n t i a l l y a l i k e , except 
f o r the peaks at m/z 207-209. S i m i l a r l y , comparison w i t h 
p r e v i o u s l y obtained spectra of d i f f u s i o n pump o i l confirmed the 
i n i t i a l i n t e r p r e t a t i o n of the contaminant i n the suspect d i e 
spectrum. 
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Data Handling. C o n s i d e r a t i o n of data handling must be given on 
i n i t i a l experiment set-up, s i n c e the number of data p o i n t s 
s e l e c t e d w i l l d i r e c t l y a f f e c t the r e s o l u t i o n of the spectra 
obtained. I t i s p o s s i b l e t o o b t a i n as many as 64K data p o i n t s , or 
as few as 1K per spectrum, thus p r o v i d i n g f o r a wide l a t i t u d e i n 
r e s o l u t i o n . The data processing speed i s , u n f o r t u n a t e l y , d i r e c t l y 
a f f e c t e d , inasmuch as high data point counts r e s u l t i n high 
processing time. 

On the other hand, the s e l e c t i o n of spectrum mass range width 
i s not a f f e c t e d by the previous c h o i c e , but may range from l e s s 
than 1 u n i t to over 3000. In a d d i t i o n , w h i l e a spectrum may have 
been c o l l e c t e d over a wide mass range, narrow ranges can be 
examined and magnified during the e v a l u a t i o n process. 

The data system a l s o provides the opportunity of e j e c t i n g a 
mass of choice from the c e l l j u s t p r i o r to spectrum a c q u i s i t i o n , 
thus p e r m i t t i n g the a c q u i s i t i o n of sp e c t r a from which s p e c i f i c 
peak r e l a t e d a t t e n u a t i o n or i n t e r f e r e n c e has been removed. This 
type of peak removal may remove whole i n t e r f e r e n c e s p e c t r a  i f the 
parent mass of a compoun

Part of most mas
s u b t r a c t i o n of background s p e c t r a or of known i n t e r f e r e n c e s . The 
data system permits s u b t r a c t i o n s i n two ways. The f i r s t i s a 
s u b t r a c t i o n i n d i s p l a y only, while a given data set i s being 
examined, whil e the second a l s o a l t e r s the data s t o r e d i n RAM. As 
a valuable a s s i s t i n i d e n t i f y i n g s p e c t r a , we have an NIH/EPA 
l i b r a r y and attendant search r o u t i n e s o n - l i n e . This l i b r a r y i s 
expandable and can provide as many as twenty l i k e l y matches f o r an 
unknown spectrum. 

Data system outputs c o n s i s t of graphic or t a b u l a r 
i n f o r m a t i o n , both on-screen or by p r i n t e r / m u l t i - c o l o r p l o t t e r . 

Summary 

A p p l i c a t i o n of the FTMS t o m i c r o e l e c t r o n i c l a b o r a t o r y s e r v i c e has 
proven to be very s u c c e s s f u l . Instrument s t a b i l i t y and r e s o l u t i o n 
are unmatched by conventional instruments. In moisture a n a l y s i s , 
comparison of quadrupole and magnetic s e c t o r instruments w i t h 
FTMS, has, i n a d d i t i o n , shown higher sample through-put and data 
consistency f o r both known atmospheres and device l o t samples. 

More t y p i c a l a p p l i c a t i o n s of mass spectrometry, such as GC/FTMS, 
d i r e c t i n s e r t i o n probe sampling and gas/vapor a n a l y s i s have a l s o 
been demonstrated as r o u t i n e using t h i s instrument. 

Used i n conjunction w i t h a s t a t e - o f - t h e - a r t data handling system 
and reference l i b r a r y , the FTMS i s capable of meeting a l l 
m i c r o e l e c t r o n i c s e r v i c e l a b o r a t o r y mass spectrometry needs. 
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Materials Characterization Using Elemental and Isotopic 
Analyses by Inductively Coupled Plasma Mass 
Spectrometry 

B. Shushan, E. S. K. Quan, A. Boorn, D. J. Douglas, and G. Rosenblatt 

SCIEX, Thornhill, Ontario, Canad

A new technique for elemental and isotope analysis of 
materials used in the semiconductor industry is presented. 
The technique involves the use of an inductively coupled 
plasma to convert trace elements to their gaseous ions 
followed by analysis of these ions by mass spectrometry. 
Examples include the quantitative analysis of trace copper 
by isotope dilution and the analysis of trace contaminants 
in boron, indium phosphide and reagent acids. 

Inductively Coupled Plasma Mass Spectrometry (ICP/MS) is a powerful 
technique for elemental and isotope analysis which has undergone 
extensive development over the last decade by a number of research 
groups (1,2,3). These research efforts have led to the recent 
development of commercially available ICP-MS systems which, by 
virtue of their novelty, are now just beginning to demonstrate 
capabilities well suited to the characterization of materials used 
in the semiconductor industry. This paper will outline the 
principles of ICP-MS and provide some examples of the 
instrumentation's analytical capabilities. 

Instrumentation 
The ICP-MS used in the present work was the ELAN 250 manufactured 
by SCIEX . A schematic of this instrument is shown in Figure 1. 
As well as being a good source for optical emission, the ICP is an 
excellent ion source; in fact, most elements inside the 7000°K 
plasma exist, to a major extent, as singly positively-charged ions 
(2). As in optical emission ICP systems, solutions to be analyzed 
are nebulized into the high temperature argon plasma. The ions 
produced therein are sampled through a differentially pumped inter
face linked to the mass spectrometer. Ions are then separated 
electronically by means of a quadrupole mass filter and detected 
using a high sensitivity pulse counting sytem. All operations 
exclusive of the plasma system are controlled through the instru
ment's computer which also provides for data manipulation and pre
sentation. 

0097-6156/ 86/0295-0284$06.00/0 
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Results & Discussion 

The ICP has proliferated as a method of converting chemical com
pounds into t h e i r elemental constituents which subsequently emit 
l i g h t of characteristic wavelengths. Accordingly, ICP has been 
used extensively as an emission source for optical detection 
systems i n order to perform elemental analysis. Since each element 
can emit hundreds of optical l i n e s , the use of ICP/AES for multiple 
element analysis, or for the detection of elements in unknown or 
concentrated matrices, can suffer from interferences due to spect
ral overlap. By contrast, ICP-MS provides inherently simpler 
spectral information. An example of such a spectrum i s demonstra
ted in Figure 2 showing a typical ICP-MS scan for a 10 ug ml" 1 

solution of mixed transition metals. The demonstrated s e n s i t i v i t y 
here i s 10 4 to 10 5 counts s" 1 per ug ml" 1 and, coupled 
with the nearly universal ionization efficiency of the ICP ion 
source, provides typical detection l i m i t s in a narrow range between 
0.1 to 10 ng.ml"1 fo t elements  I  fact  90% f th
elements in the periodi
determinations. 

The inherent simplicity of ICP-MS spectra implies that spectral 
interferences from major matrix elements can be minimal. This i s 
evident in Figure 3 which shows a portion of ICP-MS scan of an 
indium phosphide sample. A t i n impurity i s most v i s i b l e showing 
peak signals at the characteristic isotopes (masses 116,117,118, 
119,120,122 and 124). Since indium and t i n represent a worst case 
scenario ( I n 1 1 5 and S n 1 1 6 d i f f e r by only one mass unit, 
i e . , the smallest increment) i t i s of great practical importance 
that the signals for these two elements do not interfere with each 
other. The degree of separation between elements of neighbouring 
mass i s referred to as "abundance s e n s i t i v i t y " and i s an indication 
of the system's mass spectral resolving power. Abundance s e n s i t i 
v i t i e s for the ELAN1" instrument are t y p i c a l l y 1 i n 10 5 on the low 
mass side of a peak, and better than 1 in 10 7 on the high mass 
side. In the present example, the I n 1 1 5 peak intensity i s 
estimated to be more than 10 5 times that of S n 1 1 6 , and yet 
there i s no mass spectral overlap between those two signals. 

High abundance s e n s i t i v i t i e s help in the accurate determination of 
isotope ratios of elements, permitting the quantitation of these 
dissolved elements by isotope diluti o n methods. This quantitative 
technique entails adding to the sample a known amount of a stable 
isotope of the element one wishes to quantitate. The corresponding 
increase in signal at that isotope's mass i s d i r e c t l y proportional 
to the amount of material added. Comparison of this increase in 
signal with the signal intensity for one of the undiluted native 
isotopes provides a method of direct quantitation within the matrix 
of the sample and requires just one or two measurements for each 
quantitative result. For example, Figure 4 shows the quantitative 
determination of copper in an orchard leaf digest using the 
technique of isotope d i l u t i o n (4). This figure constitutes 
the hard-copy output from the ELAN instrument for th i s analytical 
procedure and consists of three mass spectra over the copper region 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



T
I 

M
 

CR
 

40
.0

 
5

0
.0

 

FE
 CO

 

N
I 

CU
 

6
0

.0
 

SR
 

PS
 

AR
2 

7
0

.0
 

i 
9 

i V
 

1 
' 

' 
' 

T 80
.0

 
1.
 

90
/B
 

Ma
ss

 

Fi
gu

re
 2

. 
M

as
s 

sp
ec

tr
um

 o
f 

a 
so

lu
ti

o
n 

o
f 

el
em

en
ts

 
ea

ch
 

pr
es

en
t 

at
 
10

 u
g 

m
l"

1
. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



288 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

(sample diluted) 
1/1000 

220000 -i 

->(x44) 

Figure 3. Mass Spectrum of an Indium Phosphide Sample 
(0.77% in Aqua Regia showing t in impurity at ca. 2 ppm) 
In order to bring indium peaks on scale the 
solution was diluted 1000 times before 
scanning over the indium region (masses 
110-115). The t in portion of the spectrum 
(masses 116-135) was run undiluted. 
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S A M P L E 
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Figure 4. Results for the determination of copper in an 
organic matric (Orchard Leaf) by isotope 
d i lu t ion . 
(TOP) Mass spectrum between 62 and 66 mass 
units for the unspiked sample containing 1% 
dissolved organic matter. The mass spectral 
peaks for copper were normalized and displayed 
in histogram format. 
(MIDDLE) Same as above obtained on the isotope 
di lut ion standard which contained only 
C u 6 5 . 
(BOTTOM) Same as above obtained on the sample 
solut ion; 25 ml volume spiked with 4 ug 
C u 6 5 . 
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(mass 62 to 66) where the signals are normalized and displayed in 
histogram format. Figure 4 (top) is the natural isotopic d i s t r i 
bution of copper in the sample showing the percent-abundance of 
each isotope ( i e . , 69.09% and 30.91% for C u 6 3 and C u 6 5 

respectively). The middle spectrum is that of the isotope-dilution 
standard which was, as expected, 100% Cu^S. The bottom spect
rum is that of 25 ml of the orchard leaf diqest containing 0.25gm 
orchard leaf material spiked with 4ug C u ^ . The ratio R of 
C u 6 5 to C u 6 3 was measured as (71.4/28.6) = 2.50. Since the 
contribution of C u 6 3 in the bottom spectrum is purely native, 
the contribution of native. Cu^S to the mass 65 intensity can be 
easi ly accounted for , and is shown as the s l ight ly darker portion 
of the mass 65 histogram. The concentration of copper in the 
digest may now be determined d i rect ly : 

fCu) = (ftto, - R x Bspl x Wsp 
(R x Bs - Rs) x Ws 

Whore: (Cul I  I

ftsp Is the spike G J ( 6 5 ) abund. 
Bsp Is the spike Cuf63) abund. 
Wsp Is the spike weight In ug 
Bs Is the natural Cu(63) abund. 
Bs Is the natural Cuf65) abund. 
Ws Is the sample weight In grams 

Thus [Cu] was thus calculated to be 11.3 ppm for this orchard leaf 
sample which was NBS cer t i f ied as 12 ppm. The sampling procedure 
required only a few seconds for each of the measurements, and only 
three scans or less are needed for this type of procedure. Preci
sion is typical ly of the order of _+0.5% and combined with the 
system's speed the technique is obviously suitable for multielement 
quantitative determinations, and those applications requiring high 
sample throughput. 

The spectral simplicity and sensi t iv i ty of ICP-MS make i t ideally 
suited for multi-element screening applications. Figure 5, for 
example, is a scan between 50 and 90 atomic mass units performed on 
a boron sample dissolved in "pure" HNO3. With this single scan 
i t was possible to qual i tat ively (and semi-quantitatively) deter
mine the presence of chromium, germanium and iron impurities in the 
boron matrix (0.71% in HNO3). A similar scan of the HNO3 so l 
vent (not shown) revealed that those elements in parentheses were 
solvent impurities including vanadium, copper and gallium. Since 
absolute sensi t iv i t ies of the technique to the various elements is 
roughly similar ( i f their f i r s t ionization potentials (IP) are 
lower than 9.0 eV) semi-quantitative information can be easi ly 
obtained by the addition of suitable internal standards i e . , ele
ments whose IP's are similar to that of the analyte elements one 
wishes to semi-quantitate. 
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Figure 5. The ICP/MS analysis of a boron solution (0.71% in HNO3) 
showing chromium, germanium, and iron impurities (ca. 
180, 20, and 700 ppb, respectively) between 49 and 90 
mass units. 
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Many quality control applications require the rapid multi-element 
analysis of feed-stock samples to compare their impurity levels to 
those of suitably pure standards. Figure 6 demonstrates such a 
procedure showing the ICP-MS analysis of two lead samples used in 
battery production. Many impurities are observed in the sample No. 
1 spectrum at substantial l e v e l s , whereas sample No. 2 exhibited 
fewer impurity signals and at lower concentrations. Even though 
the lead i s at a level of concentration which i s many orders of 
magnitude more than any elemental impurity, there i s no spectral 
interference from lead since i t s signals are located well above 
this mass range. The levels and types of impurities in samples of 
"pure" elements such as those evident i n the present spectra also 
serve as a fingerprint alluding to sample origin or method of 
production. 

Conclusion 

The ICP has demonstrated i t s e l f t  b  e f f i c i e n t io
able of ionizing most element
e f f i c i e n c i e s . The combinatio
l i t y and spectral simplicity of mass spectrometry provides a powerf
ul technique for the characterization and quality control of bulk 
materials used in the semiconductor industry. 
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Activation Analysis of Electronics Materials 

Richard M. Lindstrom 

Center for Analytical Chemistry, National Bureau of Standards, Gaithersburg, MD 20899 

Neutron activation analysis is one of a small number of 
methods capable of multi-elemental analysis of subnano-
gram quantities of contaminants in semiconductors and 
other materials. Milligram to gram-sized samples of 
silicon, quartz, graphite, or organic materials are 
nearly ideal for the method. The physics of the 
processes involved is simple, and qualitative identifi
cation of components is an integral part of the quanti
tative analysis. Except for the need for access to a 
nuclear reactor, the equipment required is readily 
available commercially, and is comparable in cost and 
complexity to that used in other advanced analytical 
techniques. 

The need for elemental analysis of materials important to the 
electronics industry need not be belabored, since the correlation 
between trace element contaminants and device performance has been 
amply demonstrated in the literature. A systematic study of these 
effects requires that analytical methods be available for accurate 
measurement of sub-part-per-million concentrations. As technology 
progresses from large-scale to very-large-scale integration, the cha
racterization of materials at sub-part-per-billion levels will be 
required (1_). What was true in 1970 is equally true today: "While 
the future is bright, the technological problems are formidable, and 
materials characterization must contribute in large part to their 
solution (2)". 

Matters to be considered in the selection of a method of chemical 
analysis include the suite of elements for which the method is use
ful, and the lower limit of concentration at which each element can 
be detected and measured, as well as the accuracy of the analysis and 
the cost in money and time. Few analytical methods are applicable at 
the concentration levels required, and none is optimum by all these 
criteria. This paper describes one method in common use, neutron 
activation analysis (NAA). The essential characteristics of NAA will 

This chapter not subject to U.S. copyright. 
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be given i n s u f f i c i e n t d e t a i l f o r the s o l i d - s t a t e p h y s i c i s t or 
engineer to judge whether t h i s method i s the one of choice i n s o l v i n g 
a p a r t i c u l a r problem. 

Keenan and Larrabee (V) have r e c e n t l y w r i t t e n a comprehensive 
summary of the c h a r a c t e r i z a t i o n of VLSI s i l i c o n , i n which the a v a i l 
able a n a l y t i c a l methods are compared and contrasted; i n a sense the 
present paper can be considered an expansion of t h e i r treatment of 
NAA. An e a r l i e r book, a l s o by the group at Texas Instruments (2) 
discusses NAA i n d e t a i l as the s t a t e of the a r t e x i s t e d i n 1970. 
Since that time the development of l a r g e , h i g h - r e s o l u t i o n gamma-ray 
detectors has made NAA l e s s dependent on radiochemistry and t r a n s 
formed i t i n t o a h i g h - p r e c i s i o n s p e c t r o s c o p i c technique. There are 
many references i n the l i t e r a t u r e to the c h a r a c t e r i z a t i o n of e l e c 
t r o n i c s m a t e r i a l s by NAA and other nuclear methods (39^959697). Sev
e r a l e x c e l l e n t textbooks on a c t i v a t i o n a n a l y s i s are a v a i l a b l e 
(8,9,10), to which the reader i s r e f e r r e d f o r more complete 
d i s c u s s i o n of the matters o u t l i n e d i n the present summary. 

Neutron a c t i v a t i o n i  majo  c o n t r i b u t e
a n a l y s i s . In a recent c o m p i l a t i o
environmental and b i o l o g i c a
the N a t i o n a l Bureau of Standards (NBS), over h a l f the analyses 
reported were performed by NAA (1J_). A considerable part of contem
porary trace-element geochemistry i s r e l i a n t on INAA, l a r g e l y because 
of the method's high s e n s i t i v i t y , broad elemental coverage, and the 
ease of a n a l y s i s of l a r g e numbers of small samples wit h a modest 
investment of time (1_2). 

Basic Features of the Neutron A c t i v a t i o n Method 

The foremost c h a r a c t e r i s t i c of neutron a c t i v a t i o n a n a l y s i s i s that 
nuclear r e a c t i o n s are employed f o r chemical measurements. Reactor 
i r r a d i a t i o n produces n e u t r o n - r i c h isotopes which u s u a l l y decay by 
emission of beta p a r t i c l e s , o f t e n accompanied by gamma rays as the 
daughter nucleus d e e x c i t e s . Gamma-ray s p e c t r a are composed of d i s 
c r e t e narrow l i n e s which are u s u a l l y w e l l r e s o l v e d by modern detec
t o r s . As a f a m i l i a r example, NAA i s used to determine c o b a l t through 
the capture of slow neutrons by the Co-59 i s o t o p e . The r a d i o a c t i v e 
Co-60 product i s detected by measurement of the delayed gamma rays 
emitted at d i s c r e t e energies of 1173.238 and 1332.502 keV when i t 
decays to s t a b l e Ni-60. In a r e c e n t l y developed extension of NAA, 
the gamma rays emitted instantaneously i n the neutron absorption step 
are measured; t h i s method i s most o f t e n c a l l e d neutron-capture 
prompt-gamma a c t i v a t i o n a n a l y s i s , or PGAA. 

The elemental scope of neutron a c t i v a t i o n i s wide, wi t h as many 
as 51 elements having been determined i n s t r u m e n t a l l y i n one m a t e r i a l 
by a combination of NAA and PGAA (^3). Several t a b l e s of d e t e c t i o n 
l i m i t s have been published (14,15,16,1), and a t a b l e of experiment
a l l y measured d e t e c t i o n l i m i t s i n S i and Si02 i s included here (Table 
I ) . A s t r i k i n g c h a r a c t e r i s t i c of NAA i s the wide range of d e t e c t i o n 
l i m i t s across the p e r i o d i c t a b l e . Many elements are measurable i n 
the sub-nanogram range, but on the other hand some elements cannot be 
detected at a l l . A histogram of i n t e r f e r e n c e - f r e e d e t e c t i o n l i m i t s 
i s given i n Figure 1. 
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Table I . Detection L i m i t s Measured at NBS f o r Trace Element 
A n a l y s i s of S i and S i 0 2 by Instrumental Neutron A c t i v a t i o n 

Element 
Nuclide 
measured H a l f - l i f e 

D e t ection L i m i t 
(ng/g) 

Na Na-2H 15.0 h 0.1 
Mg Mg-27 9.46 m 3000 
A l Al-28 2.2k m 500 
CI Cl-38 37.2 m 5 
K K-M2 12.4 h 100 
Ca Ca-49 8.70 2000 
Sc Sc-4
T i Ti-5
V V-52 3.75 m 10 
Cr Cr-51 27.7 d 1 
Mn Mn-56 2.58 h 0.1 
Fe Fe-59 44.5 d 50 
Co Co-60 5.27 y 0.1 
Ni Ni-65 2.54 h 2000 
Cu Cu-64 12.7 h 0.5 
Zn Zn-65 244 d 1 
As As -76 26.3 h 0.02 
Br Br-82 35 .3 h 0.02 
Zr Zr-95 65.5 d 500 
Ag Ag-110m 250 d 0.01 
Sb Sb-122 2.70 d 0.01 
Cs Cs-134 2.06 y 0.05 
Ba Ba-131 11.8 d 10 
La La-140 40 .3 h 0.01 
Ce Ce-141 32.5 d 0.2 
Sm Sm-153 46.7 h 0.05 
Eu Eu-152m 9.32 h 0.01 
Hf Hf-181 42.4 d 20 
Ta Ta-182 115 d 0.05 
W W-187 23.9 h 0.02 
Au Au-198 2.70 d 0.0005 
Th Pa-233 27.4 d 0.1 
U Np-239 2.36 d 0 .3 

of 100 mg were i r r a d i a t e d f o r up to 6 hr at 5 x 
and counted at the maximum p o s s i b l e e f f i c i e n c y . 

on l i m i t i s defined according to C u r r i e (17). 

10 13 
The 
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Detection Limit (g) 

Figure 1. Histogram of d e t e c t i o n l i m i t s f o r neutron a c t i v a t i o n 
a n a l y s i s (NAA) and neutron-capture prompt gamma-ray 
a c t i v a t i o n a n a l y s i s (PGAA). Data from Reference 15. 

Nuclear Consequences. The use of nuclear r a t h e r than chemical 
r e a c t i o n s has s e v e r a l non-chemical consequences: 

1. Both the a c t i v a t i n g and i n d i c a t i n g p a r t i c l e s are h i g h l y 
p e n e t r a t i n g i n gram-sized or smaller samples of common mate
r i a l s , so that e r r o r s are not g e n e r a l l y i n c u r r e d by a n a l y t 
i c a l complications due to the nature of the matrix. 

2. There i s l i t t l e c o r r e l a t i o n between d e t e c t a b i l i t y of an 
element and i t s p o s i t i o n i n the p e r i o d i c t a b l e , except f o r 
the u s e f u l f a c t that the major elements of the earth's s u r 
face and atmosphere — H, C, N, 0, and S i — g e n e r a l l y have 
low cross s e c t i o n s f o r neutron capture. Consequently, p l a s 
t i c s , g r a p h i t e , quartz, and s i l i c o n are nea r l y i d e a l m a t e r i 
a l s to i r r a d i a t e because l i t t l e or no r a d i o a c t i v i t y i s 
produced from the major c o n s t i t u e n t s . When the matrix con
s i s t s of any of a number of g e o l o g i c a l l y r a r e elements — 
Ga, Ge, As, Cd, I n , Sb, and Te i n the present context — 
t h i s s e l e c t i v i t y f o r t r a c e elements i s l o s t because of the 
l a r g e q u a n t i t y of r a d i o a c t i v i t y produced when samples of 
these elements are i r r a d i a t e d (Table I I ) . 

3. Because chemical manipulations are o r d i n a r i l y performed only 
a f t e r the i r r a d i a t i o n or are omitted e n t i r e l y , a c t i v a t i o n 
a n a l y s i s i s f r e e of reagent blank. 

4. The number of i n t e r f e r i n g nuclear r e a c t i o n s that can 
p o s s i b l y occur i s l i m i t e d by the conservation of energy, and 
a l l l i k e l y i n t e r f e r e n c e s can be enumerated by i n s p e c t i o n of 
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the Table of Nuclides (1_8) or by c o n s u l t i n g published t a b l e s 
(19). C o r r e c t i o n f o r those few i n t e r f e r e n c e s that can occur 
can be very accurate (20). 

5. Q u a l i t a t i v e a n a l y s i s i s an i n t e g r a l part of the q u a n t i t a t i v e 
a n a l y s i s , since the gamma-ray spectrum and h a l f - l i f e of a 
r a d i o n u c l i d e are h i g h l y d i a g n o s t i c f i n g e r p r i n t s of the 
spe c i e s . The set of gamma-ray l i n e s emitted i n r a d i o a c t i v e 
decay i s w e l l c h a r a c t e r i z e d , i n the sense that few important 
l i n e s are unknown. Although a r e c e n t l y published t a b l e con
t a i n s 48,000 e n t r i e s (21), the dens i t y i n energy space i s 
low compared to the detector r e s o l u t i o n , and most r a d i o 
n u c l i d e s emit s e v e r a l l i n e s . Hence the number of candidate 
species f o r each peak i n a spectrum i s s m a l l . 

6. Since r a d i o a c t i v e decay f o l l o w s Poisson s t a t i s t i c s , a lower 
l i m i t to the p r e c i s i o n of an a n a l y s i s can be obtained by a 
s i n g l e measurement. In p r a c t i c e , counting s t a t i s t i c s gener
a l l y i s the l i m i t i n g u n c e r t a i n t y , since chi-squared t e s t s 
o f t e n show tha  th  single-measuremen  p r e c i s i o  i
e x c e l l e n t p r e d i c t o

K i n e t i c s of A c t i v a t i o n A n a l y s i s . The time s c a l e of the measurement 
i s determined by the h a l f - l i f e of the r a d i o n u c l i d e s produced: i t i s 
oft e n n e a r l y optimal to i r r a d i a t e f o r one h a l f - l i f e , wait one h a l f -
l i f e , and count f o r one h a l f - l i f e . 

The amount of r a d i o a c t i v i t y A(0) of a given r a d i o n u c l i d e present 
at the end of an i r r a d i a t i o n i n t e r v a l IT i s 

where N = number of ta r g e t atoms i r r a d i a t e d 
o = cross s e c t i o n or r e a c t i o n p r o b a b i l i t y , cm 2 

<j> « neutron f l u x , c n T 2 s ~ 1 

A = In 2 / t ( 1 / 2 ) , s~ 1 

t(1/2) = h a l f l i f e of the r a d i o n u c l i d e , s 
IT - i r r a d i a t i o n time, s. 

The a c t i v i t y decays e x p o n e n t i a l l y a f t e r the i r r a d i a t i o n ends, the 
amount remaining at a time WT a f t e r i r r a d i a t i o n being 

I f t h i s a c t i v i t y i s measured during the time from WT to WT + CT, 
with an e f f i c i e n c y of e counts per d i s i n t e g r a t i o n , then the 
number of counts observed C i s the i n t e g r a l of ( 2 ) , or 

A(0) = N o <J> ( 1 - e ~ x * I T ) (1) 

A(WT) = A(0) e " x # W T (2) 

C = e A(WT) ( 1 - e - * # C T ) (3) 

From (2) and (3) we have 

A(0) C A ê 'WT 
" e (1-e-*-CT) 
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Table I I . A c t i v i t i e s of Semiconductors A f t e r Neutron 
I r r a d i a t i o n * 

Radio A c t i v i t y 
M a t e r i a l n u c l i d e H a l f - l i f e (mCi/g)** Radiations 

S i Si-31 2.62 h 5.0 beta 

GaP P-32 14.28 d 0.59 beta 
Ga-72 14.10 h 170 beta, gamma 

GaAs Ga-72 14.10 h 120 beta, gamma 
As-76 26.3 h 160 beta, gamma 

Ge Ge-71 11.2 d 4.2 beta 
Ge-75 82.8 m 130 beta, gamma 
Ge-77 

CdTe Cd-115  gamm
Cd-117m 3.4 h 0.26 gamma 
Cd-117 2.6 h 0.61 beta, gamma 
Te-127 9.4 h 9.6 beta, gamma 
Te-129 70 m 22 beta 

InSb In-1l4m 49.51 d 0.25 gamma,beta 
Sb-122 2.72 d 37 beta, gamma 
Sb-124 60.3 d 1.3 beta, gamma 

* I r r a d i a t i o n f o r 1 hour at a thermal neutron f l u x of 1 0 1 5 

n/cm «s i s assumed. Nuclides w i t h h a l f - l i v e s l e s s than one 
hour have been a r b i t r a r i l y omitted. These incl u d e isotopes 
of Ga, Ge, Cd, I n , and Te. Minor n u c l i d e s and daughters are 
al s o omitted. 

** Local r e g u l a t i o n s g e n e r a l l y r e q u i r e r a d i a t i o n s h i e l d i n g and 
other safeguards f o r work with 1 mCi or more of r a d i o a c t i v i t y 
to assure that the dose to personnel i s acceptably low. 

I f an unknown sample (x) and a standard (s) are i r r a d i a t e d together 
and t h e i r decay-corrected a c t i v i t i e s A(0) are measured w i t h the same 
e f f i c i e n c y , then by app l y i n g equations (1) and (4) to both sample and 
standard we have 

A(0,x) _ N(0,x) 
A(0,s) ~ N(0,s) 

where o, (j), IT, and e cancel i n the r a t i o . The r e s u l t i s that the 
r a t i o of the number of atoms of the ta r g e t element i n the sample to 
that i n the standard i s the same as the r a t i o of the corresponding 
a c t i v i t i e s . In more chemical terms, i f [Y] i s the concentration of 
element Y i n mass m of m a t e r i a l , then 
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r - w x - w v m(s) A(0,x) CY](x) = [Y] ( s ) • — — • A ' . (6) ra(x) A(0,s) 

In t h i s demonstration a host of assumptions and s i m p l i f i c a t i o n s 
have been made, which i n p r a c t i c e can be correct e d f o r a c c u r a t e l y , 
shown to be unimportant, or made to cancel i n the design of the mea
surements. These include neutron and gamma-ray a t t e n u a t i o n i n the 
sample, s p a t i a l gradients and temporal changes i n neutron f l u x , d i f 
ferences i n counting e f f i c i e n c y between sample and standard, 
m u l t i s t e p nuclear r e a c t i o n s , and instrumental n o n l i n e a r i t i e s at high 
counting r a t e s . 

Making an A c t i v a t i o n - A n a l y s i s Measurement. The most prominent 
technique i n nuclear a n a l y t i c a l chemistry i s instrumental neutron 
a c t i v a t i o n (INAA), i n which thermal neutrons from a nuclear r e a c t o r 
are used to i r r a d i a t e the sample and the induced r a d i o n u c l i d e s are 
measured n o n d e s t r u c t i v e l
S e n s i t i v i t y may be enhance
i n t e r e s t before r a d i o n u c l i d e assay. 

H i g h - s e n s i t i v i t y NAA, of course, r e q u i r e s access to a r e a c t o r . 
In the United States there are at present 61 research and t e s t i n g 
r e a c t o r s w i t h a power of 100 KW or g r e a t e r , operated by u n i v e r s i t i e s , 
s t a t e and n a t i o n a l l a b o r a t o r i e s , and i n d u s t r i e s i n 25 s t a t e s , most of 
which can be used f o r a c t i v a t i o n a n a l y s i s (22). Many a n a l y s t s work 
only w i t h l o n g - l i v e d a c t i v a t i o n products and thus need not be present 
at the r e a c t o r to perform i r r a d i a t i o n s . The equipment r e q u i r e d f o r 
gamma-ray assay's a detector and pulse-height analyzer's i s compar
able i n cost and complexity w i t h that needed f o r other modern 
a n a l y t i c a l methods. 

S u i t a b l e sample s i z e s f o r i r r a d i a t i o n are u s u a l l y a gram or l e s s . 
There i s no inherent lower l i m i t , and the upper l i m i t i s set by the 
f i n i t e transparency of t h i c k samples to neutrons and by the p r a c t i c a l 
problems of i n s e r t i n g a sample i n t o a neutron f i e l d . Very l a r g e sam
p l e s , such as e n t i r e s i l i c o n ingots f o r neutron-transmutation doping 
(23) and even o i l p a i n t i n g s (24,2£), have been s t u d i e d by NAA with 
s p e c i a l f a c i l i t i e s . 

Step 1: Pretreatment of Samples 

Despite a l l p o s s i b l e care i n handling before reaching the a n a l y t i c a l 
l a b o r a t o r y , any sample r e c e i v e d should be considered to have a con
taminated s u r f a c e . Since the r e c o i l atoms produced i n the i r r a d i a 
t i o n may have energies of s e v e r a l hundred eV, any a c t i v a t e d impurity 
may be d r i v e n i n t o the surface of the sample. A judgment must be 
made about the r i s k of adding more contaminant by imperfect p r e c l e a n -
i n g ; g e n e r a l l y a l i g h t etch a f t e r i r r a d i a t i o n i s p r e f e r a b l e i f the 
nature of the experiment permits. I f the matrix w i l l become h i g h l y 
r a d i o a c t i v e a f t e r neutron i r r a d i a t i o n (Table I I ) , i t may be d e s i r a b l e 
to separate the elements of i n t e r e s t beforehand, f o r which clean-room 
chemistry and h i g h - p u r i t y reagents may be re q u i r e d to keep blanks 
w i t h i n t o l e r a b l e bounds ( 2 6 , 2 7 ) . 
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Step 2: Packaging 

P r i o r to an a c t i v a t i o n a n a l y s i s , the samples and standards are 
packaged f o r i r r a d i a t i o n . Double containment i s u s u a l , the outer 
container being designed f o r s a f e t y and mechanically s u i t e d to the 
p a r t i c u l a r r e a c t o r f a c i l i t y used. Common container m a t e r i a l s are 
polyethylene, polypropylene, p o l y s t y r e n e , quartz, aluminum, or 
gra p h i t e . The inner container must be reasonably r a d i a t i o n r e s i s t a n t 
and non-contaminating to the sample. S p e c i a l l y cleaned p l a s t i c s , 
h i g h - p u r i t y quartz, r e a c t o r - or semiconductor-grade g r a p h i t e , pure 
metal f o i l , or pure s i l i c o n may be used. 

Step 3: I r r a d i a t i o n 

The samples are i r r a d i a t e d i n the r e a c t o r f o r a time between seconds 
and weeks, depending on the h a l f - l i f e of the r a d i o n u c l i d e to be mea
sured or the t o l e r a b l e w a i t i n g time, whichever i s s h o r t e r . Care must 
be taken to assure that th  sample d standard  r e c e i v l
sure to neutrons, or tha
i r r a d i a t i o n of monitors
constant power can be s t a b l e to b e t t e r than 1% from day to day, while 
t h a t i n a t r a i n i n g r e a c t o r may vary g r e a t l y on a time s c a l e of min
utes. The very f a c t that the re a c t o r core i s a neutron source guar
antees that there w i l l be a s p a t i a l g radient i n neutron i n t e n s i t y , 
which may amount to tens of percent or more across a la r g e sample 
container (28) . 

Step 4: Transfer and Wait 

The i r r a d i a t i o n container i s unloaded and the samples and standards 
prepared f o r r a d i o n u c l i d e assay. A f t e r i r r a d i a t i o n no care whatever 
need be taken to avoid contamination of the sample by non-radioactive 
i m p u r i t i e s . Time performs the same f u n c t i o n as a s k i l l e d chemist i f 
the r a d i o n u c l i d e to be measured has a longer h a l f - l i f e than the 
i n t e r f e r e n c e s . For example, t r a c e Cr i s e a s i l y measured i n the pre
sence of T i even though the neutron-capture products of both elements 
emit gamma rays of e x a c t l y the same energy. Gram f o r gram, T i emits 
1000 times more photons per second than does Cr immediately a f t e r a 
1-minute i r r a d i a t i o n , but Cr i s 2000 times more r a d i o a c t i v e than T i 
two hours l a t e r . 

Step 5: Chemistry 

I f i n t e r f e r i n g a c t i v i t i e s are present which are l o n g e r - l i v e d than the 
nu c l i d e of i n t e r e s t , i t may be necessary to remove them by post-
i r r a d i a t i o n chemistry. A mi l d etch i s s u f f i c i e n t t o remove many sur 
face contaminants i f those c o n s t i t u t e n t s are washed away w i t h a flow
ing etch s o l u t i o n or held i n s o l u t i o n by complexing agents (2) to 
prevent r e d e p o s i t i o n on the sample. For example, s i l i c o n i s a suf 
f i c i e n t l y powerful reducing agent to reduce n i t r o g e n eight o x i d a t i o n 
numbers to ammonium ion during d i s s o l u t i o n i n HF + HNO3. 
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The advent of e f f i c i e n t h i g h - r e s o l u t i o n gamma-ray detectors 
during the past decade has n e a r l y e l i m i n a t e d the tedious radiochemi
c a l s e p a r a t i o n of each t r a c e element from a l l others which was once 
necessary, although group separations are o f t e n a powerful a i d to 
s p e c i f i c i t y and s e n s i t i v i t y . I f the matrix i t s e l f i s the major 
c o n t r i b u t o r to the a c t i v i t y (as wit h Ge or most I I I - V compounds), 
s a f e t y precautions may be necessary to p r o t e c t the chemist against 
r a d i a t i o n . Many procedures have been published f o r matrix removal 
and f o r the se p a r a t i o n of tr a c e c o n s t i t u e n t s (29,1,2,30). Ga, Ge, 
As, and Sb may be separated from other elements by d i s t i l l a t i o n , a 
procedure which i s w e l l s u i t e d to hands-off o p e r a t i o n . Solvent 
e x t r a c t i o n and i o n exchange are o f t e n used to remove both l a r g e and 
small amounts of undesirable components. Radiochemistry remains, 
however, a d i s c i p l i n e r e q u i r i n g s u b s t a n t i a l amounts of s k i l l and 
time. 

Step 6: R a d i o a c t i v i t y Assay 

Gamma-ray spectroscopy owe
making h i g h - r e s o l u t i o n
s i s t s of a l a r g e , h i g h - q u a l i t y germanium c r y s t a l , 100 cm3 or more of 
n e a r - i n t r i n s i c r e s i s t i v i t y , h e l d at l i q u i d - n i t r o g e n temperature i n 
vacuum during use. The c r y s t a l , reverse biased to operate as a p - i - n 
j u n c t i o n diode, acts as an i o n i z a t i o n chamber, converting the energy 
of a 1-MeV gamma-ray photon i n t o 340,000 e l e c t r o n - h o l e p a i r s . The 
energy r e s o l u t i o n i n p r a c t i c e can be as good as 0.16 percent ( f u l l 
width at h a l f the maximum peak height) at 1 MeV. 

Charge pulses from the detector are a m p l i f i e d and sorte d 
according to s i z e i n t o a histogram of i n t e n s i t y as a f u n c t i o n of 
gamma-ray energy. Several f i r m s produce multichannel pulse-height 
analyzers which are capable of s o r t i n g pulses i n t o 8000 or even 16000 
channels at a r a t e of 10^ events per second wi t h a p r o p o r t i o n a l i t y 
between channel number and energy of b e t t e r than 0.1 percent. The 
la r g e number of data p o i n t s i n a spectrum makes computer-aided analy
s i s p r a c t i c a l l y mandatory whenever more than one or two peaks are to 
be measured. Although a busy spectrum may c o n t a i n upward of 200 
peaks, each i s l o c a l l y w e l l represented by a narrow near-Gaussian 
peak on a smooth b a s e l i n e . As a r e s u l t , the spectrum can be analyzed 
piecewise. Laboratory m i n i - and microcomputers are adequate f o r 
these c a l c u l a t i o n s , e s p e c i a l l y s i n c e any disadvantage i n computing 
speed compared wit h a mainframe computer i s o f f s e t by the immediacy 
of response w i t h a dedicated machine. Programs have been w r i t t e n by 
numerous researchers and equipment manufacturers f o r the a n a l y s i s of 
gamma-ray sp e c t r a (32). 

The counting time of the a c t i v a t e d sample, l i k e the i r r a d i a t i o n 
time, i s u s u a l l y comparable to the h a l f - l i f e of the r a d i o n u c l i d e mea
sured, or as much as a day f o r small q u a n t i t i e s of l o n g - l i v e d 
n u c l i d e s . Standards are counted under i d e n t i c a l c o n d i t i o n s of 
counting e f f i c i e n c y . 

Step 7: C a l c u l a t i o n of Elemental Concentration 

C o r r e c t i o n s are made to the net areas of the gamma-ray peaks i n the 
spec t r a of sample and standard f o r c o n t r i b u t i o n s from unresolved com
ponents, r a d i o a c t i v e growth and decay, dead time and other r a t e -
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r e l a t e d counting e f f e c t s , and nonuniform i r r a d i a t i o n c o n d i t i o n s . 
Once these c o r r e c t i o n s are made, the c o n c e n t r a t i o n i s obtained from 
Equation 6. 

This procedure, as described, r e q u i r e s that a known q u a n t i t y of 
each element to be measured be i r r a d i a t e d under the same c o n d i t i o n s 
as the unknown sample. I f the r e l a t i v e production r a t e s of the 
r a d i o n u c l i d e s used are measured a c c u r a t e l y i n a p a r t i c u l a r i r r a d i a 
t i o n f a c i l i t y , subsequent measurements can be done w i t h l e s s labor by 
i r r a d i a t i n g only a few monitor elements to c h a r a c t e r i z e the neutron 
spectrum. Published values of cross s e c t i o n s have been used as a 
measure of these r e l a t i v e r e a c t i o n r a t e s , but the inaccuracy of 
tabulated data and the poorly known neutron spectrum of most r e a c t o r s 
makes t h i s approach u n s a t i s f a c t o r y when good accuracy i s needed. 

Neutron-capture prompt-gamma ray a c t i v a t i o n a n a l y s i s (PGAA) i s a 
recent a d d i t i o n to the nuclear a n a l y t i c a l a r s e n a l . In t h i s technique 
the instantaneous gamma ray emission from a sample i s measured as i t 
i s i r r a d i a t e d i n a f l u x of re a c t o r neutrons (33»3ij,35). Because the 
sample must be s e v e r a l meter
( l e s s commonly) from th
i s g e n e r a l l y poorer tha  pos
s i b l e to measure small q u a n t i t i e s of many elements which do not give 
r a d i o a c t i v e neutron-capture products, notably 0.01 mg of H, 50 ng B, 
and 1 mg P i n an e l e c t r o n i c s context. 

Some A p p l i c a t i o n s of NAA i n E l e c t r o n i c M a t e r i a l s Studies 

Trace-Element C h a r a c t e r i z a t i o n of S i l i c o n . In order to d e f i n e " s o l a r 
grade" s i l i c o n w i t h s u f f i c i e n t p r e c i s i o n to make the optimum economic 
choice among p o s s i b l e production processes, Davis et a l . doped a 
s e r i e s of s i l i c o n ingots w i t h s i n g l e t r a n s i t i o n metal i m p u r i t i e s and 
produced curves r e l a t i n g normalized p h o t o v o l t a i c e f f i c i e n c y t o the 
c o n c e n t r a t i o n of the contaminant (^6). E s t a b l i s h i n g the x - a x i s of 
these curves was not e n t i r e l y s t r a i g h t f o r w a r d . As a c o n t r i b u t i o n to 
t h i s work, NBS measured concentrations of a number of dopants i n 
these samples, w i t h the d e t e c t i o n l i m i t s found i n Table I . An i l l u s 
t r a t i o n of the d i f f i c u l t y faced i n t h i s work i s that f o r t y percent of 
the concentrations determined at NBS d i f f e r e d from the nominal 
conce n t r a t i o n by a f a c t o r of two or more. 

S p a t i a l L o c a t i o n of C o n s t i t u e n t s . Despite the f a c t that NAA i s a 
method f o r bulk a n a l y s i s , i t s s e n s i t i v i t y has been used to advantage 
i n d i f f u s i o n s t u d i e s , by successive e t c h i n g or mechanical l a p p i n g of 
surface l a y e r s (5.,.2). E s p e c i a l l y i f the r a d i o a c t i v i t y of the l a y e r s 
removed i s measured d i r e c t l y r a t h e r than as the d i f f e r e n c e i n a c t i 
v i t y of the s u b s t r a t e , the technique can be s e n s i t i v e and accurate. 

Contamination S t u d i e s . Schmidt and Pearce (27), i n a c l a s s i c study, 
using NAA evaluated sources of contamination of s i l i c o n during device 
processing. Their work demonstrated c l e a r l y t h a t high-temperature 
o x i d a t i o n steps are p a r t i c u l a r l y l i k e l y to add t r a n s i t i o n - m e t a l 
contaminants. Mechanical p o l i s h i n g compounds, boats and handling 
t o o l s , and components of ion-beam equipment were a l s o i d e n t i f i e d as 
being p o t e n t i a l l y troublesome. 
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When platinum r e s i s t a n c e thermometers at NBS were found to behave 
i r r e g u l a r l y , contamination of the surface of quartz i n s u l a t o r t u b i n g 
was suspected of being a c o n t r i b u t o r . Another cause was found a f t e r 
an NAA survey of the m a t e r i a l used showed that the t r a c e element 
content was w i t h i n the manufacturer's s p e c i f i c a t i o n s . 

Boron i n S i l i c o n and Glasses. As a complement to e a r l i e r comparisons 
of the r e l a t i o n between B content and r e s i s t i v i t y of s i l i c o n (38) , a 
set of B-doped S i wafers was analyzed by PGAA. The concentration 
range from 3x10 ^ to 1 x 1 0 2 0 atoms/cm^ was measured w i t h i r r a d i a t i o n 
times of 10 minutes to 3 hours. Bulk boron has a l s o been determined 
i n a s e r i e s of b o r o s i l i c a t e glasses as part of a study of B concen
t r a t i o n near the g l a s s surface (^9). The r e p r o d u c i b i l i t y among 
r e p l i c a t e s was 1 J , w i t h i n the counting s t a t i s t i c s obtained a f t e r an 
i r r a d i a t i o n of 15 to 30 minutes. Agreement with ICP a n a l y s i s of the 
same samples was w i t h i n 2% (HO). 

Film-Thickness Measurements  Although NAA i  u s u a l l  regarded (and 
most of t e n used) as a techniqu
l e v e l s , i t has proved valuabl
elements, such as the determination of the th i c k n e s s of m e t a l l i c 
f i l m s . For example, a set of gold f i l m s evaporated on s i l i c o n f o r 
use as i n t e r l a b o r a t o r y standards f o r Rutherford b a c k s c a t t e r i n g has 
been c a l i b r a t e d by INAA (M). A f t e r the a n a l y s i s was completed, com
parison with g r a v i m e t r i c measurements of the gold content showed 
agreement to w i t h i n 0.3 percent. Other unpublished work at NBS (42) 
has shown NAA to have the s e n s i t i v i t y to detect a 2-nm Fe f i l m on 
g r a p h i t e , the s e l e c t i v i t y to determine the thickness of a 10-nm f i l m 
of Pd under 5 pm of Ag, and the accuracy to determine the quantity of 
Ni and Cr i n a m u l t i l a y e r f i l m of 260 nm t o t a l t h ickness to w i t h i n 
0.5 percent. 

Related Nuclear A n a l y t i c a l Techniques 

Thermal neutrons are capable of inducing a small number of important 
nuclear r e a c t i o n s which produce charged p a r t i c l e s . The outstanding 
example i s of course U-235, whose f i s s i o n fragments can be r e g i s t e r e d 
by i n s u l a t i n g s o l i d s and etched i n t o o p t i c a l l y v i s i b l e t r a c k s (j£) t o 

provide a two-dimensional image of the uranium d i s t r i b u t i o n on a s u r 
f a c e . S i m i l a r l y , neutron-induced alpha p a r t i c l e s from B -10, L i - 6 , 
and 0-17, t r i t o n s from L i - 6 , and protons from N-14 have been used to 
v i s u a l i z e and q u a n t i f y the d i s t r i b u t i o n of elements on surfaces or i n 
cut s e c t i o n s . A l t e r n a t i v e l y , the energy of the l i g h t charged par
t i c l e s can be measured during i r r a d i a t i o n . The shape of the spec
trum gives g r a p h i c a l l y the depth d i s t r i b u t i o n of the atoms which 
absorbed the neutrons ( M ) ; t h i s neutron depth p r o f i l i n g i s the 
subject of another paper at t h i s symposium (}\5). 

Radioactive t r a c e r s are i d e a l t o o l s f o r studying problems of 
d i f f u s i o n , phase d i s t r i b u t i o n e q u i l i b r i a , and processing contamina
t i o n . Kane and Larrabee s t a t e "without r e s e r v a t i o n , that a l l r e l i 
able values f o r segregation c o e f f i c i e n t s f o r i m p u r i t i e s i n 
semiconductors have been determined by using r a d i o t r a c e r methods" 
(2). With h i g h - e f f i c i e n c y r a d i a t i o n detectors the quantity of r a d i o 
a c t i v i t y that must be handled need not be l a r g e . The method i s 
deserving of wider use. 
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The d i s t r i b u t i o n of r a d i o a c t i v e atoms over the face of a c r y s t a l 
can be made v i s i b l e by exposing x-ray f i l m to the s u r f a c e . Auto
radiography w i t h neutron-activated specimens or those doped w i t h 
r a d i o t r a c e r s has been used f o r l o c a l i z a t i o n of d e f e c t s , f o r studying 
the u n i f o r m i t y of doping i n the c r y s t a l , and f o r measuring the 
u n i f o r m i t y of surface f i l m s ( j L . A ^ M ' J i Z ) . 

Summary 

This paper has given i n o u t l i n e form the major c o n s i d e r a t i o n s on 
which a s u c c e s s f u l a p p l i c a t i o n of neutron a c t i v a t i o n a n a l y s i s should 
be based. The most e f f e c t i v e a p p l i c a t i o n s of t h i s method have 
inv o l v e d c l o s e and c o n t i n u a l i n t e r a c t i o n between the p h y s i c i s t or 
engineer and the anal y s t from the beginning of the p r o j e c t , i n order 
to ensure measurements that are meaningful and le a d to the s o l u t i o n 
of the problem being s t u d i e d . A c t i v a t i o n a n a l y s i s i s only one of 
many a n a l y t i c a l techniques a v a i l a b l e f o r m a t e r i a l s c h a r a c t e r i z a t i o n ; 
i t s s e n s i t i v i t y , accuracy  simpl  p h y s i c s d nondestructiv  natur
should make i t an importan
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Trace Element Survey Analyses 
by Spark Source Mass Spectrography 

Fredric D. Leipziger and Richard J. Guidoboni 

Northern Analytical Laboratory, Inc., Amherst, NH 03031 

The role of Spark Source Mass Spectrography (SSMS) as 
a high sensitivity trace element analytical method is 
discussed. The unparalleled combination of sensitivity 
and complete element coverage makes SSMS especially 
suitable for the analysis of liquid and solid materials 
involved in semiconductor processing. Sample require
ments are discussed. The application of SSMS to semi
conductor materials, process reagents, dopants, and 
metals, is illustrated. Advantages and disadvantages 
of the technique as well as sensitivity and accuracy 
are discussed. 

Exactly twenty-three years ago this week a conference was held in 
Boston on ultrapurification of semiconductor materials. One third 
of the papers at that conference were devoted to impurity analyses 
(1). Spark source mass spectrography was the newest and most pro
mising analytical technique available at the time, and I would like 
to compare the status of SSMS at that time to its present status. 

The first SSMS instrument was reported by Dempster (2) in 1946. 
Hannay of Bell Laboratories was responsible for the first applica
tions to semiconductor materials (3,4) in the mid 50fs. The techni
que was so promising that commercial instrumentation became available 
in 1960. The attractive features of the technique were complete 
element coverage (all elements on the periodic table could be detect
ed) and excellent sensitivity (to 1 part per billion atomic). The 
two major applications of SSMS at that time were semiconductor and 
nuclear reactor materials — both new technologies and both extremely 
impurity sensitive. The biggest disadvantage of the technique, al
though not clearly realized at the time, was lack of quantitation. 

The need for information regarding trace level bulk impurities 
in semiconductors and nuclear reactor materials was urgent and could 
not be satisfied by other techniques existing at the time. In the 
next decade well over 200 instruments were operating in industrial 
and government laboratories here and in Europe and Japan. During 
this period the lack of quantitation became apparent and a major 
effort was made in many laboratories to overcome this fault. 
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At the present time there are probably fewer than 80 instruments 
operating i n the f r e e world, and 20 or fewer i n the United S t a t e s . 
The l a c k of q u a n t i t a t i o n f o r r o u t i n e and d i v e r s e samples s t i l l e x i s t s 
except i n two s p e c i a l cases — iso t o p e d i l u t i o n and e l e c t r i c a l detec
t i o n . These two cases are g e n e r a l l y not a p p l i c a b l e to semiconductor 
m a t e r i a l s . However, the combination of complete element coverage 
and e x c e l l e n t s e n s i t i v i t y are s t i l l u n p a r a l l e l e d by modern a n a l y t i c a l 
techniques devoted to bulk i m p u r i t y analyses. Thus, d e s p i t e i t s 
inherent s e m i - q u a n t i t a t i v e c h a r a c t e r , we have a most u s e f u l method 
which e f f i c i e n t l y f i l l s a need i n the semiconductor and h i g h p u r i t y 
m a t e r i a l f i e l d s . F i g u r e 1 compares s e n s i t i v i t y and element coverage 
of SSMS wi t h other techniques. Many European l a b o r a t o r i e s u s i n g 
s o p h i s t i c a t e d densitometry and computer data handling are producing 
data w i t h a c c u r a c i e s claimed to be ±5%. However, many of these 
analyses r e q u i r e two to f i v e days per sample ( 5 ) . 

The three key f a c t o r s governing the s u c c e s s f u l use of SSMS today 
are knowledge of the l i m i t a t i o n s of the technique, operator exper
ience, and c l e a n l i n e s s .
q u a n t i t a t i v e nature of th
such as sodium, potassium, ,  n i t r o g e  r e q u i r  s p e c i a
i n t e r p r e t a t i o n s . The operator must be experienced i n the i n t e r p r e t a 
t i o n of the data — he must be aware of i n t e r f e r e n c e s from compound 
i o n s , m u l t i p l y charged species and other sources. 

The i n t e r p r e t a t i o n of SSMS data f a l l s i n t o two d i s t i n c t areas — 
element i d e n t i f i c a t i o n and estimates of q u a n t i t y . The c r i t e r i a used 
i n our l a b o r a t o r y f o r p o s i t i v e elemental i d e n t i f i c a t i o n are the 
presence of the doubly i o n i z e d species and the i d e n t i f i c a t i o n of the 
i s o t o p i c p a t t e r n when p o s s i b l e . Q u a n t i t a t i o n w i l l be discussed l a t e r . 
L a s t , the instrument source must be cleaned r e g u l a r l y to av o i d memory 
problems. Our approach to the memory problem i s to have a complete 
set of source p a r t s f o r each m a t r i x . A set of p a r t s a r e dedicated 
f o r s i l i c o n analyses, another f o r g a l l i u m a r s e n i d e , e t c . These p a r t s 
and the source i t s e l f are cleaned on a r e g u l a r and frequent b a s i s . 
When these f a c t o r s are under c o n t r o l , SSMS has proved to be a 
r e l i a b l e , r e p r o d u c i b l e technique f o r the b u l k a n a l y s i s of t r a c e 
i m p u r i t i e s . 

An examination of the recent l i t e r a t u r e shows that over 90% of 
the papers p u b l i s h e d are of European or Japanese o r i g i n . S everal 
e x c e l l e n t reviews (5,6) i n d i c a t e that fewer than 10% of the a r t i c l e s 
are concerned w i t h semiconductors. The g r e a t e s t emphasis appears to 
be i n the f i e l d s of geology, b i o l o g y and metallurgy. These workers 
u n i f o r m l y are attempting to produce q u a n t i t a t i v e data and t h e i r 
approach i s to evaluate a r e l a t i v e s e n s i t i v i t y f a c t o r (RSF) f o r each 
element f o r a p a r t i c u l a r m a t r i x . Then the RSF can be a p p l i e d to 
fu t u r e determinations i n the same mat r i x . Cooperative s t u d i e s show, 
beyond any ques t i o n , t h a t the RSF cannot be t r a n s f e r r e d from one 
l a b o r a t o r y or instrument to another. 

Instrument Design 

The a b i l i t y to i o n i z e a l l the elements of the p e r i o d i c t a b l e i s the 
major strength of SSMS but i t imposes some severe r e s t r i c t i o n s on the 
design of the mass spectrograph. The hi g h energy r e q u i r e d to produce 
these ions r e s u l t s i n an i o n beam w i t h a l a r g e energy spread which 
adversely e f f e c t s r e s o l u t i o n . I n order to reduce the energy spread 
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of the beam, a double f o c u s s i n g analyzer i s r e q u i r e d . A schematic 
diagram of a t y p i c a l SSMS i s shown i n F i g u r e 2. The energy spread 
present i n an r f spark i o n beam may be s e v e r a l thousand v o l t s 
compared to l e s s than ten v o l t s f o r e l e c t r o n impact i o n beams. 

The i o n source i s a r a d i o frequency vacuum discharge source and 
i s i l l u s t r a t e d i n F i g u r e 3. The i o n i z a t i o n e f f i c i e n c y of t h i s source 
i s uniform w i t h i n a f a c t o r of three, due to the f a c t t h a t the i o n i z 
ing energy a v a i l a b l e i s so much greater than the i o n i z a t i o n p o t e n t i a l 
of any element. This i s one of the most a t t r a c t i v e f e a t u r e s of the 
technique, s i n c e i t a l l o w s us to analyze every element on the p e r i o d 
i c t a b l e without l a r g e v a r i a t i o n s i n s e n s i t i v i t y . 

The d e t e c t o r f o r most SSMS analyses i s the I l f o r d Q-II photo-
p l a t e . This d e t e c t o r i n t e g r a t e s the s i g n a l and a l s o provides a per
manent record of the a n a l y s i s . The i n t e g r a t i n g p r o p e r t i e s of the 
photoplate and i t s wide dynamic range make i t an e x c e l l e n t d e t e c t o r 
f o r SSMS. These p r o p e r t i e s a l s o a l l o w us to detect inhomogeneities 
i n a sample when the spe c t r a do not in c r e a s e i n a r e g u l a r f a s h i o n 
w i t h i n c r e a s i n g charge c o l l e c t i o n
g o l d or gr a p h i t e counte
I f there are small area  p a r t i c u l a
analyzed u s i n g the counter e l e c t r o d e technique. The need to p l a c e a 
g e l a t i n emulsion i n the h i g h vacuum of the ana l y z e r s e c t i o n n e c e s s i 
t a t e s a prepumping chamber f o r the photoplates. D e t a i l s of i n s t r u 
ment design and source c o n f i g u r a t i o n s are discussed by Herzog and 
Franzen ( 7 9 8 ) . 

Sample Requirements 

Samples f o r SSMS a n a l y s i s must be conducting s e l f supporting s o l i d s 
capable of withstanding vacuum. Two el e c t r o d e s are r e q u i r e d , i d e a l l y 
%" long by .050". Conductors and semiconductors need only to be cut 
to s i z e and cleaned before mounting. Non-conducting powders are 
mixed wit h h i g h p u r i t y g r a p h i t e powder and pressed i n t o the appro
p r i a t e e l e c t r o d e shape. Non-conducting s o l i d s must f i r s t be ground 
before mixing w i t h g r a p h i t e and compacting. L i q u i d s are p i p e t t e d 
onto h i g h p u r i t y g r a p h i t e powder, mixed and pressed i n t o shape a f t e r 
d r y i n g a t low heat. An increased s e n s i t i v i t y i s p o s s i b l e w i t h l i q 
u i d s s i n c e the i m p u r i t i e s are concentrated on the g r a p h i t e . 

Sample p r e p a r a t i o n r e q u i r e s extreme care to avo i d the i n t r o d u c 
t i o n of contamination i n the c u t t i n g and g r i n d i n g o p e r a t i o n s . T h i s 
i s an area where operator experience i s of prime importance. Exten
s i v e c l e a n i n g and etchin g may be r e q u i r e d to provide an a n a l y s i s 
r e p r e s e n t a t i v e of the sample composition. A f u r t h e r c l e a n i n g step 
i s provided i n the instrument i t s e l f by sparking the sample surf a c e 
e n e r g e t i c a l l y to cl e a n away the f i r s t few atomic l a y e r s . T h i s pre-
spark can be recorded on the photoplate to provide q u a l i t a t i v e i n f o r 
mation about the chemistry of the su r f a c e . 

T h i s b r i e f d e s c r i p t i o n of sample p r e p a r a t i o n p o i n t s to one of 
the reasons why the s e n s i t i v i t y of SSMS i s so h i g h . We are working 
w i t h the s o l i d sample i t s e l f — there i s no d i l u t i o n f a c t o r due to 
the n e c e s s i t y t o d i s s o l v e the sample. Techniques such as AAS and ICP 
w i l l l o s e a f a c t o r of 10 to 100 i n u l t i m a t e s e n s i t i v i t y due to d i l u 
t i o n o c c u r r i n g when a sample i s d i s s o l v e d . A l s o , when h i g h p u r i t y 
m a t e r i a l s are subjected to d i s s o l u t i o n , the chances f o r contamination 
are h i g h , and reagent blanks must be evaluated. I n many cases the 
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Pulsed RF 
Transformer 

V A C C 

F i g u r e 3. Radio Frequency Spark Source. Reproduced w i t h permis
s i o n from Ref. 11 Copyright 1965 I n t e r s c i e n c e P u b l i s h e r s . 
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reagent blanks w i l l be s i g n i f i c a n t l y h i g h e r than the elemental 
c one en t r a t i o n . 

Mass Spectra 

The s p e c t r a produced by the r f spark are q u i t e simple. Ions 
produced by the spark are a c c e l e r a t e d i n t o the anal y s e r r e g i o n , are 
mass separated, and f a l l on the photoplate where a l a t e n t image i s 
generated and l a t e r developed. F i g u r e 4 shows a s e r i e s of mass 
spectra generated from a s i l i c o n sample and i s chosen to i l l u s t r a t e 
most of the common i o n types. S i n g l y and m u l t i p l y charged species 
can be seen as w e l l as compound ions and molecular i o n s . The 
strongest s e r i e s of Unejp o^ma^ses 28^^29 +and 30 are due to the 
s i l c o n i s o t o p e ions S i , S i , and S i . The l i g h t e s t exposures 
g i v e i n f o r m a t i o n concerning the i s o t o p i c abundance. The next most 
abundant s e r i e s of l i n e s ^ a r e ^ a t masses 14, 14.5, and 15. These are 
due to the ions S i , S i & 3Q S i2+A t r i p l y i o n i z e d s e r i e s i s a l s o 
seen a t masses 9.33, 9.67 d 10.00  Thes  grouping f m r l | i p l
i o n i z e d species of th
even lower. 

Another f e a t u r e of s i l i c o n + s p e c t r a i s molecular i o n s . Ions 
due to the s i l i c o ^ ^ i m e r s ( S i 2 ) are v i s i b l e a t masses 56, 57, 58, 
59 and 60. 2 g i n c e S i i s the most abundant isotope the dimer ygns 
§§ n t5& n i n$ S i a r e a l s o m o s t abundant. S t a r t i n g a t mass 84 ( ' 

' S i ~ ) another s e r i e s of molecular ions may be seen. 
•p i ^ i o n r e s p o n s i b l e f o r the l i n e a t mass 31 i s , i n p a r t , due to 

30g^ ^ . This h y d r i d e i o n i s of great i n t e r e s t s i n c e the most 
common element producing a l i n e a t mass 31 i s phosphorus.^^Hg^rever, 
i n t h i s case, t^g absence of a l i n e a t mass 15.5, due to P 
i n d i c a t e s that S i H i s the cause of the l i n e . 

T h i s f i g u r e shows a graded s e r i e s of exposures ranging from 
0.001 nanocoulombs to 50 nanocoulombs. A t the longest exposure a 
nominal s e n s i t i v i t y of 0.02 p a r t s per m i l l i o n atomic i s obtained f o r 
a monoistopic element. 

Table I l i s t s a few of the most common s p e c t r a l i n t e r f e r e n c e s . 
TJjjje determination of i r o n i n s i l i c o n i s d i f f i c u l t because of the 

Siodimer which i n t e r f e r e s w i t h the major i r o n i s o t o p e a t mass 56. 
In t h i s case i t i s p o s s i b l e to use one of the l e s s abundant i r o n 
isotopes as the a n a l y t i c a l l i n e . 

Table I. Some Common Interferences i n SSMS 

6 3 C u 1 6 0 + " 7 9 B r + 

9 3 N b 3 + " 
6 5 C u 1 6 0 + " 8 1 B r + 

The niobium - phosphorus case i s one where m u l t i p l y charged 
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matrix ions obscure an impu r i t y l i n e . The only s o l u t i o n i n t h i s 
case where both matrix and impurity are monoisotopic would be i f the 
instrument had s u f f i c i e n t r e s o l v i n g power to separate the two l i n e s . 
The phosphorus l i n e i s a t m/e 30.9738 w h i l e the niobium l i n e i s a t 
m/e 30.9686. A r e s o l v i n g power of 6000 would t h e r e f o r e be re q u i r e d 
to analyze phosphorus i n niobium. 

The a n a l y s i s of phosphorus i n s i l i c o n ^g complicated by the 
presence of a small c o n t r i b u t i o n from the S i H i o n . This i o n i s 
probably the r e s u l t of the combination of s i l i c o n w i t h hydrogen from 
water vapor i n the source. Since phosphorus i s monoisotopic no 
other l i n e s are a v a i l a b l e and the a n a l y s t must r e s o r t t o the doubly 
i o n i z e d phosphorus l i n e a t m/e 15.5. The use of doubly i o n i z e d 
l i n e s f o j ^ a n ^ l ^ s i s i n t h i s case i s p o s s i b l e s i n c e compound ions 
such as S i H normally do not e x i s t as doubly charged s p e c i e s . 

The r e s o l v i n g power of these spectrographs can be as high as 
10000. However, use of the s l i t s necessary to a t t a i n t h i s r e s o l u 
t i o n r e s u l t s i n a marked i n c r e a s e i n exposure time due to lower i o n 
transm i s s i o n . 

Data I n t e r p r e t a t i o n 

S e m i q u a n t i t a t i v e estimates of impurity c o n c e n t r a t i o n s are made by 
comparing the exposure necessary to produce a " j u s t d e t e c t a b l e " 
l i n e f o r an iso t o p e or element of known co n c e n t r a t i o n w i t h the 
exposure necessary f o r the " j u s t d e t e c t a b l e " l i n e of the unknown 
im p u r i t y . T h i s procedure produces s a t i s f a c t o r y r e s u l t s w i t h i n a 
f a c t o r of three. 

Attempts to obt a i n q u a n t i t a t i v e r e s u l t s e n t a i l emulsion c a l i b r a 
t i o n , microphotometry of l i n e d e n s i t i e s , c o r r e c t i o n s f o r i o n mass 
and i o n energy, and computer handling of the data. Data i n t e r p r e 
t a t i o n i s discussed i n d e t a i l by K e n n i c o t t (9) and Owens (10). 
R e s u l t s obtained by t h i s procedure vary from a c c u r a c i e s of ± 5% to 
de v i a t i o n s of orders of magnitude from t r u e v a l u e s . 

A p p l i c a t i o n to Semiconductor Technology 

SSMS i s used s u c c e s s f u l l y f o r the a n a l y s i s of m a t e r i a l s i n v o l v e d i n 
a l l phases of semiconductor manufacturing. These i n c l u d e semicon
ductors such as s i l i c o n and g a l l i u m a r s e n i d e , h i g h p u r i t y metals 
such as gold and aluminum, a c i d s and etchants such as n i t r i c and 
h y d r o f l u o r i c a c i d s , dopants such as phosphorus t r i c h l o r i d e and boron 
t r i b r o m i d e , and so l v e n t s such as t r i c h l o r o e t h a n e . S t a r t i n g c r y s t a l 
growth m a t e r i a l s such as g a l l i u m and a r s e n i c as w e l l as c r u c i b l e 
m a t e r i a l s are a l s o s u i t a b l e candidates f o r SSMS analyses. T h i s l i s t 
i n c l u d e s both conducting and i n s u l a t i n g s o l i d s as w e l l as l i q u i d s . 

The a n a l y s i s of semiconductor m a t e r i a l s i s i l l u s t r a t e d i n Tables 
I I and I I I . Table I I shows comparison of the impu r i t y content of a 
s e r i e s of s i l i c o n samples. These m a t e r i a l s are re c e i v e d as chunks 
( i n the case of s t a r t i n g m a t e r i a l s ) or s l i c e s from a c r y s t a l . They 
are cut to the ap p r o p r i a t e s i z e and etched f o r c l e a n i n g w i t h h i g h 
p u r i t y a c i d . The f i g u r e i l l u s t r a t e s h i g h s e n s i t i v i t y a n a l y s i s of 
three p o l y c r y s t a l l i n e s i l i c o n samples w i t h the -20 m a t e r i a l showing 
much high e r aluminum content than the othe r s . SSMS performs w e l l i n 
t h i s type of comparative a n a l y s i s . 
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Table I I . Comparison of Three S i l i c o n Samples' 
Impurities i n ppm Weight 

-08 -90 -20 
B <0.001 <0.001 0.003 
C <1 <1 <1 
Mg <0.003 <0.003 0.01 
A l 0.005 0.005 0.1 
P 0.005 <0.003 0.005 
CI <0.003 0.01 0.006 
Ca 0.01 0.01 0.04 
Cr <0.006 *0.01 <0.006 
Mn <0.006 <0.006 <0.006 
Fe <0.1 *0.2 <0.1 
Cu <0.007 *0.02 0.006 
As <0.008 <0.008 <0.008 

63 element

* inhomogeneous 

Table I I I i s the a n a l y s i s of a h i g h p u r i t y g a l l i u m sample used 
as s t a r t i n g m a t e r i a l f o r g a l l i u m arsenide growth. F i g u r e 5 shows the 
change necessary i n sample mounting due to the low mel t i n g p o i n t of 
g a l l i u m . The sample i s melted w h i l e s t i l l i n i t s o r i g i n a l c o n t a i n e r 
and a drop i s poured i n t o a hig h p u r i t y g r a p h i t e cup e l e c t r o d e . A 
counter e l e c t r o d e of h i g h p u r i t y g r a p h i t e i s used to complete the 
e l e c t r o d e p a i r . The g r a p h i t e used here as w e l l as the g r a p h i t e 
powder needed to mix w i t h i n s u l a t i n g powders has p r e v i o u s l y been 
analyzed by SSMS f o r impurity content. 

Table I I I . Analysis of Gallium Metal 
Impurities i n ppm Weight 

B 0.03 Cr <0.7 
Mg <1 Mn 0.04 
A l 0.2 Fe 0.4 
S i 0.1 N i 0.2 
S <2 Cu 0.1 
CI 0.2 Zn 0.2 
K 0.2 As 0.1 
Ca 0.2 In 1 

57 elements <0.2 ppma 

Table IV shows the us e f u l n e s s of SSMS f o r the a n a l y s i s of c r u c 
i b l e m a t e r i a l s used i n c r y s t a l growth. Samples of fused s i l i c a and 
g r a p h i t e were analyzed and the i m p u r i t i e s found a re l i s t e d . The 
a b i l i t y to examine a l l phases of production i s of great h e l p i n p i n 
p o i n t i n g contamination sources. 
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F i g u r e

Counter Electrode 
(Graphite) 

Graphite Cup 
Electrode 

F i g u r e 5. A n a l y s i s o f G a l l i u m M e t a l . 
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Table IV. A n a l y s i s of C r u c i b l e M a t e r i a l s 

Fused Quartz Graphite i m p u r i t i e s i n ppm weight 

B 0.04 0.02 
A l 7 0.07 
S i - 2 
P 0.03 0.03 
CI 1 0.3 
K 1 -
Ca 1 0.1 
Cr - 0.2 
Mn 0.1 -
Fe <10 0.2 
Cu 0.1 -

64 elements <0.02 ppma  elements <0.03 ppma 

The a n a l y s i s of most dopants i s complicated by t h e i r p h y s i c a l 
s t a t e and extreme r e a c t i v i t y . Table V shows the i m p u r i t i e s found i n 
samples of a r s e n i c t r i c h l o r i d e and boron t r i b r o m i d e by SSMS. For 
these m a t e r i a l s a known volume i s p i p e t t e d onto a weighed p o r t i o n of 
high p u r i t y g r a p h i t e powder. The mixture i s warmed w i t h a heat lamp, 
mixed, and pressed i n t o e l e c t r o d e s . I t i s p o s s i b l e to obtain an i n 
creased s e n s i t i v i t y f o r these and other l i q u i d s by evaporating up to 
50 ml on a gram of g r a p h i t e and con c e n t r a t i n g the n o n - v o l a t i l e im
p u r i t i e s . 

Table V. A n a l y s i s of V o l a t i l e Dopants 

A s C l q BBr i m p u r i t i e s i n ppm weight 
J 3 

Be <0.006 -
B 0.03 -
Na 0.1 <0.02 
Mg <0.6 <0.1 
A l 0.2 0.03 
S i - 0.2 
P <0.08 0.01 
S <0.8 <0.1 
Ca 1 -
V - <0.002 
Cr 0.02 0.005 
Mn 0.02 0.002 
Fe 1 0.02 
Cu 0.04 0.006 
Zn 0.07 0.004 
As - 0.01 

57 elements <0.1 ppma 56 elements<0.1 ppma 
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Process chemicals i n c l u d e such d i v e r s e m a t e r i a l s as in o r g a n i c 
a c i d s , hydrocarbon s o l v e n t s , halogenated s o l v e n t s , a l c o h o l s , and 
organic a c i d s . The a n a l y s i s of a t r i c h l o r o e t h a n e sample i s shown i n 
Table VI as i l l u s t r a t i v e of the u t i l i t y of SSMS to analyze t h i s en
t i r e range of m a t e r i a l s . As i n the previous example, a known volume 
of the solvent was p i p e t t e d onto hig h p u r i t y g r a p h i t e , warmed to 
evaporate the m a t r i x , and pressed i n t o e l e c t r o d e s . 

Table VI. Impurities i n C H 3 C C I 3 , ppm Weight 

Be 0.001 Ca 0.02 
B 0.01 Cr 0.003 
Mg <0.2 Mn 0.04 
A l 0.01 Fe 0.04 
S i 0.04 N i <0.02 
P 0.008 Cu 0.04 
S 0.4 Sn <0.007 
K 0.08 

57 elements  ppm

Summary 

Spark source mass spectrography i s the most u s e f u l t o o l a v a i l a b l e t o 
the m i c r o e l e c t r o n i c s i n d u s t r y f o r bulk t r a c e l e v e l i m p u r i t y analyses 
of a wide v a r i e t y of m a t e r i a l s . The technique r o u t i n e l y examines 
c r y s t a l growth s t a r t m a t e r i a l s , c r u c i b l e s , f i n i s h e d c r y s t a l s , 
dopants, s o l v e n t s , metals and a l l substances used i n m i c r o e l e c t r o n i c s 
manufacture. 

The i n a b i l i t y of the technique to r o u t i n e l y provide anything 
b e t t e r than s e m i q u a n t i t a t i v e data i s more than o f f s e t by i t s wide 
range of a p p l i c a b i l i t y and unusual p r o p e r t i e s . The combination of 
hig h s e n s i t i v i t i e s - to one pa r t per b i l l i o n - coupled wi t h the 
a b i l i t y to detect any element on the p e r i o d i c t a b l e make SSMS a t o o l 
w i t h tremendous us e f u l n e s s t o the m i c r o e l e c t r o n i c s i n d u s t r y . 
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Characterization of Components 
in Plasma Phosphorus-Doped Oxides 
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Balazs Analytical Laboratory, Inc., Mountain View, CA 94043 

Three compounds o
plasma deposited phosphosilicate glass and borophospho-
silicate glass films. They are phosphorus pentoxide, 
phosphorus trioxide, and phosphine. Evidence is given 
for the presence of a fourth phosphorus-containing 
compound. Data are given from analysis by colorimetry, 
ion chromatography, and P-31 NMR on standards, plasma, 
plasma enhanced, and atmospheric CVD films. Some 
information on LTO/LPO deposited films is included. 

In past years, the analysis of doped dielectric MOS films has always 
led to the conclusion that the dopant materials existed in their 
fully oxidized state. Thus, phosphorus existed as phosphorus pent-
oxide and as such could easily be quantitatively measured in aqueous 
solutions as the phosphate ion. Although many suspected the presence 
of phosphorus trioxide, there was no evidence of its existence. 

In the spring of 1983, however, during a routine analysis of a 
set of PSG silicate films, a distinct foul odor was detected coming 
off the wafers during etching. The suspicion that this odor was 
phosphine led to a renewed study of all glass films. Because the set 
of wafers that yielded the foul smelling gas was plasma deposited 
doped glass, our first study was on plasma and plasma enhanced CVD 
PSG films. 

The immediate concern about the presence of phosphine in doped 
oxide films was safety in handling these materials. The permissible 
exposure limit (PEL) set by OSHA is 0.3 ppm, and the concentration 
immediately dangerous to life and health (IDLH) is 200 ppm. All pre
cautions must be taken when etching plasma PSG of BPSG wafers. A 
basket of twenty 3 inch wafers, 5000 angstroms thick, containing 5 
wt. % phosphorus could release as much as 2500 ppm of phosphine or 
12.5 times the IDLH. 

To identify the foul smelling gas, a closed system was built in 
which the film was dissolved. The liberated gas was driven to a re
action chamber and oxidized. If the gas were phosphine, it would be 
converted to phosphate ion and as such could be analyzed. This test 
was positive for every plasma and plasma enhanced phosphorus doped 
oxide that was analyzed. Deductively it was concluded that the gas 
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was p h o s p h i n e . These r e s u l t s and t h e s u s p i c i o n o f s u b o x i d e s o f p h o s 
p h o r u s were i m m e d i a t e l y p u b l i c i z e d t h r o u g h t h e t r a d e j o u r n a l s i n 
September 1983 ( 1 ) . 

An a t t e m p t was made t o p o s i t i v e l y i d e n t i f y t h e gas by mass s p e c 
t r o m e t r y . The f i l m was d i s s o l v e d w i t h HF i n a c l o s e d chamber and 
th e r e s u l t a n t gas was i n j e c t e d i n t o a GC/MS. No s i g n a l was o b t a i n e d , 
and i t was c o n c l u d e d t h a t t h e gas d i d n o t r e a c h t h e mass a n a l y z e r o r 
t h a t i t was l o s t d u r i n g t h e p r o c e s s o f i n j e c t i n g i t i n t o t h e MS. 

Me a n w h i l e , t h e s t u d y t o d e t e r m i n e s u b o x i d e s o f p h o s p h o r u s p r o 
c e e d e d . I t i s w e l l known t h a t t h e p h o s p h a t e i o n r e a c t s w i t h 
m o l y b d a t e i o n t o f o r m a y e l l o w p h o s p h o m o l y b d a t e s a l t and t h a t t h i s 
s a l t p r o d u c e s a b l u e s o l u t i o n i n t h e p r e s e n c e o f a r e d u c i n g a g e n t . 
Samples o f known compounds c o n t a i n i n g p h o s p h a t e i o n r e a d i l y and 
q u i c k l y f o r m t h i s b l u e s o l u t i o n , whereas samples c o n t a i n i n g p h o s p h i t e 
i o n do n o t r e a c t p o s i t i v e l y u n l e s s o x i d i z e d f i r s t t o p h o s p h a t e i o n . 

T e s t s were r u n on p l a s m a o x i d e s w i t h and w i t h o u t o x i d i z i n g t h e 
s a m p l e s . I n e v e r y c a s e , t h e r e s u l t s y i e l d e d h i g h e r w e i g h t p e r c e n t s 
o f p h o s p h o r u s f r o m t h e
f r o m t h e same w a f e r . Thes
o x i d e s o f p h o s p h o r u s i
b e l i e v e d t h a t t h i s compound was p h o s p h o r u s t r i o x i d e , w h i c h w o u l d n o t 
r e a c t w i t h t h e molybdenum i o n and f o r m a moly b l u e complex u n l e s s i t 
was f i r s t o x i d i z e d a c c o r d i n g t o t h e f o l l o w i n g r e a c t i o n : 

r>» N.R. 

M o l y b l u e — ^ B l u e 
r e a c t i o n s o l u t i o n 

H2° _ -3 

M o l y b l u e 
r e a c t i o n 

P2°3 P 0 3 

O x i d a t i o n -

I t i s a l s o w e l l known (2) t h a t n o t a l l o x o a c i d s o f p h o s p h o r u s 
r e a c t w i t h molybdenum i o n t o f o r m a p o s i t i v e b l u e c o m p l e x a t t h e 
same r a t e . Time s t u d i e s were done on p l a s m a PSG w a f e r s . F i g u r e 1 
shows d i s t i n c t d i f f e r e n c e s between t h e p h o s p h a t e i o n and doped o x 
i d e f i l m f r o m a w a f e r when a n a l y z e d w i t h and w i t h o u t o x i d a t i o n . 

A t i m e s t u d y was a l s o c o n d u c t e d on v a r i o u s oxo p h o s p h o r u s a c i d s 
( F i g u r e 2) and on s e v e r a l k i n d s o f PSG f i l m s ( F i g u r e 3 ) . The t i m e 
s t u d i e s were c o n d u c t e d by d i s s o l v i n g and q u a n t i t a t i v e l y r e m o v i n g t h e 
f i l m s f r o m t h e w a f e r s and t h e n r e a c t i n g them w i t h a m o l y b d a t e i o n 
s i m u l t a n e o u s l y . The shape o f t h e c u r v e s i n d i c a t e d t h e p r e s e n c e o f a 
s l o w r e a c t i n g p h o s p h o r u s compound i n p l a s m a , p l a s m a enhanced, and l o w 
t e m p e r a t u r e / l o w p r e s s u r e o x i d e s (LT0/LP0) p r o d u c e d PSG f i l m s . O n l y 
a t m o s p h e r i c CVD f i l m s p r o d u c e d a t y p i c a l p h o s p h a t e i o n c u r v e . 

Many p o s s i b l e compounds o f p h o s p h o r u s e x i s t . The s i m p l e s t a r e 
l i s t e d i n T a b l e I . Even more c o m p l i c a t e d o x o a c i d s o f p h o s p h o r u s were 
s t u d i e d and r e p o r t e d i n t h e p a p e r by O h a s h i and Y o z a ( 3 ) . T h e i r 
s t u d y o f o x o a c i d s o f p h o s p h o r u s w i t h molybdenum i o n was done i n n e u 
t r a l and a c i d s o l u t i o n s i n t h e p r e s e n c e and ab s e n c e o f a r e d u c i n g 
a g e n t . T h e i r r e s u l t s showed t h a t a c i d s c o n t a i n i n g a -P-P-P s t r a i g h t 
o r c y c l i c c h a i n gave c o l o r d evelopment s i m i l a r t o t h o s e we f o u n d i n 
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Figure 1 . Color development vs. time. 
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Figure 2. Time study on oxoacids of phosphorus molybdate blue 
r e a c t i o n . 
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Table I. Phosphorus Oxides and Acids 

323 

Basic Combination 
Oxide Oxide Acid 
Forms Forms Forms* 

P^O^ ^phosphorous 
" - - ~ acids 

< P 02>n 

V l O 

H 3P0 2 hypo -. 

P4°6 HP0 2 meta -

P4°7 H4 P2°5 pyro -

P4°8 H 3 P 0 3 ortho-

P4°9 H4 P2°6 hypo -

P4°10 HP0 3 meta -

H 3 P 0 4 ortho-

vphosphoric 

*These acids form various i o n i c species depending on the pH of the 
s o l u t i o n . 

plasma time studies (Figure 4). These a c i d s , plus H^P^O^, gave a blue 
green c o l o r i n a molybdate s o l u t i o n when no reducing agent was added. 
Tests on plasma PSG samples gave a p o s i t i v e blue green c o l o r when no 
reducing agent was added to a molybdate s o l u t i o n . 

The second method of our choice capable of i d e n t i f y i n g and quan
t i f y i n g the acids of phosphorus was ion chromatography (IC), (4, 5). 
IC i s an e x c e l l e n t a n a l y t i c a l t o o l which can chromatographically sep
arate a mixture of components and make i t p o s s i b l e to i d e n t i f y and 
quantify them. 

The system used f o r t h i s study i s i l l u s t r a t e d i n Figure 5. 
B r i e f l y , the eluent i s introduced i n t o the system using the p u l s e l e s s 
pump. I t then passes through the i n j e c t i o n valve where the sample 
i s i n j e c t e d . The sample i s pushed i n t o the separator column where 
the s p e c i a l i o n exchange r e s i n r e t a i n s each i o n i c species with d i f 
ferent strength. The separated sample together with the eluent, 
passes i n t o the suppressor column where the background c o n d u c t i v i t y 
of the eluent i s reduced. F i n a l l y , the sample passes the conductiv
i t y detector where a response to the changes i n i o n i c concentration 
are v i s u a l i z e d by the chart recorder or an i n t e g r a t o r . 

With the anion detection system on the ion chromatograph and 
sodium carbonate s o l u t i o n s i n various pH ranges as an eluent, an 
e f f o r t was made to d i s t i n g u i s h the oxo phosphorus acids that e x i s t e d 
i n a h y d r o f l u o r i c a c i d s o l u t i o n of PSG f i l m s . The phosphate and 
phosphite ions were r e a d i l y detected and quantitated when compared 
with known standards of these ions, as shown i n Figure 6 (a) - ( i ) . 
The standard s o l u t i o n gave a s i n g l e peak f o r the phosphite and the 
phosphate ions, with r e t e n t i o n times (RT) of 3.05 and 18.07, respect
i v e l y . The chromatographic spectra of the samples contained as many 
as seven peaks. Those that were i d e n t i f i e d were h y d r o f l u o r i c a c i d 
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A - ATM. CVD 
B - LTO/LPO 
C - PLASMA 

30 60 90 120 

F i g u r e 3. T i m e s t u d y on PSG f i l m s m o l y b d a t e b l u e r e a c t i o n . 
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F i g u r e 4. P h o s p h o r u s compounds t h a t g i v e p o s i t i v e Mo i o n t e s t s 
w i t h o u t a r e d u c i n g a g e n t . 
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Figure 5. Configuration of the ion chromatography 
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(c) Undoped oxide 

Figures 6a-c. Ion chromatography study. 
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Figures 6d-f. Ion chromatography study. 
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S 

(g) Unoxidized PO - 3 

(h) Oxidized P 0 3 m i l d o x i d i z i n g agent 

in s 

( i ) Oxidized PO^ - strong o x i d i z i n g agent 

Figures 6 g - i . Ion chromatography study. 
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peaks (RT = 1.43, 2.16) and the known phosphite and phosphate peaks, 
f i g u r e 6 (a) - ( c ) . 

Two peaks were found i n the plasma f i l m s that were not i d e n t i 
f i e d and l a t e r proved to be important. They were those with RT of 
4.38 and 6.38, see f i g u r e 6 (e). Atmospheric CVD samples, Figure 6 
(d), do not have a peak at 4.38 and the peak at 6.38 i s much smaller. 
Also, the r a t i o of phosphite to phosphate i o n i s n o t i c e a b l y higher on 
plasma wafers. 

The disadvantage of chromatographic systems i s that compounds 
can remain on the columns or move down the column so slowly that they 
are missed. For example, under the conditions f o r phosphate and phos
phit e ions, no peaks were found f o r pyrophosphate or hypophosphite 
ions. (Other oxophosphorus a c i d s , i n c l u d i n g those mentioned i n Ohashi 
and Yoza fs paper, were not a v a i l a b l e f o r t h i s study.) D i f f e r e n t 
chromatographic conditions may re v e a l these and other phosphorus com
pounds i n a PSG f i l m . 

Since only two compounds were found by ion chromatography, where
as the wet chemical data i n d i c a t e d the presence of three compounds
the t o t a l quantity of phosphoru
molybdenum blue complex
ples was compared with the sum of phosphite and phosphate by IC. The 
r e s u l t s from t h i s study are found i n Table I I . 

Table I I . Colorimetry Vs. Ion Chromatography f o r Weight % Phosphorus 

Colorimetry Ion Chromatography 
Sample Type P2°5 P2°3 T o t a l P2°5 P2°3 T o t a l 

Atm CVD 4.8 0.0 4.8 4.01 0.78 4.79 
LTO/LPO 10.0 0.8 10.8 8.05 0.87 8.92 
Plasma Enhanced ND ND 5.0 1.34 0.45 1.79 
Plasma 3.8 1.1 4.9 1.89 1.35 3.24 
ND = Not determined 

The same weight percent of phosphorus from atmospheric CVD f i l m s 
was found by both methods. For a l l plasma, plasma enhanced, and 
LTO/LPO samples, however, the t o t a l percent phosphorus found by IC 
was s i g n i f i c a n t l y l e s s than that found by colorimetry. 

Suspecting that the problem was associated with the phosphorus 
t r i o x i d e o x idations, we oxi d i z e d and analyzed a sample of phosphorous 
a c i d using IC. As expected, a large phosphate ion peak appeared, but 
a 6.50 peak a l s o appeared, as shown i n f i g u r e 6 (g) vs. 6 (h). A 
stronger o x i d a t i o n process was used, which y i e l d e d a complicated IC 
spectrum, f i g u r e 6 ( i ) . Of s i g n i f i c a n c e i n t h i s spectrum i s the 
appearance of the 6.50 peak. 

Whether or not the 4.38 and 6.38 peaks contain phosphorus has 
not yet been determined. I t i s bel i e v e d that they do. However, they 
may simply be d i f f e r e n t i o n i c species of the phosphite ion and as 
such have d i f f e r e n t r e t e n t i o n times i n the IC. 

There was a p o s s i b i l i t y that the IC peaks at 4.38 and 6.38 rep
resent the compound that y i e l d e d the p o s i t i v e blue green c o l o r with 
the molybdate ion without a reducing agent. Because of the kind of 
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p h o s p h o r u s compounds t h a t have t h i s a b i l i t y have -P-P- b o n d i n g , an 
e f f o r t was made t o d e t e c t t h i s b o n d i n g u s i n g P-31 NMR. 

A p l a s m a PSG f i l m was a n a l y z e d . The r e s u l t s , w h i c h r e v e a l o n l y 
two p e a k s , a r e shown i n F i g u r e 7. However, a c c o r d i n g t o C r u t c h f i e l d 
e t a l . ( 6 ) , when a n a l y z i n g o x o a c i d s o f p h o s p h o r u s by NMR, t h e pH i s 
c r i t i c a l ( s e e F i g u r e 8 ) . S i n c e t h e o r i g i n a l NMR s o l u t i o n had a pH 
o f 3, t h e sample was a n a l y z e d i n a b a s i c s o l u t i o n . A g a i n o n l y two 
pea k s were o b t a i n e d whose v a l u e s were i d e n t i c a l t o t h o s e f o u n d f o r 
known s o l u t i o n s o f p h o s p h a t e and p h o s p h i t e . 

T h i s p r e l i m i n a r y NMR s t u d y needs c o n s i d e r a b l e r e f i n i n g i n terms 
o f b o t h c o n t r o l l e d pH and d e t e c t i o n l i m i t s . W i t h o u t k n o w i n g what 
p h o s p h o r u s compound may be p r e s e n t i n p l a s m a PSG f i l m s , t h i s i s d i f 
f i c u l t . The p l a s m a f i l m s a r e o u r o n l y s o u r c e o f t h e s u s p e c t e d 
compound, and b e c a u s e i t s c o n c e n t r a t i o n i s v e r y l o w , q u e s t i o n s c o n 
c e r n i n g NMR d a t a c o u l d n o t be r e s o l v e d . 

U s i n g c o l o r i m e t r i c r e a c t i o n s d e v e l o p e d t o i d e n t i f y v a r i o u s 
s p e c i e s o f p h o s p h o r u s compounds i n p l a s m a PSG f i l m s , we o b t a i n e d 
q u a n t i t a t i v e r e s u l t s o  v a r i e t f sample  f r o  t h r e  ( i d
e n t i f i e d a s A, B, C ) . Th
a t t e m p t has been made t
compound. 

T a b l e I I I . W e i g ht P e r c e n t P h o s p h o r u s i n P l a s m a Doped O x i d e s 

No. T o t a l 
P 2 ° 5 P 2 ° 3 P H 3 

A - l 9.5 6.2 ( 6 5 . 3 ) * 2.9 (30.5) 0.4 ( 4.2) 
A-2 5.6 4.0 (71.4) 1.1 (19.6) 0.5 ( 9.0) 
A-3 5.2 3.9 (75.0) 0.9 (17.3) 0.4 ( 7.7) 
A-4 5.0 4.1 (82.0^ 0.4 ( 8.0 0.5 (10.0) 
A-5 5.4 3.9 (72.2) 1.0 (18.5) 0.5 ( 9.3) 
B - l 4.1 3.3 (80.5) 0.6 (14.6) 0.2 ( 4.9) 
B-2 4.1 3.4 (82.9) 0.5 (12.2) 0.2 ( 4.9) 
C - l 5.0 3.8 (76.0) 1.1 (22.0) <0.1 (<2.0) 
C-2 2.3 1.9 (82.6) 0.4 (17.4) <0.05«1.0) 
C-3 7.5 6.2 (82.7) 1.3 (17.3) '0.05«1.0) 

*Numbers i n p a r e n t h e s e s a r e r e l a t i v e p e r c e n t s o f w e i g h t p e r c e n t 
p h o s p h o r u s . 

Many LTO/LPO samples have a l s o been s t u d i e d . The r e s u l t s i n d i 
c a t e t h a t t h e y have c h a r a c t e r i s t i c s s i m i l a r t o p l a s m a PSG. However, 
t h e q u a n t i t y o f t h e p a r t i a l l y o r u n o x i d i z e d s p e c i e s i s s m a l l e r . 
L i k e p l a s m a PSG, t h e LTO/LPO a l s o c o n t a i n p h o s p h o r u s p e n t o x i d e , t r i 
o x i d e , and p h o s p h i n e . The 4.38 IC peak was n o t f o u n d i n most o f 
t h e s e f i l m s ; however, when i t was f o u n d , i t a p p e a r e d a s a v e r y s l i g h t 
t r a c e . 

One i n t e r e s t i n g r e s u l t on one s e t o f " a t m o s p h e r i c CVD" PSG f i l m s 
i s w o r t h m e n t i o n i n g . T h i s s e t gave h i g h e r c o l o r i m e t r i c r e s u l t s on 
o x i d a t i o n i n d i c a t i n g t h e p r e s e n c e o f s u b o x i d e s o f p h o s p h o r u s . Not 
h a v i n g s e e n s u b o x i d e s o f p h o s p h o r u s i n a t m o s p h e r i c CVD f i l m s , we 
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q u e s t i o n e d t h e p r o c e s s u s e d t o make t h e s e f i l m s . The o x i d e s were 
grown i n an a t m o s p h e r i c s y s t e m u s i n g a s i l a n e / o x y g e n r a t i o o f 1/17 
and v a r i o u s amounts o f 5% p h o s p h i n e i n a r g o n . The s y s t e m , however, 
had been c o n n e c t e d t o a vacuum s y s t e m and t h e t e m p e r a t u r e u s e d was 
410°C. I n o t h e r w o r d s , t h e s y s t e m had been c o n v e r t e d t o an LTO/LPO 
s y s t e m and gave r e s u l t s a c c o r d i n g l y . 

I n c o n c l u s i o n , i t has been shown t h a t p l a s m a , p l a s m a enhanced, 
and LTO/LPO PSG and BPSG f i l m s c o n t a i n p h o s p h o r u s p e n t o x i d e , p h o s 
p h o r u s t r i o x i d e , and p h o s p h i n e . A l t h o u g h n o t d i s c u s s e d , we have 
f o u n d t h a t BPSG f i l m s a c t t h e same a s PSG f i l m s i n t h i s r e g a r d . 
T h e r e i s s t r o n g e v i d e n c e by b o t h c o l o r i m e t r y and i o n c h r o m a t o g r a p h y 
t h a t a f o u r t h compound e x i s t s . The f o u r t h p h o s p h o r u s compound t h a t 
i s i n d i c a t e d by c o l o r i m e t r y may o r may n o t be t h e same a s t h a t c a u s 
i n g t h e 4.38 peak i n i o n c h r o m a t o g r a p h y . The d a t a t o d a t e on t h e 
p r e s e n c e and i d e n t i f i c a t i o n o f t h i s compound a r e ambiguous and need 
f u r t h e r s t u d y . 

The known compounds i n PSG f i l m s c a n be q u a n t i t a t i v e l y measured 
c o l o r i m e t r i c a l l y . The
ment o f p h o s p h a t e and p h o s p h i t
t o t a l w e i g h t p e r c e n t o
r e s u l t s and c o l o r i m e t r i c r e s u l t s i s b e l i e v e d t o be due t o u n i d e n t i 
f i e d o r m i s s i n g p e a k s i n t h e IC t h a t c o n t a i n p h o s p h o r u s . U n t i l 
t h e s e compounds a r e i d e n t i f i e d , t h e most r e l i a b l e method f o r measur
i n g t h e known p h o s p h o r u s compounds and t o t a l w e i g h t p e r c e n t phospho
r u s a p p e a r s t o be c o l o r i m e t r y . 
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Process Contro l of Vacuum-Deposited 
N i c k e l - C h r o m i u m for the Fabrication 
of Reproducible T h i n - F i l m Resistors 

Vineet S. Dharmadhikari 

Harris Semiconductor, Melbourne

As a part of ongoing efforts to establish a manufactur
ing technology for the production of thin film resis
tors, a statistical control of the materials and the 
manufacturing process was developed. Crucial to this 
goal was the thorough understanding of the nichrome 
thin films and the process development. A detailed 
study of the material properties which influence the 
resistor performance, such as deposition rate, film 
thickness, temperature coefficient of resistance and 
composition was performed. The process development 
encompassed the optimization of the process equipment 
parameters of power, ramp, deposition geometry and the 
base pressure. The reproducibility and stability of 
the process was confirmed by monitoring the sheet 
resistance and composition of the deposited nichrome 
layer from batch to batch. Statistical techniques 
were used to detect the sources of variation in the 
process and determine the degree of adjustment required. 

Electrical properties of thin films have been studied for several 
decades and it's not surprising that a number of industrial processes 
and end products have been developed to exploit the characteristics 
of thin films. One such development led to the use of nickel-
chromium (Ni-Cr) thin films in the manufacture of thin film pre
cision resistors on the surface of a monolithic integrated circuit 
(1-2). This transition metal alloy exhibits wide range of resis
tivity, low temperature coefficient of resistance and high stability 
(1-12), however it is difficult to mass produce. This is due, 
primarily, to the difficulty of obtaining well-defined reproducible 
structures by normal methods of production, such as thermal evapora
tion. Additionally, the added complications of surface scattering, 
film morphology, contamination of residual gases, alloy composition 
and purity do not represent a well-defined state and may also 
encourage a time dependent phenomena. 
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Although the e l e c t r i c a l response to t h i n nichrome f i l m s r e p r e 
sent many i n t e r e s t i n g problems, t h i s paper i s mainly concerned w i t h 
the s t a t i s t i c a l c o n t r o l and o p t i m i z a t i o n of the manufacturing pro
cess which has rec e i v e d very l i t t l e t e c h n o l o g i c a l a t t e n t i o n , even 
though the s t a t i s t i c a l concept and methodology involved i n manufac
t u r i n g are undeniably high. There e x i s t s a l a r g e amount of e x p e r i 
mental data on the d i f f e r e n t aspects of r e s i s t o r f a b r i c a t i o n and 
c h a r a c t e r i z a t i o n (3-12), but there i s no coherent p r e s e n t a t i o n of 
the t o t a l i t y of the inf o r m a t i o n nor even of s i g n i f i c a n t p a r ts of i t . 

We present here an e f f e c t i v e way to manufacture a re p r o d u c i b l e 
t h i n f i l m r e s i s t o r , u s i n g accepted s t a t i s t i c a l techniques. The pro
cess requirements, experimental techniques, process development and 
c h a r a c t e r i z a t i o n , examples of c o n t r o l c h a r t s , t h e i r i n t e r p r e t a t i o n 
f o r r a p i d a p p r a i s a l and the impact of s t a t i s t i c a l techniques on the 
production y i e l d s and f u t u r e developments w i l l be des c r i b e d . 

Process Background and Requirements 

In m o n o l i t h i c i n t e g r a t e
f a b r i c a t e d on, or w i t h i n
m a t e r i a l by means of a s e q u e n t i a l s e r i e s of d i f f u s i o n , p h o t o l i t h o g r a 
phy and t h i n f i l m processes. As a production method, g e n e r a l l y 
where t h i n f i l m r e s i s t o r s are r e q u i r e d , the f o l l o w i n g process se
quence i s def i n e d : 
1. p h o t o r e s i s t a p p l i c a t i o n and p a t t e r n i n g on s i n g l e - c r y s t a l semi

conductor substrates w i t h the a c t i v e devices already formed; 
2. t h i n f i l m d e p o s i t i o n ; 
3. p h o t o r e s i s t e t c h i n g or l i f t i n g ; 
4. contact metal d e p o s i t i o n ; 
5. contact p a t t e r n d e l i n e a t i o n , p h o t o r e s i s t metal etch; 
6. hig h temperature s t a b i l i t y bake, 300-400°C, 30-60 min. 

Thin F i l m D e p o s i t i o n Procedure. The nickel-chromium f i l m s were 
thermally evaporated i n a cryopumped vacuum system. The composition 
of the i n i t i a l charge was 80 N i , 20 Cr. The l i t e r a t u r e i n d i c a t e d a 
d i f f i c u l t y i n c o n t r o l l i n g the composition of the f i l m s from batch to 
batch, mainly because of the d i f f e r e n c e s i n the vapor pressure of 
n i c k e l and chromium. Another problem i n d i c a t e d was the severe r e 
a c t i v i t y of n i c k e l at high temperatures w i t h tungsten boats. I n i t i a l 
e f f o r t s i n d i c a t e d the need f o r an i n - s i t u - r e s i s t a n c e monitoring capa
b i l i t y to ensure repeatable r e s u l t s . This c a p a b i l i t y was provided as 
w e l l as a sh u t t e r to c o n t r o l the composition. Pre-cleaned g l a s s sub
s t r a t e s w i t h gold contacts were used as monitors. Once i n i t i a t e d , 
d e p o s i t i o n continued u n t i l the d e s i r e d value was i n d i c a t e d by the 
r e s i s t a n c e monitor, at which time the s h u t t e r was closed and power 
turned o f f . The chamber was then brought up to atmosphere pressure 
by back f i l l i n g w i t h n i t r o g e n . The product wafers or substrates were 
then removed and the monitor r e s i s t a n c e (pre-bake) measurements 
c a r r i e d out. Since the t h i n f i l m r e s i s t o r s undergo a high tempera
ture s t a b i l i z a t i o n bake (300 to 400°C) during p r o c e s s i n g , to simulate 
the time and temperature of the subsequent process s t e p s , the moni
t o r s were a l s o baked f o r 30 minutes at 300°C, and the sheet r e s i s 
tance (post-bake) measured. The composition of the f i l m s was 
measured by x-ray fluorescence technique and the thickness of the 
f i l m s was determined by a Talystep p r o f i l o m e t e r . 
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The required s p e c i f i c a t i o n s f o r our t h i n f i l m r e s i s t o r para
meters are l i s t e d i n Table I . Any product that d e v iates from the 
l i m i t s has to be reworked or scrapped. 

Process H i s t o r y . The s t a t e of the process before any s t a t i s t i c a l 
process c o n t r o l e x i s t e d i s shown i n Table I I . As can be noted, over 
a period of f i v e months only 44% of the time on an average was 
a c t u a l l y spent on production and of that about 10% of the product 
wafers were reworked. Rework required a d d i t i o n a l m a t e r i a l , l a b o r 
and time and at times, a f f e c t e d the production schedules adversely. 
Because of t h i s u n p r e d i c t a b l e nature of the process, an accepted 
s t a t i s t i c a l technique was badly needed to e s t a b l i s h the process and 
ai d i n producing q u a l i t y product from batch to batch. 

S t a t i s t i c a l A n a l y s i s . One of the greatest c o n t r i b u t i o n s of the s t a 
t i s t i c a l method was i n i d e n t i f y i n g the sources of problems. I t was 
r e a l i z e d that 80% of the problem could be traced d i r e c t l y to the 
process or the evaporatio  system  Onl  20% f th  proble
l a t e d to s p e c i a l causes
operator. F i g u r e 1 i s
v a r i a b l e s that a c t u a l l y caused the percent (%) reworks reported i n 
Table I I . Post-bake sheet r e s i s t a n c e and chromium percentage (% Cr) 
cont r i b u t e d the most, followed by the d e p o s i t i o n time and pre-bake 
sheet r e s i s t a n c e . The r e s p e c t i v e histograms f o r these v a r i a b l e s are 
shown i n Figures 2 and 3. A number of features are apparent. F i r s t , 
except f o r the pre-bake histogram, which i s skewed towards the lower 
end, none of the histograms look normal. Secondly, the histograms 
are o f f s e t from the expected average value and the v a r i a b i l i t y ( i . e . 
the base of the histogram) i s very l a r g e . C l e a r l y much emphasis 
was needed i n a process development and c h a r a c t e r i z a t i o n . 

Process Development and C h a r a c t e r i z a t i o n 

The e f f e c t of the major process v a r i a b l e s on the r e s i s t o r p e r f o r 
mance was i n v e s t i g a t e d . We would l i k e to mention that s i n c e t h i s was 
a production o r i e n t e d i n v e s t i g a t i o n , every e f f o r t was made to o p t i 
mize the process i n terms of production e f f i c i e n c y . The most impor
tant parameter seemed to be the c o n t r o l of the f i l m composition. I n 
Figure 4, the v a r i a t i o n i n pre-bake and post-bake sheet r e s i s t a n c e 
w i t h % Cr i s shown. Several features can be seen. The pre-bake 
shows a minimum w i t h % Cr i n the v i c i n i t y of 50%. For % Cr l e s s 
than -50%, the pre-bake increases w i t h a negative s l o p e , whereas f o r 
% Cr greater than ~50%, i t increases w i t h a p o s i t i v e s lope. In con
t r a s t , the post-bake shows an e n t i r e l y d i f f e r e n t t r e nd. For % Cr 
greater than -51%, the post-bake i s n e a r l y constant w i t h i n e x p e r i 
mental e r r o r s , whereas f o r % Cr l e s s than -51%, i t decreases 
l i n e a r l y w i t h decrease i n % Cr from ~51 to ~38%. This data was fed 
i n t o a stepwise r e g r e s s i o n program i n order to b u i l d an equation 
r e l a t i n g % Cr to post-bake. The s p e c i f i c equation a r r i v e d at f o r 
% Cr and post-bake was 

Post-bake = 172 ( l - e " 0 ' 1 5 3 ( % Cr-31.64) } 

Where Post-bake i s i n ohms/0 & % Cr i n Wt. %. 
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Table I . Thin F i l m R e s i s t o r Requirements 

Parameter Value Un i t s 

Sheet Resistance 200 ± 20 Ohms/sq. 

TCR < ± 50 ppm/°C 

Ratio Tracking TCR * ± 1 ppm/°C 

I n i t i a l Match at 25°C * 

Long Term S t a b i l i t y 
1000 hr/125°C 

± 0.1 % 

Long Term R a t i o Tracking * ± 24 ppm 

* over 3a l i m i t s 

Table I I . Summary of the Nickel-Chromium Process 
before Process C o n t r o l 

T o t a l No. of 
Months Evaporations 

Production 
Wafers Shot (%) 

Wafers 
Reworked (%) 

11 192 46.88 10.61 

12 335 48.06 12.54 

01 178 51.68 9.74 

02 226 32.32 7.21 

03 315 38.73 9.92 

x = 43.53 ± 7.86 x = 10.01 ± 1.92 
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Figure 1. Pareto chart a n a l y s i s of v a r i a b l e s that caused rework 
reported i n Table I I . 

Figure 2 . D i s t r i b u t i o n of sheet r e s i s t a n c e of t h i n f i l m s before 
process c o n t r o l f o r a period of one month. (A) pre-bake and 
(B) post-bake. 
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Figure 3. D i s t r i b u t i o
chromium f o r a period of one month, before process c o n t r o l . 
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Figure 4. V a r i a t i o n i n pre-bake (•) and post-bake (•) sheet 
r e s i s t a n c e w i t h percent chromium f o r a f i x e d value of the 
r e s i s t a n c e monitor. The f i l m s were baked at 300°C f o r 30 min. 
i n a i r . 
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The behavior of temperature c o e f f i c i e n t of r e s i s t a n c e w i t h % Cr 
i s shown i n Figure 5. The curve can be d i v i d e d i n t o three regions: 
i ) w i t h % Cr greater than 52%, i i ) % Cr between 52 to 48%, and i i i ) 
% Cr l e s s than 48%. In r e g i o n i ) the TCR i s p r a c t i c a l l y independent 
of % Cr and v a r i e s between -5 to -30 ppm/°C. In r e g i o n i i ) again the 
TCR i s low and as the % Cr decreases, the TCR changes s i g n . This 
change takes p l a c e i n the v i c i n i t y of 51 to 52% Cr. In r e g i o n i i i ) , 
however, the TCR abru p t l y increases w i t h l i t t l e decrease i n % Cr. 
These r e s u l t s again demonstrate that to be i n s p e c i f i c a t i o n , i t i s 
b e t t e r to have % Cr between 50 to 60%. 

The e f f e c t of o x i d a t i o n on the sheet r e s i s t a n c e and TCR i s shown 
i n Figure 6. For a Ni-Cr f i l m w i t h -54.5% Cr and baked at 300°C, the 
sheet r e s i s t a n c e increases by -22%, w h i l e the TCR decreases from +52 
to -10 ppm/ C f o r a 30 min. anneal i n a i r . I n co n t r a s t to the de
crease i n TCR caused by o x i d a t i o n , f o r a Ni-Cr f i l m w i t h -45% Cr (not 
shown her e ) , the o x i d a t i o n increased the TCR. For example, the sheet 
r e s i s t a n c e decreased by 5%, whereas the TCR increased from +78 to 
+146 ppm/°C. 

The second f a c t o r o
the chemistry of the f i l
s t r a t e s , i . e . to c o n t r o l the d e p o s i t i o n r a t e and the p a r t i a l pressure 
of the gases i n the d e p o s i t i o n chamber. The simplest means of con
t r o l l i n g the p a r t i a l pressure of r e s i d u a l gases i s to use the same 
d e p o s i t i o n pressure f o r each evaporation. 

In a d d i t i o n to t h i s , a check on the t o t a l r e s i d u a l gas composi
t i o n before, during and a f t e r evaporation was o c c a s i o n a l l y performed 
using quadrapole r e s i d u a l gas analyzer (RGA) t r a c e s . The main com
ponents of the RGA spec t r a at a base pressure of -2x10 6 t o r r were 
water, atomic and molecular hydrogen, carbon monoxide, carbondioxide, 
n i t r o g e n and oxygen. I n i t i a l t e s t runs showed a c o r r e l a t i o n of the 
f i l m p r o p e r t i e s w i t h r e s i d u a l p a r t i a l pressures. Thus, over a 
l i m i t e d pressure range, the sheet r e s i s t a n c e v a r i e d as a power func
t i o n of the base pressure. However, the e f f e c t on the post-bake as 
compared to pre-bake sheet r e s i s t a n c e was more pronounced. 

The changes i n the above mentioned v a r i a b l e s have produced 
enough informa t i o n to o b t a i n an i n d i c a t i o n of trends. This informa
t i o n was used f o r developing a s u i t a b l e process c o n t r o l f o r the Ni-Cr 
t h i n f i l m s : 
o D eposition pressure had a d e f i n i t e e f f e c t on the f i l m p r o p e r t i e s . 

A good s t a r t i n g p o i n t was to use the same base pressure f o r each 
run. 

o The r e s u l t s of % Cr v a r i a t i o n i n d i c a t e d workable l i m i t s f o r meet
ing the s p e c i f i c a t i o n on sheet r e s i s t a n c e and TCR. 

o The pre and post-bake sheet r e s i s t a n c e behavior i n d i c a t e d a 
d i f f e r e n t trend. The r e s u l t s showed that post-bake - % Cr i n t e r 
a c t i o n was a b e t t e r choice f o r process monitoring. 

o The d e p o s i t i o n time which was a f f e c t e d by the power, which a l s o 
a f f e c t e d the % Cr had to be c o n t r o l l e d . Further refinement was 
obtained by ramping the power to the d e s i r e d value. 

Based on these r e s u l t s , a set of process l i m i t s termed as 
"Engineering Tolerance" l i m i t s were chosen to apply the s t a t i s t i c a l 
techniques and begin c o n t r o l charts on these parameters, which had 
reasonable c h a r a c t e r i s t i c s of a production process. 
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F igure 6. E f f e c t of annea l ing time on sheet r e s i s t a n c e and TCR 
f o r f i l m s w i th percent chromium of 54.5% (#,•) and 55.5% (A ,D) 
r e s p e c t i v e l y . 
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C o n t r o l Charts 

One important t o o l i n s t a t i s t i c a l q u a l i t y c o n t r o l i s the shewhart 
c o n t r o l charts (13-14). The power of the shewhart techniques l i e s 
not only i n separating out assignable causes of q u a l i t y v a r i a t i o n s , 
but they t e l l us when to leave a process alone and thus prevent 
u n n e c e s s a r i l y frequent adjustments that tend to increase the v a r i a 
b i l i t y of the process r a t h e r than to decrease i t . However, the o f t e n 
troublesome p a r t i n any o r g a n i z a t i o n during the i n t r o d u c t i o n of the 
c o n t r o l chart techniques i s the choice of v a r i a b l e s and types of 
c h a r t s . I n s e l e c t i n g v a r i a b l e s f o r a p p l i c a t i o n s of c o n t r o l chart 
techniques, i t i s important to choose those v a r i a b l e s which can pre
vent scraps and w i l l be recognized by anyone i n a manufacturing or 
management c a p a c i t y as having economic s i g n i f i c a n c e . 

As discussed i n s e c t i o n 2 , the post-bake sheet r e s i s t a n c e and 
% Cr caused the most reworks and scraps. Therefore, c o n t r o l c harts 
were i n i t i a t e d to c o n t r o l these v a r i a b l e s . Once the v a r i a b l e s were 
s e l e c t e d , the next important ste  t  s e l e c t  subgrou  s i z e
G e nerally speaking, subgroup
each subgroup as homogenou
opportunity f o r v a r i a t i o n s from one subgoup to another. There i s a 
trade o f f between subgroup s i z e and s e n s i t i v i t y (15). The s m a l l e r 
the subgroups s i z e the sooner the i n f o r m a t i o n obtained w i l l provide 
a b a s i s f o r a c t i o n . However, the assurance of whether the b a s i s i s 
sound or not w i l l be l e s s . Moreover, where measurements are a v a i l 
able s l o w l y and only one measurement i s obtained at a time (as i s the 
case i n the present s t u d y ) , i t ' s a n a t u r a l d e s i r e to use a minimum 
subgroup s i z e . Hence, i n present case, a subgroup s i z e of two was 
used to c a l c u l a t e the c o n t r o l l i m i t s f o r the average (x) and range 
(R) c h a r t s . The method f o r c a l c u l a t i n g the l i m i t s i s shown below: 

(UCL) Upper C o n t r o l L i m i t - - x + A 2R (1) 

(LCL) Lower C o n t r o l L i m i t - = x - A^R ( 2 ) 

where x i s the average of x v a l u e s , R i s the average of the range 
values between the measurements, and A 2 i s a constant dependent on 
sample s i z e (13-15). 

S i m i l a r l y the c o n t r o l l i m i t s f o r the process v a r i a b i l i t y , i . e . 
R c h a r t , are 

UCI^ - D 4R (3) 

L C L R = D 3R (4) 

where D3 and D4 are constant dependent on sample s i z e (13-15). 
Using these equations, c o n t r o l charts f o r x and R were generated 

f o r a l l the dependent v a r i a b l e s mentioned i n s e c t i o n 2 . However, f o r 
l a c k of space o n l y the c o n t r o l chart f o r % Cr i s presented here. 
Figure 7 i s the x and R chart f o r % Cr. These data are from a batch 
taken a few weeks a f t e r the process c o n t r o l was s t a r t e d . There i s no 
evidence of the process being out of c o n t r o l on the R c h a r t . This 
shows that the process v a r i a b i l i t y or d i s p e r s i o n i s i n c o n t r o l . 
However, on x c h a r t , even though there are no p o i n t s o u t s i d e the 
36-control l i m i t s , the d i s t r i b u t i o n of the p o i n t s about the c e n t r a l 
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Figure 7. A segment of the c o n t r o l chart f o r x and R showing 
the changes i n percent chromium from shot to shot. This data 
taken a f t e r process c o n t r o l was i n i t i a t e d . 
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l i n e i s not even, i . e . t h i s chart f a i l s the runs t e s t (13-16), show
ing that the process i s out of c o n t r o l on the average. The histogram 
i n F i g u r e 8(a) a l s o shows the same f e a t u r e s . The process average has 
s h i f t e d and i s above the expected mean. 

These r e s u l t s demonstrate that there are production processes 
that tend to have r e l a t i v e l y uniform d i s p e r s i o n even though the 
process mean changes from time to time. In such processes, l a c k of 
s t a t i s t i c a l c o n t r o l w i l l be detected from the x c h a r t . F u r t h e r , 
Figure 7 a l s o shows that processes have an inherent n a t u r a l v a r i a 
t i o n . Attempts to adjust the process based on the r e s u l t s of each 
subgroup w i l l d r a s t i c a l l y i n c r e a s e the process v a r i a b i l i t y . This i s 
shown i n Figure 8(b). The process standard d e v i a t i o n increased from 
1.08 ( F i g . 8a) to 2.02 ( F i g . 8b). 

However, once a s t a t e of c o n t r o l was e s t a b l i s h e d , the next 
problem was maintaining such a s t a t e of c o n t r o l over time. At t h i s 
stage, i t was a l s o appropriate to do the process c a p a b i l i t y a n a l y s i s 
(17) to see i f the process was capable of meeting the s p e c i f i c a t i o n s . 
This i s u s u a l l y done by
l i m i t s w i t h the n a t u r a l
sented i n F i g u r e 8(b) a  example
greater than the ET (~10), showing that the process i s not capable 
of meeting the s p e c i f i c a t i o n . On an average, about 5% of the p a r t s 
were out of s p e c i f i c a t i o n . As mentioned e a r l i e r , a number of 
f a c t o r s are r e s p o n s i b l e . P o s s i b i l i t i e s are that the process average 
has s h i f t e d , or the process v a r i a b i l i t y needs to be reduced or a 
need e x i s t s to change the s p e c i f i c a t i o n s . We opted to reduce the 
process v a r i a b i l i t y . The i n f l u e n c e of t h i s i s shown i n Figure 9. 

Process I n f l u e n c e and Improvements 

A f t e r the process was brought i n t o s t a t i s t i c a l c o n t r o l , the next task 
of the c o n t r o l chart was to help continue t h i s s t a t e of c o n t r o l over 
time. This in v o l v e d simply l e a v i n g the process alone as long as i t 
stayed i n c o n t r o l and when l a c k of c o n t r o l was i n d i c a t e d , hunting f o r 
and removing a s s i g n a b l e causes of v a r i a t i o n . 

The improvement brought about by usin g the s t a t i s t i c a l t e c h 
niques to e s t a b l i s h a process i s shown i n Figure 10, where % d e f e c t s 
out of t o t a l number of wafers produced before and a f t e r process con
t r o l was i n s t i t u t e d i s shown. I t i s c l e a r that the % d e f e c t s , a f t e r 
the process c o n t r o l was introduced have reduced d r a m a t i c a l l y . 
Table I I I summarizes a few of the other i n f l u e n c e s on the process 
c o n t r o l . Before process c o n t r o l (see Table I I ) on an average only 
44% of the time was spent on a c t u a l p r oduction, whereas the r e s t of 
the time was spent i n q u a l i f y i n g and c a l i b r a t i n g the system f o r pro
d u c t i o n . Even then 10% (on average) of the product wafers were 
reworked. A f t e r the s t a t i s t i c a l process c o n t r o l was i n i t i a t e d not 
only the reworks went down (-2.5%), but~63% of the time was now 
spent on the a c t u a l production. Thus, r e s u l t i n g i n a s t r a i g h t 
i n crease of -55% i n the production. Achieving t h i s o b j e c t i v e not 
only helped i n meeting the production schedules, but a l s o helped i n 
minimizing the cost of maintaining the process. Less machine a d j u s t 
ments were r e q u i r e d . The operators could c o n t r o l the process on 
t h e i r own. I t a l s o gave an i d e n t i t y to the process and made the 
engineering time a v a i l a b l e f o r other research and development. 
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F i g u r e 8. D i s t r i b u t i o n o f p e r c e n t c h r o m i u m . (A) d a t a o f 
F i g u r e 7 and (B) s h o w i n g t h e i n f l u e n c e o n t h e d i s t r i b u t i o n when 
t o o f r e q u e n t a d j u s t m e n t s a r e made i n t h e p r o c e s s s e t t i n g s . 

F i g u r e 9. D i s t r i b u t i o n o f p e r c e n t c h r o m i u m when a good p r o c e s s 
c o n t r o l was e s t a b l i s h e d . 
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Figure 10. Pareto chart a n a l y s i s of the percent d e f e c t s out of 
t o t a l number of wafers produced before and a f t e r process c o n t r o l . 

Table I I I . Summary of the Nickel-Chromium Process 
a f t e r Process C o n t r o l 

T o t a l No. of Production Wafers 
Months Evaporations Wafers Shot (%) Reworked (%) 

2 170 60.9 5.00 

3 216 69.91 3.40 

4 181 62.43 3.18 

6 131 64.12 0.0 

8 311 57.23 0.18 

x = 62.74 ± 4.78 x = 2.44 ± 2.23 
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I n a d d i t i o n t o t h e above m e n t i o n e d m e r i t s , i t a l s o h e l p e d i n 
i d e n t i f y i n g new v a r i a b l e s t h a t were n o t d e t e c t e d b e f o r e , s u c h as 
c o n t r o l l i n g t h e power o u t p u t , i n i t i a l c h a r g e and t u n g s t e n b o a t 
d i m e n s i o n s u s e d f o r e a c h e v a p o r a t i o n , s y s t e m g e o metry and p r e v e n t i v e 
m a i n t e n a n c e s c h e d u l e s . 

I t s h o u l d be n o t e d t h a t i f f u r t h e r r e f i n e m e n t o r improvement i n 
t h e p r o c e s s v a r i a b i l i t y i s needed, t h e p r e c i s e c o n t r i b u t i o n o f t h e 
above m e n t i o n e d s t a r t i n g m a t e r i a l t o t h e p r o c e s s v a r i a b i l i t y must be 
u n d e r s t o o d . U n f o r t u n a t e l y , d u r i n g t h e c o u r s e o f t h i s s t u d y t h e 
p r o c e s s e n g i n e e r i n g g r o u p had v e r y l i t t l e c o n t r o l o n t h i s , s i n c e 
most o f t h e v e n d o r s were unaware o f t h e s t a t i s t i c a l c o n c e p t . However, 
i t i s hoped t h a t s u c h w o r k i n t h e f u t u r e w i l l p romote a d i a l o g 
between v e n d o r s and p r o c e s s i n g w h i c h w i l l r e s u l t i n a m u t u a l l y s a t i s 
f a c t o r y r e s o l u t i o n o f t h i s p r o b l e m . 

C o n c l u d i n g Remarks 

T h e r e i s no do u b t t h a t t h  e l e c t r i c a  i  t h i  N i - C  f i l m
r e p r e s e n t a w i d e r a n g e o
b i l i t y o f e s t a b l i s h i n g a
t h e r m a l e v a p o r a t i o n w h i c h i s amply c o n f i r m e d by t h e p r e s e n t a n a l y s e s . 
A good u n d e r s t a n d i n g o f t h e f u n d a m e n t a l s o f N i - C r p r o c e s s t o g e t h e r 
w i t h t h e s t a t i s t i c a l l y c o n t r o l l e d p r o c e s s has g i v e n u s an e n t i r e l y 
new u n d e r s t a n d i n g o f t h e N i - C r r e s p o n s e , w h i c h p r e v i o u s l y a p p e a r e d 
a s a complex and s e e m i n g l y a r b i t r a r y p r o c e s s . 

T h r o u g h o u t t h e p r e s e n t t r e a t m e n t , we have been s t r e s s i n g t h e 
u s e o f s t a t i s t i c a l t e c h n i q u e s and c o n t r o l c h a r t s . T h i s does n o t 
i m p l y t h a t c o n t r o l c h a r t s c a n change p r o c e s s e s o r s o l v e t h e 
p r o b l e m s . They a r e t o o l s t h a t p r o v i d e a r o a d map t o a s s i s t i n 
s o l v i n g p r o b l e m s a t a l o w c o s t t o p r o d u c t s and s e r v i c e s . I t i s 
p e o p l e w o r k i n g i n c o n j u n c t i o n w i t h t h e s e t o o l s t h a t change and 
im p r o v e t h e p r o c e s s e s . 

F i n a l l y , i t h as been t h e i n t e n t o f t h i s a r t i c l e t o p r e s e n t some 
s i m p l e s t a t i s t i c a l t e c h n i q u e s u s e d i n m a n u f a c t u r i n g o f N i - C r p r o c e s s . 
A c t u a l d a t a was us e d t o p r o v i d e examples f o r t h e i r a p p l i c a t i o n . 
A l t h o u g h t h i s p a p e r e x p l i c i t l y d e a l t w i t h N i - C r t h i n f i l m s , i t i s 
f e l t t h a t t h e b a s i c e x p e r i m e n t a l s t r a t e g y u s e d h e r e c a n be a p p l i e d 
t o any I C m a n u f a c t u r i n g p r o c e s s o f t h i n f i l m s . 
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Characterization of S p i n - O n Glass Fi lms 
as a Planarizing Dielectric 

Satish K. Gupta and Roland L. Chin 

Electronic Chemical Products  Allied Chemicals  Buffalo  NY 14210 

Substrate planarization is a critical requirement in 
the fabrication technology of state-of-the-art inte
grated circuits (ICs). After a brief review of the 
existing planarization techniques the use of spin-on 
glass (SOG) films, which have the inherent quality of 
planarizing underlying topography, as an interlevel 
dielectric is described. The physical, chemical, 
and dielectric properties of two SOG materials, 
ACCUGLASS 203 and 305, were investigated. It is shown 
that SOG films of 2-3000A thickness yield adequate 
smoothing of one micron high features and that their 
material and processing characteristics are compatible 
with IC processes. The chemical and structural charac
teristics of SOG 203 were further studied with a variety 
of spectroscopic techniques. The SOG/silicon inter
face was found to be structurally similar to that 
between thermal SiO2 and silicon. 

The fabrication of high density LSI and VLSI circuits entails the 
use of multilevel interconnect systems with concomitant isolation of 
metallization levels by dielectric layers. Conventionally, chemical 
vapor deposition (CVD) of undoped or phosphorus-doped Si02 glass 
films has been employed for interlevel dielectric insulation (1-2). 
CVD dielectric films provide only a conformal, at best, coverage of 
substrate features and often form retrograde step profiles. There
fore, they are not conducive to continuous and uniform step coverage 
by the overlying metallization layer. The poor step coverage results 
in discontinuities and thin spots in the conductor lines causing de
gradation of metallization yields as well as device reliability pro
blems (3). The problem becomes worse as the lateral dimensions 
shrink further and sidewalls become steeper to accommodate the higher 
packing densities of the advanced ICs. The higher aspect ratio of 
the interconnect lines, additionally, places severe demands on the 
subsequent microlithographic processing for fine-line definition. 

0097-6156/86/0295-0349$06.00/0 
© 1986 American Chemical Society 
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Thus, s u b s t r a t e p l a n a r i z a t i o n has become an e s s e n t i a l r e q u i r e m e n t i n 
t h e f a b r i c a t i o n t e c h n o l o g y o f t h e s t a t e - o f - t h e - a r t I C c h i p s . 

Over t h e y e a r s , a number o f t e c h n i q u e s f o r p l a n a r i z i n g i n t e r -
l e v e l d i e l e c t r i c l a y e r s have been d e v e l o p e d . The s o - c a l l e d r e f l o w 
g l a s s p r o c e s s 04) c o n s i s t s i n d e p o s i t i n g a 6-8 w/o P p h o s p h o s i l i c a t e 
g l a s s (PSG) and a n n e a l i n g a t a t e m p e r a t u r e o f 1000-1100°C. Smooth
i n g o f s h a r p s t e p p r o f i l e s o c c u r s as a r e s u l t o f g l a s s f l o w c a u s e d 
by t h e l o w e r i n g o f t h e s o f t e n i n g p o i n t o f S i 0 2 w i t h t h e i n c o r p o r a 
t i o n o f p h o s p h o r u s . I n o r d e r t o m i n i m i z e dopant r e d i s t r i b u t i o n i n 
t h e s h a l l o w s o u r c e / d r a i n j u n c t i o n employed i n t h e f a b r i c a t i o n o f 
adva n c e d IC d e v i c e s , g l a s s f l o w t e m p e r a t u r e s w e l l b e l o w 1000°C a r e 
r e q u i r e d . S i n c e t h e c o n c e n t r a t i o n o f p h o s p h o r u s i n PSG can n o t be 
i n c r e a s e d much above 8 w/o P w i t h o u t c a u s i n g aluminum c o r r o s i o n p r o 
b l e m s , t h e u s e o f p h o s p h o g e r m a n o s i l i c a t e g l a s s e s (5) o r b o r o p h o s -
p h o s i l i c a t e g l a s s e s (6) h a v i n g f l o w t e m p e r a t u r e s as l o w as 800°C has 
r e c e n t l y been p r o p o s e d . The r e f l o w t e c h n i q u e can n o t be a p p l i e d on 
aluminum m e t a l l i z a t i o n , however, where p r o c e s s i n g t e m p e r a t u r e s b e l o w 
500°C o n l y a r e p e r m i t t e d  S e v e r a l o t h e  p l a n a r i z a t i o  t e c h n i q u e
a v a i l a b l e u t i l i z e p l a s m
b a c k " method 07) i s b a s e
t o p l a n a r i z e u n d e r l y i n g s u b s t r a t e . I t c o n s i s t s i n c o a t i n g t h e s u b 
s t r a t e w i t h a s a c r i f i c i a l l a y e r o f an o r g a n i c p o l y m e r , s u c h as p o l y -
i m i d e o r p o s i t i v e p h o t o r e s i s t , and c u r i n g a p p r o p r i a t e l y t o o b t a i n 
a p l a n a r s u r f a c e f o l l o w e d by p l a s m a , r e a c t i v e i o n , s p u t t e r , o r i o n -
beam e t c h i n g . The e t c h c o n d i t i o n s a r e s e l e c t e d so t h a t t h e d i e l e c 
t r i c and t h e o r g a n i c l a y e r s a r e removed a t t h e same r a t e . The 
s p u t t e r - e t c h i n g p l a n a r i z a t i o n t e c h n i q u e (8) e x p l o i t s t h e a n g u l a r 
dependence o f s p u t t e r y i e l d s and t h e f a c t t h a t s p u t t e r y i e l d i s 
maximum a t s t e p edges. The p r i n c i p l e h a s a l s o been a p p l i e d i n u s i n g 
b i a s s p u t t e r e d q u a r t z (9) as a p l a n a r i z a t i o n l a y e r . The l a t t e r group 
o f p l a n a r i z a t i o n t e c h n i q u e s s u f f e r f r o m t h e draw b a c k s o f l o w t h r o u g h 
p u t and dependence on complex and e x p e n s i v e equipment. 

Spin-On D i e l e c t r i c s 

S p i n - o n g l a s s (SOG) f i l m s a r e d e s i r a b l e as an i n t e r l e v e l d i e l e c t r i c 
b e c a u s e o f t h e i r i n h e r e n t a b i l i t y t o p l a n a r i z e u n d e r l y i n g t o p o g r a p h y . 
D e p e n d i n g upon t h e f i l m t h i c k n e s s o b t a i n a b l e and t h e m a t e r i a l c h a r a c 
t e r i s t i c s , SOG f i l m s can be u t i l i z e d e i t h e r a s a s t a n d - a l o n e i n t e r -
l e v e l i n s u l a t i o n l a y e r o r a s a s m o o t h i n g l a y e r i n c o n j u n c t i o n w i t h 
c o n v e n t i o n a l CVD d i e l e c t r i c l a y e r s . The v a r i o u s schemes p o s s i b l e 
w i t h t h e a p p l i c a t i o n o f SOG f i l m s i n i n t e r l e v e l i n s u l a t i o n a r e i l l u s 
t r a t e d i n F i g u r e 1. 

I n t h e s t a n d - a l o n e a p p l i c a t i o n ( F i g u r e l a ) t h e SOG f i l m must 
have good d i e l e c t r i c c h a r a c t e r i s t i c s and a t h i c k n e s s r a n g e o f 1-2 
m i c r o n s . No s u c h SOG m a t e r i a l s a r e c u r r e n t l y c o m m e r c i a l l y a v a i l a b l e . 
P o l y i m i d e s have a d e q u a t e e l e c t r i c a l c h a r a c t e r i s t i c s and can be s p i n -
a p p l i e d i n t o f i l m s up t o s e v e r a l m i c r o n s t h i c k . However, t h e y have 
n o t been w i d e l y a d o p t e d b e c a u s e o f d i f f i c u l t p r o c e s s i n g r e q u i r e d i n 
t h e i r u s e and c e r t a i n i n h e r e n t l i m i t a t i o n i n m a t e r i a l c h a r a c t e r i s 
t i c s . The s m o o t h i n g l a y e r s schemes ( b ) , ( c ) , and (d) o f F i g u r e 1 
r e q u i r e a t h i c k n e s s o f o n l y 1000-3000A f o r t h e SOG f i l m . The 
e l e c t r i c a l p r o p e r t i e s o f t h e SOG f i l m i n t h e s e s t r u c t u r e s a r e r e l a 
t i v e l y l e s s c r i t i c a l s i n c e t h e b u l k o f t h e d i e l e c t r i c f u n c t i o n i s 
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p r o v i d e d by t h e t h i c k e r CVD l a y e r . A l t h o u g h t h e schemes (b) and ( c ) 
a p p a r e n t l y y i e l d e q u i v a l e n t r e s u l t s , t h e p r o c e s s i n g c h a r a c t e r i s t i c s 
o f t h e two l a y e r s , s u c h as e t c h r a t e and a d h e s i o n , d e t e r m i n e w h i c h 
scheme s h o u l d be employed i n a g i v e n s i t u a t i o n . 

We have d e v e l o p e d s e v e r a l SOG m a t e r i a l s f o r a p p l i c a t i o n a s a 
s m o o t h i n g d i e l e c t r i c . I n t h i s p a p e r t h e p h y s i c a l , c h e m i c a l , and 
p r o c e s s i n g c h a r a c t e r i s t i c s o f two o f t h e s e m a t e r i a l s , ACCUGLASS 203 
and ACCUGLASS 305, a r e d e s c r i b e d . C h e m i c a l l y , SOG 203 f i l m s c o n s i s t 
o f e s s e n t i a l l y p u r e S i 0 2 w h i l e t h o s e o f SOG 305 a r e c l a s s i f i e d a s 
s i l o x a n e p o l y m e r . 

R e s u l t s and D i s c u s s i o n 

G e n e r a l SOG C h a r a c t e r i s t i c s . B o t h t h e SOG p r o d u c t s a r e a s o l u t i o n o f 
h y d r o l y z e d a l k o x y s i l a n e s i n common o r g a n i c s o l v e n t s s u c h as a l c o h o l s 
and k e t o n e s . The s o l u t i o n s a r e f i l t e r e d t h r o u g h 0.2 m i c r o n membrane 
f i l t e r s and do n o t f o r m p a r t i c l e s o r c r y s t a l s on s t a n d i n g f o r l o n g 
p e r i o d s o f t i m e o r d u r i n
i n a t i o n l e v e l s o f t h e SOG
s p e c t r o p h o t o m e t r y t o b  pp
and Mn and l e s s t h a n 0.1 ppm f o r Na. 

S p i n - o n and Cure P r o c e d u r e . The s p i n - o n a p p l i c a t i o n s o f SOG were 
c a r r i e d o u t w i t h a manual p h o t o r e s i s t s p i n n e r (Headway, C a r r o l t o n , 
T e x a s ) u n d e r a l a m i n a r f l o w hood. I n o r d e r t o m i n i m i z e t h e ' s p l a s h 
b a c k ' p r o b l e m , s p r a y o f t h e s u b s t r a t e by t h e m i s t o r d r o p l e t s f o rmed 
by t h e SOG s o l u t i o n t h r o w n o f f a g a i n s t t h e s p i n n e r b o w l w a l l , i t was 
n e c e s s a r y t o a p p l y a downward e x h a u s t t h r o u g h t h e b o t t o m o f t h e b o w l 
The f i l m s were spun on 3 i n . o r 4 i n . d i a m e t e r s i n g l e - c r y s t a l s i l i 
c o n w a f e r s u s i n g an a c c e l e r a t i o n o f 20,000 rpm/sec^ and a s p i n - t i m e 
o f 20 s e c . a t t h e d e s i r e d s p e e d . F o r most o f t h e c h a r a c t e r i z a t i o n s , 
t h e SOG f i l m was c u r e d a t 100°C f o r 15 m i n . f o l l o w e d by 400°C f o r 
60 m i n . i n am b i e n t a i r . 

P h y s i c a l C h a r a c t e r i s t i c s . The c u r e d f i l m t h i c k n e s s e s a s a f u n c t i o n 
o f t h e s p i n s p e e d a r e l i s t e d i n T a b l e I . T h i c k n e s s was measured 
w i t h a R u d o l p h R e s e a r c h A u t o E L - I I I e l l i p s o m e t e r and a N a n o m e t r i c s 
Nanometer t h i c k n e s s a n a l y z e r . 

T a b l e I . F i l m T h i c k n e s s a s a F u n c t i o n o f S p i n Speed 

S p i n Speed, rpm F i l m T h i c k n e s s 
ACCUGLASS 203 

(400°C c u r e ) * , A 
ACCUGLASS 305 

2000 2930 3830 
3000 2380 2840 
4000 2110 2430 
5000 1900 2180 
6000 1760 2030 

* E a c h v a l u e l i s t e d i s t h e a v e r a g e o f 5 measurements a t d i f f e r e n t 
p o i n t s on t h e w a f e r . The a v e r a g e s t a n d a r d d e v i a t i o n i s 2%. 

The c u r e d SOG f i l m s a r e c r a c k - f r e e and h i g h l y amorphous w i t h 
smooth g r a i n - f r e e s u r f a c e s a s d e t e r m i n e d by s c a n n i n g e l e c t r o n m i c r o -
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s c o p y (SEM). S e l e c t e d p h y s i c a l c h a r a c t e r i s t i c s o f f i l m s c u r e d a t 
400°C a r e g i v e n i n T a b l e I I . 

T a b l e I I . P h y s i c a l C h a r a c t e r i s t i c s o f SOG F i l m s 

P r o p e r t y , u n i t s V a l u e 
T h i c k n e s s v a r i a t i o n , % <2 
R a d i a l s t r i a t i o n s , % o f t h i c k n e s s + 5 (max.) 
F i l m d e n s i t y , g/cc 2.1 ± 0.1 (SOG 203 o n l y ) 
R e f r a c t i v e i n d e x 1.43 + 0.01 
P i n h o l e d e n s i t y , /cm 2 <1 
P a r t i c u l a t e d e n s i t y , /cm 2 <1 

The p i n h o l e d e n s i t y was d e t e r m i n e d by t h e e l e c t r o l y s i s method 
w h i l e t h e p a r t i c u l a t e d e n s i t y was d e t e r m i n e d by e x a m i n a t i o n u n d e r an 
o p t i c a l m i c r o s c o p e . The l o w p i n h o l e d e n s i t y o f t h e SOG f i l m s h o u l d 
h e l p i m p r o v e t h e i n s u l a t i o n i n t e g r i t y o f t h e CVD d i e l e c t r i c l a y e r s . 
The f i l m d e n s i t y and r e f r a c t i v
o f l o w t e m p e r a t u r e (325-475°C
t i o n a t 800-900°C i n a i r / o x y g e n a m b i e n t s , t h e v a l u e o f r e f r a c t i v e 
i n d e x o f 203 f i l m i n c r e a s e d t o t h a t f o r t h e r m a l S i 0 2 , 1.46, s i m i l a r 
t o t h e b e h a v i o r shown by CVD S i 0 2 f i l m s . As w i l l be d i s c u s s e d l a t e r , 
t h e s e d e n s i t y c h a r a c t e r i s t i c s a r e a l s o r e f l e c t e d i n t h e SOG e t c h 
r a t e s i n v a r i o u s m e d i a . A t t e m p t t o d e n s i f y 305 f i l m u n d e r t h e same 
c o n d i t i o n s r e s u l t e d i n a f i l m w i t h a r e f r a c t i v e i n d e x o f 1.41 ± 0.01. 
T h i s i s a t t r i b u t e d t o t h e p r e s e n c e o f S i - R g r o u p s i n SOG 305, t h e 
t h e r m a l d e c o m p o s i t i o n o f w h i c h i n t e r f e r e s w i t h t h e d e n s i f i c a t i o n 
mechanism ( v i s c o u s s i n t e r i n g ) . 

E l e c t r i c a l C h a r a c t e r i s t i c s . The d i e l e c t r i c c o n s t a n t , volume r e s i s 
t i v i t y , and e l e c t r i c breakdown s t r e n g t h o f t h e SOG f i l m s c u r e d a t 
400°C and t h o s e c u r e d a t 800°C were d e t e r m i n e d b y f a b r i c a t i n g MOS 
c a p a c i t o r s t r u c t u r e s . The measurements were c a r r i e d o u t u s i n g a 
w a f e r p r o b e s t a t i o n h o u s e d i n a s h i e l d e d e n c l o s u r e , HP M o d e l 4275A 
LCR m e t e r , K e i t h l e y M o d e l 616 e l e c t r o m e t e r , v o l t a g e ramp g e n e r a t o r , 
and a K e i t h l e y m i c r o v o l t m e t e r . The r e s u l t s a r e g i v e n i n T a b l e I I I . 
C o r r e s p o n d i n g v a l u e s f o r t h e r m a l S i 0 2 have a l s o been l i s t e d f o r 
c o m p a r i s o n p u r p o s e s . 

T a b l e I I I . D i e l e c t r i c P r o p e r t i e s o f SOG F i l m s 

P r o p e r t y 305 203 203 T h e r m a l 
(400°C) (400°C) (800°C) S i Q 2 

D i e l e c t r i c c o n s t a n t ( 1 MHz) 4.7+0.5 8+1 4.2 3.9 
Volume r e s i s t i v i t y , ohm cm l X l O l 2 1 X 1 0 1 3 1X1016 l X l O l 6 

Breakdown f i e l d , V/cm 1Q5-1Q6 1 0 5 - 1 0 6 1 X 1 0 6 2-8X1Q6 

The d i e l e c t r i c p r o p e r t i e s o f t h e SOG f i l m s c u r e d a t 400°C a r e , 
i n g e n e r a l , i n f e r i o r t o t h o s e o f t h e r m a l S i 0 2 o r l o w t e m p e r a t u r e CVD 
S i 0 2 f i l m s . The h i g h d i e l e c t r i c c o n s t a n t o f 203 i n d i c a t e s t h e p r e 
s e n c e o f a s i g n i f i c a n t amount o f p o l a r i z a b l e m a t e r i a l i n t h e SOG 
f i l m . T h i s p o l a r i z a b l e s p e c i e s i s H 2 O t h a t i s a d s o r b e d i n t o t h e 
m i c r o p o r e s o f t h e f i l m , t h e a d s o r p t i o n b e i n g f a c i l i t a t e d b y p r e s e n c e 
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o f s i l a n o l (^Si-OH) g r o u p s i n t h e m a t e r i a l . The v a r i a t i o n s i n t h e 
d i e l e c t r i c c o n s t a n t v a l u e s a r i s e due t o t h e r e v e r s i b l e a d s o r p t i o n / 
d e s o r p t i o n o f H 2 O i n t h e f i l m due t o h e a t p r o d u c e d by t h e a p p l i e d 
e l e c t r i c f i e l d s . The l o w v a l u e s o f volume r e s i s t i v i t y a r e a t t r i b u 
t e d t o p r o t o n i c c o n d u c t i v i t y . The d i e l e c t r i c p r o p e r t i e s o f 203 f i l m s 
d e n s i f i e d a t 800°C become q u i t e c o m p a r a b l e t o t h o s e o f t h e r m a l S i 0 2 -

U s i n g t h e CV f l a t b a n d v o l t a g e s h i f t u n d e r b i a s - t e m p e r a t u r e 
s t r e s s measurements, t h e m o b i l e i o n ( N a + ) d e n s i t y i n t h e SOG f i l m 
was d e t e r m i n e d t o be about I X I O H cm""2. 

F i l m E t c h R a t e s . The e t c h r a t e s o f t h e SOG f i l m s were d e t e r m i n e d i n 
v a r i o u s wet and d r y m e d i a . The r e s u l t s a r e summarized i n T a b l e I V . 

T a b l e I V . Wet and D r y E t c h R a t e o f SOG F i l m s 

E t c h Medium E t c h R a t e , A / m i n . 1 

305(400°C) 203(400°C) 203(900°C) T h e r m a l S i 0 2 
100:1 BOE 2, 19.5°C 
50:1 BOE 2, 20.4°C 
C F 4 + O2 p l a s m a 680 570 500 490 
C F 4 + 0 2 RIE 750 680 - 450 

E s t i m a t e d e r r o r i n e t c h r a t e s i s ± 10%. 
2 B 0 E s t a n d s f o r b u f f e r e d o x i d e e t c h made by m i x i n g 100 o r 50 p a r t s 
by volume o f 40% N H 4 F s o l u t i o n i n w a t e r w i t h 1 p a r t o f 49% HF. 

Wet e t c h r a t e s , o r c h e m i c a l s o l u t i o n r a t e s , a r e a f u n c t i o n o f 
d e n s i t y f o r f i l m s o f same c h e m i c a l c o m p o s i t i o n . T h e r e f o r e , i t i s 
n o t s u r p r i s i n g t h a t t h e BOE e t c h r a t e s o f d e n s i f i e d 203 f i l m s a r e 
i d e n t i c a l t o t h o s e o f t h e r m a l S i 0 2 . c o r r e s p o n d i n g wet e t c h d a t a f o r 
CVD S i 0 2 f i l m s a r e n o t a v a i l a b l e . However, t h e e t c h r a t e s o f 325-
475°g CVD S i 0 2 f i l m s i n 6:1 BOE ( a t 25°C) a r e 5500A/min. and 12-
1500A/min. r e s p e c t i v e l y f o r a s - d e p o s i t e d f i l m s and f o r f i l m s d e n s i 
f i e d a t 800°C ( 2 ) . Thus t h e r a t i o s o f t h e e t c h r a t e f o r t h e 
u n d e n s i f i e d f i l m t o t h a t o f t h e d e n s i f i e d f i l m a r e r o u g h l y t h e same 
f o r t h e SOG and CVD f i l m s . A s s uming t h a t t h e d e n s i f i e d f i l m s e t c h 
a t e q u a l r a t e s , t h e BOE e t c h r a t e s o f a 203 f i l m c u r e d a t 400°C a r e 
s i m i l a r t o t h a t o f an a s - d e p o s i t e d CVD S i 0 2 f i l m . Thus, t h e a p p l i 
c a t i o n o f s m o o t h i n g l a y e r s o f 203 SOG e i t h e r b e f o r e o r a f t e r t h e 
d e p o s i t i o n o f t h e CVD d i e l e c t r i c w o u l d be c o m p a t i b l e w i t h wet e t c h 
p r o c e s s i n g f o r v i a ( c o n t a c t ) h o l e s . On t h e o t h e r hand, b e c a u s e o f 
t h e i r r e l a t i v e l y l a r g e r e t c h r a t e s i n BOE t h e SOG 305 f i l m s w o u l d 
o p t i m a l l y be u s e d on t o p o f t h e CVD d i e l e c t r i c t o a v o i d t h e f o r m a 
t i o n o f u n d e r c u t v i a h o l e s . 

The p l a s m a e t c h r a t e s o f t h e SOG f i l m s were d e t e r m i n e d i n an 
MRC M o d e l 51 RIE p a r a l l e l p l a t e e t c h e r w h i c h had 6 i n . d i a m e t e r 
e l e c t r o d e s . The e l e c t r o d e s p a c i n g was 2 i n . and t h e s u b s t r a t e s were 
p l a c e d on t h e powered e l e c t r o d e w h i c h was w a t e r c o o l e d . The chamber 
p r e s s u r e was a b o u t 200 mTorr f o r p l a s m a e t c h i n g and 10-15 mTorr 
f o r r e a c t i o n i o n e t c h i n g ( R I E ) . A n e t t o t a l power o f 50W was u s e d 
i n e a c h e x p e r i m e n t . I n c o n t r a s t t o t h e i r wet e t c h b e h a v i o r , t h e SOG 
f i l m s e t c h o n l y s l i g h t l y f a s t e r t h a n t h e r m a l S i 0 2 i n C F 4 + O2 p l a s 
mas. T h i s i s so s i n c e p l a s m a e t c h r a t e s a r e d e t e r m i n e d t o a g r e a t e r 
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e x t e n t by t h e c h e m i c a l n a t u r e t h a n by t h e d e n s i t y o f t h e f i l m . When 
u s i n g p l a s m a e t c h i n g o f v i a h o l e s , t h e r e f o r e , t h e SOG s m o o t h i n g 
l a y e r s can be u t i l i z e d i n e i t h e r c o n f i g u r a t i o n ( F i g u r e 1 (b) and 
( c ) ) . 

P l a n a r i z a t i o n and A d h e s i o n C h a r a c t e r i s t i c s . The a d h e s i o n o f t h e SOG 
f i l m s on u n p a t t e r n e d s u r f a c e s o f s i l i c o n , t h e r m a l S102 and aluminum 
was q u a l i t a t i v e l y e v a l u a t e d by p l a c i n g c u r e d SOG f i l m s on t h e 
v a r i o u s s u b s t r a t e s i n b o i l i n g w a t e r f o r 30 m i n . No detachment o r 
l i f t i n g - o f f o f e i t h e r f i l m f r o m any s u b s t r a t e was o b s e r v e d . How
e v e r , i t was f o u n d t h a t SOG 203 spun on a l u m i n i z e d s u b s t r a t e s had a 
t e n d e n c y t o f o r m c r a c k s ( c r a z e ) upon c u r e a t 400°C i n d i c a t i n g p o o r 
a d h e s i o n s , o r , more l i k e l y , m i s m a t c h o f t h e r m a l e x p a n s i o n c o e f f i 
c i e n t s o f t h e two m a t e r i a l s . 

The p l a n a r i z a t i o n e f f i c i e n c y o f t h e SOG f i l m s was e v a l u a t e d on 
p a t t e r n e d l a y e r s o f t h e r m a l S i 0 2 and aluminum. The t h e r m a l S i 0 2 
s u b s t r a t e s were p a t t e r n e d by RIE w h i l e wet e t c h i n g was employed f o r 
aluminum. The SOG f i l m t 3000 d d t 400°C
The SEM m i c r o g r a p h s o
and a f t e r s m o o t h i n g by
a n g l e o f s i d e w a l l s i s c l e a r l y s e e n t o be r e d u c e d t o abou t 45°. 
S i m i l a r r e s u l t s were o b t a i n e d by t h e a p p l i c a t i o n o f 305 f i l m on 
t h e r m a l S i 0 2 s u b s t r a t e s . F i g u r e 3 shows t h e s m o o t h i n g o f a 0.75 
m i c r o n t h i c k aluminum l i n e by a f i l m o f SOG 305. A g a i n , s i m i l a r 
s m o o t h i n g was o b t a i n e d w i t h a 203 f i l m . R e s u l t s were l e s s s a t i s f a c 
t o r y when s m o o t h i n g o f 1.5 m i c r o n t h i c k a n i s o t r o p i c a l l y e t c h e d 
aluminum f e a t u r e s was a t t e m p t e d w i t h 203 f i l m s . I n a d d i t i o n t o a 
s i g n i f i c a n t l y s m a l l e r r e d u c t i o n o f t h e s i d e w a l l a n g l e s , some s e p a r a 
t i o n o f t h e SOG f i l m n e a r t h e t o p edges o f t h e f e a t u r e s was o b s e r v e d . 
The r e d u c e d p l a n a r i z a t i o n i n t h i s c a s e , o f c o u r s e , i s a r e s u l t o f 
t h e g r e a t e r s t e p h e i g h t s i n c e t h e d e g r e e o f p l a n a r i z a t i o n o b t a i n e d 
w i t h a g i v e n SOG m a t e r i a l i s known t o be a f u n c t i o n o f t h e l i n e and 
s p a c e - w i d t h s a s w e l l a s t h e s t e p h e i g h t o f s u b s t r a t e f e a t u r e s ( 1 0 ) . 

F i l m C o m p o s i t i o n and S t r u c t u r e . I t was o f i n t e r e s t t o compare t h e 
c h a r a c t e r i s t i c s o f t h e S i 0 2 - l i k e f i l m s o f t h e SOG 203 t o o t h e r S i 0 2 
f i l m s . T h e r e f o r e , t h e c h e m i c a l c o m p o s i t i o n , s t o i c h i o m e t r y , b u l k 
s t r u c t u r e o f t h e SOG 203 f i l m s a s w e l l as t h e S O G - s i n g l e c r y s t a l 
s i l i c o n i n t e r f a c e c h a r a c t e r i s t i c s were i n v e s t i g a t e d u s i n g a number 
o f s p e c t r o s c o p i c t e c h n i q u e s . C o m p o s i t i o n a l and s t r u c t u r a l changes 
were s t u d i e d a s a f u n c t i o n o f c u r e t e m p e r a t u r e . R u t h e r f o r d B a c k -
S c a t t e r i n g (RBS) a n a l y s e s on SOG f i l m s c u r e d a t 100°C, 400°C, and a t 
900°C ( p e r f o r m e d a t C h a r l e s Evans & A s s o c i a t e s , San Mateo, C a l . ) 
i n d i c a t e d t h a t t h e s e f i l m s were e s s e n t i a l l y p u r e S i 0 2 - t h e oxygen 
t o s i l i c o n r a t i o i n e a c h c a s e was d e t e r m i n e d t o be 2.0 + 0.1. The 
r e s u l t s o b t a i n e d f r o m AES (Auger E l e c t r o n S p e c t r o s c o p y ) , ESCA 
( E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l A n a l y s i s ) , I R ( I n f r a r e d S p e c t r o 
s c o p y ) , and SIMS ( S e c o n d a r y I o n Mass S p e c t r o m e t r y ) a r e d i s c u s s e d i n 
t h e f o l l o w i n g p a r a g r a p h s . 

I R S p e c t r a . The I R s p e c t r a o f t h e SOG f i l m were o b t a i n e d w i t h a 
P e r k i n E l m e r M o d e l 683 I n f r a r e d S p e c t r o p h o t o m e t e r i n t r a n s m i s s i o n 
mode by p a s s i n g r a d i a t i o n t h r o u g h t h e f i l m c o a t e d on a s i n g l e c r y s t a l 
s i l i c o n w a f e r . I n o r d e r t o enhance t h e s p e c t r a l s i g n a l , t h r e e l a y e r s 
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F i g u r e 2. Smoothing o f t h e r m a l SiC>2 l i n e s by SOG 203. 

F i g u r e 3. Smoothing o f aluminum l i n e by SOG 305. 
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o f t h e SOG were a p p l i e d w i t h o n l y a 100°C/15 mi n . t r e a t m e n t between 
s u c c e s s i v e a p p l i c a t i o n s . The s p e c t r a o b s e r v e d f o r t h e c o m p o s i t e 
f i l m s c u r e d a t 100°C, 400°C, and a t 900°C a r e shown i n F i g u r e 4. 

A l l t h r e e f i l m s show t h e w e l l - k n o w n c h a r a c t e r i s t i c a b s o r p t i o n 
bands o f S i 0 2 f i l m s a t 1080 c m - 1 ( S i - 0 s t r e t c h ) , 800 c u r l (o-Si-O 
b e n d i n g ) , and 450 c m ~ l ( S i - O - S i r o c k i n g v i b r a t i o n ) bands. The 
100°C and 400°C f i l m s show b r o a d a b s o r p t i o n bands i n t h e 3000-3700 
c m ~ l r e g i o n due t o s i l a n o l ( = S i - 0 H ) , h y d r o g e n bonded s i l a n o l and 
a b s o r b e d w a t e r c o n t e n t s c h a r a c t e r i s t i c o f l o w t e m p e r a t u r e p o r o u s 
S i 0 2 f i l m s ( 1 1 ) . The H 2 O d e f o r m a t i o n band n e a r 1625 c m ~ l i s a l s o 
c l e a r l y v i s i b l e . The 100°C f i l m a l s o shows a s m a l l b u t s h a r p ab
s o r p t i o n peak a t j u s t b e l o w 3000 c m * l . T h i s we a t t r i b u t e t o a l i 
p h a t i c C-H s t r e t c h a r i s i n g f r o m r e s i d u a l a l c o h o l s o l v e n t o r f r o m 
Si-OR g r o u p s i n t h e f i l m . The C-H a b s o r p t i o n i s r e d u c e d t o n e a r l y 

z e r o a s a r e s u l t o f t h e 400°C c u r e . However, t h e s i l a n o l and w a t e r 
a b s o r p t i o n bands r e m a i n . The 900°C s p e c t r u m shows no a b s o r p t i o n 
band due t o =Si-0H, =Si-0R, o r H 2 O i n d i c a t i n g t h a t t h e f i l m i s 
h i g h l y d e n s i f i e d and ha  l i t t l  p r o p e n s i t  f o  a b s o r b i n  H 2 O

The S i - 0 s t r e t c h ban
s h i f t t o h i g h e r f r e q u e n c i e
t e m p e r a t u r e o f f i l m c u r e . Such e n e r g y s h i f t s and band b r o a d e n i n g i n 
S i 0 2 f i l m s have been a t t r i b u t e d (11) t o changes i n s t o i c h i o m e t r y , 
p o r o s i t y , and c h e m i c a l b o n d i n g o r bond s t r a i n . S i n c e t h e s t o i c h i o 
m e t r y o f t h e s e f i l m s was d e t e r m i n e d (by RBS a n a l y s i s ) t o be e s s e n 
t i a l l y t h a t o f S i 0 2 , we b e l i e v e t h a t t h e o b s e r v e d s p e c t r a r e f l e c t 
changes i n t h e bond s t r a i n o r s t r e s s i n t h e s e SOG f i l m s due t o d i f 
f e r e n t c u r e t e m p e r a t u r e s . 

A u g e r , ESCA and SIMS S t u d i e s . The ESCA and Auger s p e c t r a were ob
t a i n e d w i t h a P h y s i c a l E l e c t r o n i c s M o d e l 560 s p e c t r o m e t e r , e q u i p p e d 
w i t h a d o u b l e p a s s c y l i n d r i c a l m i r r o r a n a l y z e r e m p l o y i n g s i n g l e c h a n 
n e l d e t e c t i o n . T y p i c a l o p e r a t i n g p r e s s u r e was 1X10~9 t o r r e x c e p t 
d u r i n g AES d e p t h p r o f i l i n g . I n t h e ESCA mode, Mg K a r a d i a t i o n 
(1253.6eV) was u t i l i z e d a s t h e e x c i t a t i o n s o u r c e a t a p a s s e n e r g y o f 
25eV. Under t h e s e c o n d i t i o n s , t h e f u l l w i d t h a t h a l f maximum (FWHM) 
o f t h e Au4f7/2 l i n e was l . l e V . F o r AES, a 70nA e l e c t r o n beam a t 
5.0KeV was u s e d w i t h t h e a n a l y z e r s e t a t an e n e r g y r e s o l u t i o n o f 
0.4%. 

I n t h e ESCA s t u d i e s o f t h e SOG f i l m s c u r e d a t 100°C, 400°C and 
900°C, no a l k o x y ( - O C H 2 C H 3 ) g r o u p s c o u l d be d e t e c t e d on t h e s u r f a c e . 
The i n t e r i o r o f t h e f i l m s was f o u n d t o be v i r t u a l l y f r e e o f c a r b o n 
i n AES d e p t h p r o f i l i n g e x p e r i m e n t s . T h i s i s i n agreement w i t h t h e 
r e s u l t s o f RBS a n a l y s i s d i s c u s s e d e a r l i e r . However, b e c a u s e o f t h e 
r e l a t i v e l y p o o r s e n s i t i v i t y o f t h e Auger and ESCA t e c h n i q u e s i n 
d e t e c t i n g m i n o r components ( a b o u t 0.1 a t . % ) , t h e r e s u l t s o b t a i n e d do 
n o t r u l e o u t t h e p r e s e n c e o f a l k o x y o r o t h e r c a r b o n - c o n t a i n i n g 
s p e c i e s i n t h e s e f i l m s . T h e r e f o r e , t h e SOG f i l m s were p r o b e d by 
SIMS. T r a c e q u a n t i t i e s o f S i - O C ^ C ^ (O-Et) were d e t e c t e d i n t h e 
100°C and 400°C c u r e d f i l m s . A l t h o u g h q u a n t i t a t i v e i n f o r m a t i o n c o u l d 
n o t be o b t a i n e d , t h e 400°C f i l m showed a s m a l l e r amount o f S i - O E t 
c o n t a m i n a t i o n . 

S O G / S i l i c o n I n t e r f a c e S t u d i e s . I n t e r f a c e w i d t h s were measured by 
AES d e p t h p r o f i l i n g u s i n g t h e 10%/90% method ( 1 2 - 1 3 ) . The f i l m s 
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were s p u t t e r e d w i t h a 1.5KeV A r + beam r a s t e r e d ov§r a 4mm2 a r e a . 
Under t h e s e c o n d i t i o n s , a s p u t t e r r a t e o f about 5A min.~ " l was ob
t a i n e d . B o t h t h e l o w e n e r g y LVV ( d e s i g n a t e d S i l ) and h i g h e n e r g y 
KLL ( S i 2 ) S i A u g e r t r a n s i t i o n s were m o n i t o r e d as w e l l a s t h e KLL 
l i n e s o f C and 0. The d e p t h p r o f i l e o b t a i n e d f o r 1 0 0 A o t h e r m a l o x i d e 
f i l m i s shown i n F i g u r e 5. The c a l c u l a t e d v a l u e o f 25A a g r e e s w e l l 
w i t h t h o s e r e p o r t e d by o t h e r s u s i n g t h e same t e c h n i q u e ( 1 4 - 1 6 ) . 

P r e p a r a t i o n o f t h e t h i n SOG f i l m r e q u i r e d s p e c i a l p r e c a u t i o n s 
t o e l i m i n a t e any e f f e c t s due t o t h e p r e s e n c e o f n a t i v e o x i d e w h i c h 
may be i n i t i a l l y on t h e S i s u b s t r a t e . The S i w a f e r was f i r s t e t c h e d 
w i t h HF v a p o r s t o remove any o x i d e f o l l o w e d by i m m e d i a t e (15-28 s e c . 
d e l a y ) a p p l i c a t i o n o f t h e SOG f i l m . A f t e r a bake a t 100°C f o r 15 
min . t h e sample was c u r e d f o r 1 h o u r a t 400°C. D e s p i t e t h e s e p r e 
c a u t i o n s , r e g r o w t h o f n a t i v e o x i d e on t h e S i s u b s t r a t e may have 
o c c u r r e d d u r i n g t h e e l a p s e d t i m e between t h e HF e t c h and a p p l i c a t i o n 
o f t h e SOG f i l m o r a f t e r a p p l i c a t i o n due t o t h e p r e s e n c e o f H 2 O and 
O2 i n t h e u n c u r e d f i l m . T h i s p o s s i b i l i t y c o u l d n o t be v e r i f i e d . 
The d e p t h p r o f i l e f o r t h  f i l  i  show  i  F i g u r  6

The a c c u r a c y w i t h w h i c
i s h i g h l y dependent on y  p r e c i s  o r i g
i n a l f i l m t h i c k n e s s b u t a l s o u n c e r t a i n t i e s a s s o c i a t e d w i t h t h e 
i n t e r a c t i o n o f t h e i o n beam w i t h t h e sample s u r f a c e . The s p u t t e r i n g 
p r o c e s s may i n d u c e b r o a d e n i n g o f t h e i n t e r f a c e by a mechanism r e 
f e r r e d t o as i o n k n o c k - o n m i x i n g i n w h i c h atoms a t t h e i n t e r f a c e a r e 
" k n o c k e d 1 1 a c r o s s t h e i n t e r f a c e . A d d i t i o n a l l y , b r o a d e n i n g may r e s u l t 
f r o m n o n u n i f o r m i o n e t c h i n g w h i c h c a u s e s r o u g h e n i n g o f t h e s u r f a c e . 
These e f f e c t s c a n be m i n i m i z e d b y t h e u s e o f t h i n f i l m s (<100A) and 
l o w p r i m a r y i o n beam e n e r g i e s (<2KeV). 

F o r t h i s s t u d y a c u r e d SOG f i l m o f 65±10A was u s e d . The r e l a 
t i v e l y l a r g e u n c e r t a i n t y a s s o c i a t e d w i t h t h i s measurement i§ c h i e f l y 
due t o i n s t r u m e n t a l l i m i t a t i o n s . B a s e d on t h i s v a l u e o f 65A, t h e 
c a l c u l a t e d w i d t h o f t h e SOG/Si i n t e r f a c e i s 23±3.5A. The e r r o r 
l i m i t s were b a s e d on t h e method d e s c r i b e d by T a u b e n b l a t t and Helms 
w h i c h t a k e s i n t o a c c o u n t t h e b r o a d e n i n g mechanisms d e s c r i b e d 
above ( 1 3 ) . 

A l t h o u g h t h e e x p e r i m e n t a l u n c e r t a i n t y i s h i g h , i t i s s i g n i f i c a n t 
t h a t t h e SOG/Si i n t e r f a c e i s n o t a b r u p t . I f a t h i n l a y e r o f n a t i v e 
o x i d e e x i s t e d on t h e S i s u b s t r a t e b e f o r e t h e a p p l i c a t i o n o f t h e SOG, 
i t s t h i c k n e s s w o u l d be much l e s s t h a n t h a t o f t h e measured i n t e r f a c e 
w i d t h . The r e s u l t s w o u l d i n d i c a t e t h a t t h e SOG f o r m s an e x t e n s i o n 
o f t h e n a t i v e o x i d e s t r u c t u r e w i t h i n t e r f a c e c h a r a c t e r i s t i c s much 
l i k e t h a t o f t h e r m a l l y grown o x i d e . Whether a n a t i v e o x i d e was 
i n i t i a l l y p r e s e n t o r n o t , t h e measured w i d t h o f t h e SOG/Si i n t e r f a c e 
i s , w i t h i n e x p e r i m e n t a l e r r o r , s i m i l a r t o t h e r m a l o x i d e . 

F i l m S t r e s s . AES s p e c t r a i n t h e l o w k i n e t i c e n e r g y v a l e n c e band 
r e g i o n were employed t o s t u d y t h e b o n d i n g c h a r a c t e r i s t i c s o f s i l i c o n 
i n 100A t h i c k t h e r m a l S i 0 2 and t h i n (<100A) SOG f i l m s c u r e d a t 100°C 
and 400°C. These s p e c t r a a r e p r e s e n t e d i n F i g u r e 7. The p r i n c i p a l 
A u g er f e a t u r e f r o m t h e r m a l o x i d e a p p e a r s a t 76eV and o r i g i n a t e s f r o m 
a L 2 3 V V t r a n s i t i o n . N o t e a s l i g h t s h o u l d e r i s p r e s e n t on t h e h i g h 
k i n e t i c e n e r g y s i d e o f t h i s peak a t a r o u n d 79eV. T h i s s h o u l d e r h a s 
p r e v i o u s l y been a t t r i b u t e d t o a change i n s t o i c h i o m e t r y w h i c h l e a d s 
t o a d e c r e a s e i n t h e s u r f a c e c h a r g e and i s i n good agreement w i t h 
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F i g u r e 5. Aug e r d e p t h p r o f i l e o f 100A t h i c k t h e r m a l o x i d e f i l m . 
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F i g u r e 6. Aug e r d e p t h p r o f i l e o f 65A t h i c k s p i n - o n g l a s s f i l m . 
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K i n e t i c e n e r g y , eV 

F i g u r e 7. S i LVV Auger t r a n s i t i o n , a) t h e r m a l o x i d e , b) SOG 
c u r e d a t 400°C, c) SOG c u r e d a t 100°C. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



22. GUPTA AND CHIN Spin-On Glass Films as a Planarizing Dielectric 363 

p u b l i s h e d d a t a ( 7 - 8 ) . However, any change w h i c h l e a d s t o a change 
i n t h e e l e c t r o n c h a r g e d i s t r i b u t i o n a r o u n d t h e S i atoms c o m p r i s i n g 
t h e sample w o u l d be e x p e c t e d t o show a s i m i l a r e f f e c t . 

The s p e c t r u m o f t h e SOG f i l m c u r e d a t 400°C i s s i m i l a r t o t h a t 
o f t h e r m a l o x i d e ; however, a v e r y s l i g h t i n c r e a s e i n e n e r g y o f t h e 
maximum n e g a t i v e e x c u r s i o n o f t h e L 2 , 3 W t r a n s i t i o n i s o b s e r v e d as 
w e l l a s a p r o n o u n c e d i n c r e a s e i n t h e i n t e n s i t y o f t h e h i g h k i n e t i c 
e n e r g y s h o u l d e r . Under t h e l o w p r i m a r y beam c u r r e n t s (70nA) employ
ed i n t h i s s t u d y , t h e s p e c t r u m r e m a i n e d unchanged a f t e r s e v e r a l 
h o u r s o f e x p o s u r e ; t h u s , e l i m i n a t i n g e l e c t r o n beam i n d u c e d m o d i f i c a 
t i o n o f t h e sample s u r f a c e a s a f a c t o r f o r t h i s change. 

F o r t h e 100°C SOG f i l m , t h e L 2 , 3 W peak i s m a r k e d l y d i f f e r e n t 
f r o m t h a t o b t a i n e d f o r t h e 400°C f i l m . The peak h a s s h i f t e d i n 
e n e r g y t o a r o u n d 79eV and a s h o u l d e r a p p e a r s on t h e l o w k i n e t i c 
e n e r g y s i d e . I t w o u l d a p p e a r t h a t t h e dominant f e a t u r e f o r SOG 
(100°) c o r r e s p o n d s t o t h e s h o u l d e r f o u n d i n t h e s p e c t r u m o f SOG 
(400°). 

The o b s e r v e d d i f f e r e n c e
may be i n t e r p r e t e d i n t e r m
l e a d s t o a d i s p l a c e m e n t
due t o bond b e n d i n g . The f i l m c u r e d a t 400°C i s e x p e c t e d t o be un d e r 
g r e a t e r s t r e s s t h a n t h e f i l m c u r e d a t 100°C b e c a u s e o f t h e t h e r m a l l y 
i n d u c e d c r o s s l i n k i n g . Thus, t h e 79eV peak o f t h e 100°C f i l m may be 
a s s o c i a t e d w i t h S i atoms w i t h l o w e r bond s t r a i n . I n o r d e r t o t e s t 
t h i s h y p o t h e s i s , an AES s p e c t r u m i n t h e l o w k i n e t i c e n e r g y v a l e n c e 
band r e g i o n was a l s o o b t a i n e d f o r a 5% P-doped SOG f i l m c u r e d a t 
400°C. T h i s s p e c t r u m a l o n g w i t h t h a t f o r t h e undoped SOG f i l m i s 
p r e s e n t e d i n F i g u r e 8. The magnitude o f t h e s h i f t and r e s u l t a n t 
peak shape o f t h e P-doped SOG s p e c t r u m a r e s i m i l a r t o t h o s e o b s e r v e d 
f o r t h e 100°C SOG f i l m . I t i s w e l l known t h a t i n c o r p o r a t i o n o f 
p h o s p h o r u s i n (CVD) S i 0 2 f i l m s r e d u c e s f i l m s t r e s s . Thus, AES 
s p e c t r a i n t h e l o w k i n e t i c e n e r g y v a l e n c e band r e g i o n may p r o v i d e a 
means f o r c h a r a c t e r i z a t i o n o f f i l m s t r e s s . 

Summary and C o n c l u s i o n s 
o 

T h i n s p i n - o n g l a s s f i l m s i n t h e t h i c k n e s s r a n g e o f 2-3000A can be 
employed t o p l a n a r i z e a CVD d i e l e c t r i c i n t h e f a b r i c a t i o n o f i n t e 
g r a t e d c i r c u i t s . The p h y s i c a l , d i e l e c t r i c , and p r o c e s s i n g c h a r a c t e r 
i s t i c s o f t h e two SOG i n v e s t i g a t e d , ACCUGLASS 203 and 305, a r e s u i t 
a b l e f o r t h e i r u s e as a s m o o t h i n g l a y e r i n i n t e r l e v e l d i e l e c t r i c i n 
s u l a t i o n . F i l m s o f SOG 203, c u r e d a t 400°C, show s e v e r a l m a t e r i a l 
c h a r a c t e r i s t i c s common w i t h l o w t e m p e r a t u r e CVD S i 0 2 f i l m s . The 
SOG/Si i n t e r f a c e i s s t r u c t u r a l l y s i m i l a r t o t h a t between t h e r m a l 
S i 0 2 and s i l i c o n . 
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Effects of Various Chemistries on Silicon-Wafer Cleaning 

D. Scott Becker, William R. Schmidt, Charlie A. Peterson, and Don C. Burkman 

FSI Corporation, Chaska, M

This paper reviews the current knowledge on 
aqueous cleaning of si l icon wafers. Some new 
information regarding the chemical action of 
the most common cleaning solutions is revealed. 
Information on individual solutions as well as 
the sequential use of more than one solution is 
presented and discussed. Through the use of 
Secondary Ion Mass Spectrometry and Laser 
Defect Scanning, the best overall cleaning was 
accomplished through the sequential use of the 
four cleaning solutions (mixed in parts per 
volume) 4H2SO4(96%):1H2O2(31%), 
100H2O:1HF(99%), 5H2O:1H2O2(31%) :lNH4OH( 29%), 
and 5H2O:1H2O2(31%) :1HCl(3%) in that order. 
It was also found that reversing the order of 
use of the hydrofluoric acid and ammonium 
hydroxide hydrogen peroxide solutions yielded a 
wafer surface lower in metal contamination yet 
higher in particle contamination. 

The performance of semiconductor devices may be altered 
by the presence of contamination before, during and after 
device fabrication. Because of this, i t is necessary to 
achieve the highest degree of cleanliness possible during 
semiconductor wafer processing. There are many cleaning 
procedures and the most desirable process wi l l depend on 
which step in device fabrication i t follows and which 
step i t precedes. This paper reviews the current 
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© 1986 American Chemical Society 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



23. BECKER ET AL. Silicon- Wafer Cleaning 367 

u n d e r s t a n d i n g o f t h e most common s i l i c o n w a f e r c l e a n i n g 
p r o c e d u r e s and r e v e a l s new i n f o r m a t i o n on t h e i r c h e m i c a l 
b e h a v i o r . M o s t p r o c e s s e s i n v o l v e s e q u e n t i a l u s e o f 
s e v e r a l c l e a n i n g s o l u t i o n s . The s e q u e n c i n g i s o f g r e a t 
s i g n i f i c a n c e and w i l l be d i s c u s s e d i n d e t a i l . 

C o n t a m i n a n t s 

C o n t a m i n a n t s on a s u r f a c e may be c l a s s i f i e d as m o l e c u l a r , 
i o n i c o r a t o m i c . The m o l e c u l a r c o n t a m i n a t i o n , p r i m a r i l y 
o r g a n i c , c o u l d be o i l s , waxes ( f r o m m o u n t i n g , s l i c i n g , 
e t c . ) , p h o t o r e s i s t , p a r t i c l e s f r o m w a f e r c a r r i e r s and 
b o x e s and a i r b o r n e h y d r o c a r b o n s . C o m p l i c a t i o n s c r e a t e d 
by t h e s e c o n t a m i n a n t s w i l l d e p e n d on t h e p r o c e s s t h a t 
w o u l d f o l l o w . T h e s e c o n t a m i n a n t s c o u l d r e s u l t i n p o o r 
a d h e s i o n o f d e p o s i t e d m a t e r i a l s , c h a n g e s i n o x i d a t i o n 
a n d E P I d e p o s i t i o n r a t e s as w e l l as l e a d t o t h e f o r m a t i o n 
o f c r y s t a l l i n e d e f e c t s
n a t u r e o f some t y p e
i n t e r a c t i o n o f aque o u g
s u r f a c e , t h e r e f o r e , l i m i t i n g r e m o v a l o f i o n i c a nd a t o m i c 
c o n t a m i n a n t s . F o r t h e s e r e a s o n s , t h e r e m o v a l o f o r g a n i c 
c o n t a m i n a t i o n i s u s u a l l y t h e f i r s t s t e p o f a c l e a n i n g 
p r o c e s s . The p r e s e n c e o f an o x i d e l a y e r on a s i l i c o n 
w a f e r i s i n e v i t a b l e i f t h e w a f e r h a s b e e n e x p o s e d t o an 
o x y g e n o r w a t e r a t m o s p h e r e . O x i d i z i n g a g e n t s s u c h as 
H 2 O 2 w i l l a l s o o x i d i z e a s i l i c o n w a f e r . I t m i g h t be 
n e c e s s a r y t o remove some o f t h i s o x i d e i n o r d e r t o e a s e 
t h e r e m o v a l o f e n t r a p p e d c o n t a m i n a n t s . P r e s e n c e o f c o n 
t a m i n a t i o n c a n be d e t r i m e n t a l t o a p r o c e s s i n g s t e p . An 
e x a m p l e w o u l d be t h e i n t e r f e r e n c e t h a t p a r t i c l e s c a u s e 
d u r i n g F.PI d e p o s i t i o n ( 1 , 1 2 , 1 3 ) « 

I o n i c a nd a t o m i c c o n t a m i n a t i o n may come f r o m t h e 
e n v i r o n m e n t o r r e s u l t f r o m t h e u s e o f p r o c e s s i n g c h e m i 
c a l s . The a d s o r p t i o n o f h a l i d e i o n s ( 2 , 3 ) and m e t a l 
c a t i o n s (3.) f r o m common p r o c e s s i n g r e a g e n t s h a v e b e e n 
i n v e s t i g a t e d . I t was f o u n d t h a t i o n s may be a d s o r b e d i n 
c o n c e n t r a t i o n s as g r e a t as 1 0 1 ? i o n s / c m 2 . O x i d i z e d 
w a f e r s a d s o r b e d more Na+ t h a n d i d b a r e s i l i c o n w a f e r s 
(2). A d s o r p t i o n o f some m e t a l s s u c h as g o l d a nd s i l v e r 
w e re more d r a m a t i c i n HF. B e c a u s e a w a f e r w i t h o u t an 
o x i d i z e d s u r f a c e i s i n good e l e c t r i c a l c o n t a c t w i t h an 
aq u e o u s s o l u t i o n i t i s c a p a b l e o f e l e c t r o c h e m i c a l r e d u c 
t i o n o f some m e t a l i o n s . T h i s r e v e r s e p l a t i n g r e s u l t s i n 
a t o m i c m e t a l c o n t a m i n a t i o n . T h i s i d e a was r e i n f o r c e d 
when i t was f o u n d t h a t t h e a d s o r p t i o n o f g o l d on s i l i c o n 
was t h r e e t o f o u r o r d e r s o f m a g n i t u d e g r e a t e r t h a n on 
s i l i c a ( 3 ) . 

I o n s and a t o m i c m e t a l s c o n t a m i n a t i o n c a n be d e t r i 
m e n t a l t o d e v i c e p e r f o r m a n c e f o r a v a r i e t y o f r e a s o n s . 
S m a l l i o n s may m i g r a t e u n d e r t h e i n f l u e n c e o f an e l e c t r i c 
f i e l d o r a t h i g h t e m p e r a t u r e . M e t a l s w i l l a l s o d i f f u s e 
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a t h i g h t e m p e r a t u r e s . I o n i c c o n t a m i n a t i o n c a n r e s u l t i n 
d r i f t c u r r e n t s and s u r f a c e p o t e n t i a l d r i f t i n g ( 4 , 5 ) . 
Heavy m e t a l s c a n a f f e c t m i n o r i t y c a r r i e r l i f e t i m e s and 
s u r f a c e r e c o m b i n a t i o n v e l o c i t i e s ( 6 , 7 ) • B o t h t y p e s o f 
c o n t a m i n a t i o n c a n a f f e c t t h e f o r m a t i o n o f a c c u m u l a t i o n 
and d e p l e t i o n l a y e r s . 

C l e a n i n g C h e m i s t r i e s 

P e d e r and K o o n t z (8) and P e t e r s and D e c k e r t (9.) h a v e e v a 
l u a t e d v a r i o u s p h o t o r e s i s t s t r i p p i n g m e t h o d s . T h e i r e v a 
l u a t i o n s w ere b a s e d on a b i l i t y t o remove p h o t o r e s i s t as 
w e l l as t h e a b i l i t y t o l e a v e a c r i t i c a l l y c l e a n s u r f a c e . 
Some o f t h e methods e v a l u a t e d were 1) o x i d i z i n g a g e n t s 
s u c h as H 202, HC1, H2SO4, HNO3, HCI-H2O2, H2SO4-H2O2; 
2) c a u s t i c s s u c h as NH4OH, H2O2-NH4OH; 3) s o l v e n t s y s t e m s 
s u c h as CCI4, J-100, A-20, CH3COCH3, CH3COC2H5 and 4) 
a s h i n g ( a i r ) and p l a s m  s t r i p p i n g  B o t h r e p o r t  f o u n d 
t h a t some s y s t e m s w e r
o t h e r s were good f o

The o r g a n i c s o l v e n t s y s t e m s were g o o d f o r s t r i p p i n g 
p o s i t i v e r e s i s t b u t d i d n o t l e a v e a c l e a n s u r f a c e . 
A s h i n g and p l a s m a s t r i p p i n g w ere v e r y e f f e c t i v e on n e g a 
t i v e r e s i s t b u t t h e y t o o d i d n o t y i e l d a c l e a n s u r f a c e 
a f t e r p o s i t i v e r e s i s t s t r i p p i n g . The a q u e o u s c l e a n i n g 
m e t h o d s y i e l d e d v a r i o u s r e s u l t s o f w h i c h o n l y two were 
f o u n d t o be e f f e c t i v e . The CrOQ-H^SOlj a n d H2SO4-H2O2 
were v e r y e f f e c t i v e i n p h o t o r e s i s t s t r i p p i n g b u t d i d n o t 
l e a v e a c l e a n s u r f a c e . A p r o b l e m f r o m u s i n g c h r o m i c a c i d 
s o l u t i o n s i s t h a t i t c a n l e a v e c h r o m i u m i o n s on a s i l i c o n 
w a f e r s u r f a c e . T h i s s h o u l d n o t be s u r p r i s i n g s i n c e i t i s 
w e l l known t o c h e m i s t s t h a t a f t e r c h r o m i c a c i d h a s b e e n 
u s e d t o c l e a n g l a s s w a r e i t i s e x t r e m e l y d i f f i c u l t t o 
e x t r a c t a l l o f t h e chr o m i u m i o n s o u t o f t h e g l a s s . As 
m e n t i o n e d e a r l i e r , t h e p r e s e n c e o f t h e s e i o n s c a n be 
d e t r i m e n t a l t o d e v i c e p e r f o r m a n c e . 

The o n l y s o l u t i o n w h i c h was v e r y e f f e c t i v e i n 
c l e a n i n g a s t r i p p e d s u r f a c e was t h e NH4OH-H2O2 s o l u t i o n , 
e v e n t h o u g h t h i s s o l u t i o n was n o t e f f e c t i v e f o r s t r i p p i n g 
p h o t o r e s i s t . B e c a u s e s t r i p p i n g m e t hods do n o t l e a v e a 
go o d c l e a n s u r f a c e a n d r e q u i r e f u r t h e r c l e a n i n g i n an 
aq u e o u s s o l u t i o n i t m i g h t be e a s i e r t o s t r i p t h e r e s i s t 
a n d c l e a n t h e s u r f a c e i n a q u e o u s s o l u t i o n s . B a s e d on t h e 
d i s c u s s i o n s a b o v e , t h e b e s t o r g a n i c c l e a n i n g p r o c e d u r e 
w o u l d be t o u s e H2SO4-H2O2 t o remove any h e a v y o r g a n i c 
c o n t a m i n a t i o n and f o l l o w w i t h a NH4OH-H2O2 c l e a n i n g s t e p . 

An o x i d e l a y e r on a s i l i c o n w a f e r i s most commonly 
removed w i t h HP o r NH4P-HP (BOE) s o l u t i o n s . The r e a c t i o n 
r e s u l t s i n f o r m a t i o n o f s i l i c o n h e x a f l u o r i d e w h i c h i s 
w a t e r s o l u b l e (10). The b u f f e r e d HP i s u s e d when a 
c o n s t a n t o x i d e e t c h r a t e i s r e q u i r e d . C o m p l i c a t i o n due 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



23. BECKER ET AL. Silicon- Wafer Cleaning 369 

t o NH4P p r e c i p i t a t i o n c a n o c c u r . B e c a u s e o f NH4F p r e c i 
p i t a t i o n a nd e c o n o m i c c o n s i d e r a t i o n s , HP i s t h e p r e f e r r e d 
r e a g e n t f o r o x i d e r e m o v a l as p a r t o f a c l e a n i n g p r o c e 
d u r e . 

Two p r o b l e m s c a n a r i s e f r o m t h e HP t r e a t m e n t o f s i l i 
c o n w a f e r s . The r e v e r s e p l a t i n g o f m e t a l s s u c h as g o l d 
h a s a l r e a d y b e e n m e n t i o n e d . The o t h e r p r o b l e m i s t h a t 
H P - t r e a t e d s i l i c o n i s v e r y s u s c e p t i b l e t o h y d r o c a r b o n 
c o n t a m i n a t i o n . H e n d e r s o n (1^1) f o u n d t h a t when H P - t r e a t e d 
w a f e r s were p l a c e d i n t o an o v e n a t h i g h t e m p e r a t u r e s , 
c a r b o n c o n t a i n i n g a d s o r b a n t s on t h e s i l i c o n s u r f a c e 
decomposed t o f o r m 3-SiC p a r t i c l e s . T h e s e p a r t i c l e s a r e 
known t o c r e a t e p r o b l e m s s u c h as n u c l e a t e p o l y c r y s t a l l i n e 
r e g i o n s d u r i n g t h e g r o w t h o f e p i t a x i a l s i l i c o n ( 1 2 , 1 3 ) * 
B e c a u s e o f t h e s e two p r o b l e m s i t i s recommended t h a t 
a f t e r HP t h e w a f e r s s h o u l d be c l e a n e d t o remove t h e h e a v y 
m e t a l s and c a r b o n c o n t a i n i n g a d s o r b a n t s . 

C a t i o n i c c o n t a m i n a t i o  b  l o w e r e d b  r i n s i n  i
w a t e r , a c i d s , b a s e s
s o l u t i o n w i t h c h e l a t i n
r i n s i n g o f s o d i u m c o n t a m i n a t e d s i l i c o n w a f e r s was e f f e c 
t i v e . A 6N HC1 s o l u t i o n was f o u n d t o be more e f f e c t i v e 
t h a n t h e w a t e r r i n s i n g . I f t h e s o d i u m was c h e m i c a l l y 
a d s o r b e d t h e a c t i o n o f HC1 c a n be v i e w e d as a s i m p l e 
c a t i o n e x c h a n g e r e a c t i o n . I n g e n e r a l , HC1 s o l u t i o n s were 
v e r y e f f e c t i v e i n r e m o v i n g m e t a l s due t o t h i s as w e l l as 
t h e c o m p l e x i n g a b i l i t y o f c h l o r i d e i o n s . I t was a l s o 
r e p o r t e d t h a t s o d i u m c o n t a m i n a t e d w a f e r s t h a t were s t o r e d 
i n room a i r h a d l o w e r d e s o r p t i o n r a t e s i n b o t h w a t e r and 
HC1 t h a n d i d t h e f r e s h s a m p l e s . 

Use o f an NH4OH s o l u t i o n c a n be e f f e c t i v e i f t h e 
c o n t a m i n a n t h a s a t e n d e n c y t o f o r m a mino c o m p l e x e s , s u c h 
as Cu ( N H 3 ) i | + 2 . H o wever, some c a t i o n s s u c h as Mg +2, A l + 3 
and P e + 3 w i l l f o r m i n s o l u b l e h y d r o x i d e c o m p l e x e s i n b a s i c 
s o l u t i o n s . B e c a u s e o f t h i s , m e t a l s n e e d t o be removed by 
a c i d i c s o l u t i o n s . C h e l a t i n g a g e n t s a r e c a p a b l e o f 
f o r m i n g w a t e r s o l u b l e c o m p l e x e s w i t h many m e t a l i o n s . 
Y e t , c h e l a t i n g a g e n t s were i n e f f e c t i v e i n p r e v e n t i n g 
m e t a l c o n t a m i n a t i o n i n e t c h a n t s o l u t i o n (2)* M e t a l s t h a t 
r e v e r s e p l a t e d o n t o t h e s u r f a c e were i n e f f e c t i v e l y 
r e moved by most s i n g l e component c l e a n i n g s o l u t i o n s . I t 
was f o u n d t h a t i t was n e c e s s a r y t o o x i d i z e t h e s e m e t a l s 
b e f o r e t h e y c o u l d be removed. Prom t h e i n v e s t i g a t i o n s o f 
K e r n (140 i t was r e v e a l e d t h a t t h e most e f f e c t i v e 
c l e a n i n g was a c c o m p l i s h e d w i t h H2O2 b a s e d s o l u t i o n s c o n 
t a i n i n g HC1 o r NH4OH. B a s i c p e r o x i d e s o l u t i o n s , t y p i 
c a l l y 5:1:1 ppv i n H 20:H202( 31%) :NHi|OH( 29%), a r e 
e f f e c t i v e i n r e m o v i n g o r g a n i c c o n t a m i n a t i o n as w e l l as 
g r o u p I B and g r o u p I I B m e t a l s . P r e l i m i n a r y r e p o r t s i n d i 
c a t e t h a t t h i s b a s i c p e r o x i d e m i x t u r e may be e f f e c t i v e i n 
r e m o v i n g g o l d a s w e l l . The a c i d i c h y d r o g e n p e r o x i d e 
s o l u t i o n s , t y p i c a l l y 5:1:1 ppv i n H2O:H202(31%):HC1(38%), 
were v e r y e f f e c t i v e i n r e m o v i n g a l l o f t h e m e t a l s t h a t 
w e r e i n v e s t i g a t e d . 
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One d r a w b a c k o f h y d r o g e n p e r o x i d e s o l u t i o n s i s t h a t 
t h e y r e a d i l y decompose. D e c o m p o s i t i o n i s g r e a t e r a t 
h i g h e r p H T s and t h e p r e s e n c e o f m e t a l s w i l l a c c e l e r a t e 
t h e d e c o m p o s i t i o n . A n o t h e r p o t e n t i a l p r o b l e m i s when t h e 
p e r o x i d e c o n c e n t r a t i o n g e t s t o o l o w , i n a b a s i c s o l u t i o n , 
t h e s o l u t i o n w i l l e t c h a s i l i c o n s u r f a c e (1JO . S o l u t i o n 
d e c o m p o s i t i o n and c o n c e n t r a t i o n v a r i a t i o n may be e l i m i 
n a t e d by u s e o f c e n t r i f u g a l s p r a y p r o c e s s i n g s y s t e m s 
(15.)., I n t h e s e s y s t e m s t h e c l e a n i n g s o l u t i o n s a r e m i x e d 
o n - l i n e , i n c o n t r o l l e d r a t i o s i m m e d i a t e l y b e f o r e b e i n g 
s p r a y e d o n t o t h e w a f e r s u r f a c e . 

C h e m i c a l S e q u e n c i n g 

M o s t c l e a n i n g p r o c e d u r e s r e q u i r e t h e s e q u e n t i a l u s e o f 
two o r more c l e a n i n g s o l u t i o n s . T h i s may be n e c e s s a r y 
when most c l e a n i n g p r o c e d u r e s r e q u i r e t h e s e q u e n t i a l u s e 
o f two o r more c l e a n i n  s o l u t i o n s  W a f e r
t a m i n a t e d w i t h more
A l s o , a c l e a n i n g s o l u t i o
w h i l e l e a v i n g a d i f f e r e n t c o n t a m i n a n t on t h e w a f e r s u r 
f a c e ( e . g . H P ) . I t h a s a l s o b e e n m e n t i o n e d t h a t one t y p e 
o f c o n t a m i n a n t c o u l d i n t e r f e r e w i t h t h e r e m o v a l o f 
a n o t h e r t y p e . C h e m i c a l s e q u e n c i n g h a s b e e n d i s c u s s e d i n 
g r e a t d e t a i l . A m i c k (If) and B u r k m a n , e t a l ( 1 6 ) 
s u g g e s t e d t h a t a c l e a n i n g s e q u e n c e s h o u l d be l7~~removal 
o f o r g a n i c m a t e r i a l , 2) r e m o v a l o f o x i d e l a y e r s and 3) 
r e m o v a l o f m e t a l l i c and i o n i c c o n t a m i n a n t s . Prom t h e 
d a t a a v a i l a b l e on s i l i c o n w a f e r c l e a n i n g , s t e p 1) c o u l d 
be a c c o m p l i s h e d w i t h SPM a n d / o r APM, s t e p 2) c o u l d be 
a c c o m p l i s h e d w i t h an HP s o l u t i o n , and s t e p 3) w i t h HPM. 
SPM r e f e r s t o a 4:1 ppv m i x t u r e o f H2S0i|(96%) : H 2 0 2 ( 3 1 % ) . 
APM r e f e r s t o a 5:1:1 ppv m i x t u r e o f 
H 2 0 : H 2 0 2 ( 3 1 % ) : N H 4 0 H ( 2 9 % ) . HPM i s t y p i c a l l y a 5:1:1 Ppv 
m i x t u r e o f H 2 0 : H 2 0 2 ( 3 1 % ) : H C 1 ( 3 8 % ) . 

E x p e r i m e n t a l P r o c e d u r e s 

The m e t a l l i c and i o n i c c l e a n i n g p r o c e d u r e s s t u d i e d by 
K e r n were e v a l u a t e d by r a d i o t r a c e r m e t h o d s . T h i s t e c h 
n i q u e r e q u i r e s t h e u s e o f r a d i o n u c l i d e e n r i c h e d r e a g e n t s . 
R e c e n t l y , a p r o c e d u r e u t i l i z i n g s e c o n d a r y i o n mass 
s p e c t r o m e t r y (SIMS) has b e e n d e v e l o p e d f o r s t u d y i n g v e r y 
l o w l e v e l s o f c o n t a m i n a t i o n on s i l i c o n s u r f a c e s ( 1 8 ) . 
T h i s t e c h n i q u e d o es n o t r e q u i r e r a d i o n u c l i d e e n r i c h e d 
r e a g e n t s s o n o r m a l r e a g e n t s may be u s e d . The SIMS t e c h 
n i q u e a l s o h a s t h e a d v a n t a g e t h a t i t i s s e n s i t i v e e nough 
t o d e t e c t c o n t a m i n a t i o n on a w a f e r a f t e r c l e a n i n g w i t h 
t h e b e s t c l e a n i n g p r o c e d u r e s . The h i g h s e n s i t i v i t y o f 
SIMS c a n be s e e n i n F i g u r e 1. The A u g e r E l e c t r o n 
S p e c t r u m (AES) o f t h e s i l i c o n w a f e r o n l y shows S i and 0. 
A SIMS s p e c t r u m o f t h e same s a m p l e shows t h e p r e s e n c e o f 
s e v e r a l c o n t a m i n a n t s n o t d e t e c t e d i n t h e AES s p e c t r u m . 
T h e r e a r e , h o w e v e r , some l i m i t a t i o n s i n t h e SIMS t e c h -
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MES -UPVET SF = 373.76Q DftT=l.b5 98/26/85 EXftB V/F 

KINETIC ENERGY, EV 

? + SIHS SURVEY DflT=5.38 68/26/85 EXSB 

• S l j . 

fiTOMIC MOSS UNITS 

F i g u r e 1. AES and SIMS s p e c t r a o b t a i n e d f r o m t h e same 
s p o t on a c o n t a m i n a t e d w a f e r . 
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n i q u e . The t e c h n i q u e i s n o t s u i t a b l e f o r d e t e c t i n g i r o n 
o r h e a v y m e t a l s on s i l i c o n . The mo s t i n t e n s e i r o n p e a k s 
F e + 2 and F e + o c c u r where t h e s i l i c o n p e a k s due t o S i + and 
S i + 2 o c c u r . Heavy m e t a l s s u c h as g o l d h a v e l o w i o n 
y i e l d s w h i c h g i v e s them a h i g h d e t e c t i o n l i m i t . 

A l l o f t h e c l e a n s t o be d i s c u s s e d were e v a l u a t e d f o r 
m e t a l i o n c o n t a m i n a t i o n by u s i n g t h e SIMS p r o c e d u r e p r e 
v i o u s l y d e s c r i b e d by P h i l l i p s , e t a l (^18). P a r t i c l e c o n 
t a m i n a t i o n was d e t e r m i n e d u s i n g a T e n c o r S u r f s c a n s e t a t 
maximum s e n s i t i v i t y ( l y m ) w i t h an edge e x c l u s i o n s e t t i n g 
o f 7« A l l o f t h e s a m p l e s were p r e p a r e d and c l e a n e d a s 
p r e v i o u s l y d e s c r i b e d (1_9) u n l e s s s t a t e d o t h e r w i s e . 

R e s u l t s and D i s c u s s i o n 

An e x p e r i m e n t t h a t e v a l u a t e d t h e n e c e s s i t y o f o x i d e remo
v a l as a s t e p i n c l e a n i n g was p e r f o r m e d ( 1 9 ) • 
C o n t a m i n a t e d w a f e r  u s i n
o f SPM, HF, APM, HP
SIMS r e s u l t s t h a t wer

T a b l e I . The I n f l u e n c e o f O x i d e R e m o v a l on C l e a n i n g 

C o n t a m i n a n t / S i l i c o n P eak x 10-
C l e a n i n g P r o c e s s Na(23) K(39) Cu(63) 
SPM, HF, APM, HPM 
SPM, APM, HPM 

26 156 
90 246 

23 
66 

T h e s e r e s u l t s i n d i c a t e d t h a t r e m o v a l o f t h e n a t i v e o x i d e 
w i t h HF a f f o r d s a c l e a n e r s u r f a c e . The same c o n c l u s i o n 
was a s c e r t a i n e d by B e y e r ( 1 0 ) . 

F u r t h e r e v i d e n c e t h a t t h e HF s t e p i s g o o d f o r 
r e m o v i n g some m e t a l i o n c o n t a m i n a t i o n c a n be s e e n f r o m 
t h e e x p e r i m e n t t h a t c o m p a r e d w a f e r s c l e a n e d by APM and 
APM, HF. T a b l e I I shows t h e r e s u l t s o f t h e SIMS a n a l y 
s i s . 

T a b l e I I . R e m o v a l o f M e t a l I o n s W i t h HF 

C o n t a m i n a n t P e a k / S i l i c o n (28) Peak x 10"P 
C l e a n i n g P r o c e s s ~ N a ( 2 3 ) Mg(24) A l ( 2 7 ) K(39) C a ( 4 0 l 
APM tit 18807 *T9 73 
APM, HF 13 7 97 30 48 
I t c a n be s e e n t h a t o m i s s i o n o f t h e HF s t e p r e s u l t s i n a 
s u r f a c e w i t h g r e a t e r m e t a l i o n c o n t a m i n a t i o n . The most 
s i g n i f i c a n t o b s e r v a t i o n was t h a t t h e a l u m i n u m c o n t e n t was 
o v e r two o r d e r s o f m a g n i t u d e g r e a t e r on t h e s a m p l e 
w i t h o u t an HF s t e p . 

The HF s t e p was e f f e c t i v e i n l o w e r i n g t h e l e v e l s o f 
t h o s e m e t a l s shown a b o v e i n T a b l e I I . A d i f f e r e n t 
e x p e r i m e n t was p e r f o r m e d i n o r d e r t o e v a l u a t e t h e p a r 
t i c l e c o n t a m i n a t i o n due t o HF t r e a t m e n t . I n T a b l e I I I i t 
c a n be s e e n t h a t t r e a t m e n t o f a w a f e r w i t h SPM t h e n HF 
c h a n g e s t h e p a r t i c l e l e v e l on f o u r - i n c h w a f e r s f r o m t h r e e 
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t o 80. When t h e HP s t e p was f o l l o w e d by APM t h e n HPM t h e 
p a r t i c l e l e v e l s a f t e r t h e c l e a n w ere a p p r o x i m a t e l y t h e 
same as b e f o r e t h e c l e a n . 

T a b l e I I I . T o t a l P o i n t D e f e c t s on P o u r - i n c h W a f e r s 
B e f o r e and A f t e r C l e a n i n g 

SPM, HP SPM, HP, APM, HPM 
B e f o r e A f t e r B e f o r e A f t e r 

3 80 4 5 

Prom t h i s e x p e r i m e n t i t was c o n c l u d e d t h a t t h e APM, HPM 
c y c l e s removed t h e p a r t i c u l a t e c o n t a m i n a t i o n t h a t 
r e s u l t e d f r o m t h e HP s t e p . 

I t was p o i n t e d o u t e a r l i e r t h a t t h e b e s t c l e a n f o r 
h y d r o c a r b o n c o n t a m i n a t i o n was SPM f o l l o w e d by APM. I t 
was a l s o shown t h a t a f t e r a n HP s t e p a n o t h e r s t e p i s 
r e q u i r e d t o remove r e s i d u a
s u g g e s t i n g t h a t t h
An e x p e r i m e n t was p e r f o r m e  h i g h l y
w a f e r s were c l e a n e d by t h e two s e q u e n c e s o f SPM, APM, HP, 
HPM and SPM, HP, APM, HPM (19.). I n T a b l e I V t h e r e s u l t s 
o f t h a t e x p e r i m e n t a r e shown. 

T a b l e I V . The E f f e c t o f APM and HP S e q u e n c i n g 

C o n t a m i n a n t P e a k / S i l i c o n P e a k X 10"° T o t a l 
C l e a n i n g Na K Ca Mg C r Cu A l P o i n t 
P r o c e s s (23) (39) (40) (24) (52) (63) (27) D e f e c t s 
SPM,APM, 27 32 70 ND ND ND ND 236 
HP,HPM 
SPM,HP, 30 25 134 131 ND ND 645 86 
APM,HPM 
ND = none d e t e c t e d 

The r e s u l t s c l e a r l y show t h a t t h e s e q u e n c e o f SPM, APM, 
HP, HPM was t h e more e f f e c t i v e i n r e m o v i n g m e t a l s , b u t i t 
was t h e l e s s e f f e c t i v e f o r p a r t i c l e r e d u c t i o n . 

The p a r t i c l e l e v e l s c a n be e x p l a i n e d on t h e b a s i s 
t h a t HP l e a v e s a s u r f a c e r i d d e n w i t h p a r t i c l e s t h a t c a n 
be removed more e f f i c i e n t l y by APM, HPM t h a n by HPM 
a l o n e . The d a t a i n T a b l e I I showed t h a t t h e m e t a l s o f 
i n t e r e s t w ere p r e s e n t i n o n l y t r a c e amounts a f t e r a n HP 
s t e p . So t h e d i f f e r e n c e i n m e t a l c o n t a m i n a t i o n b e t w e e n 
t h e two c l e a n i n g p r o c e s s e s i n T a b l e I V must r e f l e c t one 
o f t h e d i f f e r e n c e s b e t w e e n t h e u s e o f APM, HPM and o n l y 
HPM a f t e r a n HP s t e p . The r e s u l t s s u g g e s t i t w o u l d be 
a d v a n t a g e o u s t o u s e APM l a s t i n a c l e a n i n g s e q u e n c e t o 
y i e l d a p a r t i c u l a t e c l e a n s u r f a c e . B e c a u s e o f t h i s we 
e v a l u a t e d t h e m e t a l c o n t a m i n a t i o n on w a f e r s c l e a n e d by 
HP, APM, HPM and HP, HPM, APM. F i g u r e 2 shows t h e SIMS 
s p e c t r a o f t h e s e c l e a n s . I t c a n be s e e n f r o m t h e s p e c t r a 
t h a t m e t a l i o n c o n t a m i n a t i o n r e s u l t e d f r o m u s i n g t h e APM 
s t e p l a s t as e v i d e n c e d by t h e p r e s e n c e o f a l a r g e a l u m i -
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HF, HPM APM, HF, APM, HPM 

25 36 35 25 38 35 
ATOMIC MASS UNITS 

F i g u r e 2. SIMS s p e c t r a t a k e n f r o m s i l i c o n w a f e r s 
p r o c e s s e d by t h e c l e a n i n g s e q u e n c e s o f HF, APM, HPM, 
and HF, HPM, APM. 
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num peak. This indicated that metal ion contamination 
(Al, Ca, and Mg) actually increased from the use of APM. 
Since aluminum i s insoluble in NH4OH the most probable 
source in the APM solution would be the H 2 0 2 « 

There are a variety of cleaning processes used i n 
the microelectronics industry. The results of an experi
ment which compared the cleaning sequence of 
SPM,APM,HP,HPM to some of the more common cleaning 
sequences are l i s t e d i n Table V (19)* 

Table V. Chemical Sequence Comparison by SIMS 

Contaminant Peak/Silicon Peak X 1 0 — 
Cleaning Na Mg Al K Ca Cr Cu 
Process ( 2 3 ) (24) ( 2 7 ) ( 3 9 ) (40) (52) (63) 
SPM,APM,HP,HPM 15 57 ND T03 270 50 T5 
SPM,HP 30 30 ND 210 360 80 20 
HC1/HN03,HP,HC1/HN0
Fuming N i t r i c 17

It can be seen that the lowest levels of metallic con
tamination resulted from cleaning with SPM, APM, HF, HPM, 
and SPM, HF. However, this SIMS data did not reveal the 
problems of heavy metal and p a r t i c l e contamination after 
using HF. Hence, of these four cleans, the best overall 
cleaning was accomplished using the SPM, APM, HF, HPM 
sequence. 

Conclusion 

It was revealed that some metal and p a r t i c l e con
tamination may result from the use of certain cleaning 
solutions. In turn, these contaminants may be removed by 
other cleaning solutions. Because of t h i s , as the purity 
of processing chemicals change so w i l l the most effective 
cleaning process. The most effective cleaning process 
w i l l also depend on what contaminants are present and 
what contaminants must be removed. Based on the results 
that were obtained the best cleaning sequence for 
metallic contamination was SPM, APM, HF, HPM. Reversing 
the order of the APM and HF steps was more effective for 
p a r t i c l e reduction and s l i g h t l y less effective for metal 
ion contamination. 

Literature Cited 

1. Batsford, K. O.; Thomas, D. D. Elect. Comm. 1963, 
38(3), 354. 

2. Kern, W. RCA Review 1970, 31, 207. 
3. Kern, W. RCA Review 1970, 31, 234. 
4. Hofstein, S. R. IEEE Trans. on Elect. Dev. 1967, 

ED-14, 749. 
5. Snow, E. H . ; Grove, A. S.; Deal, B. E.; Sah, C. T. 

J. Appl.Phys. 1965, 36, 1664. 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



376 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

6. Goetzberger, A.; Shockley, W. J . Appl. Phys. 1960, 
31, 1821. 

7. Bul l i s , W. M. Solid-State Elect. 1966, 9, 143. 
8. Feder, D. O.; Koontz, D. E. Symposium on Cleaning of 

Electronic Device Components 1959, ASTM STP No. 246, 
40. 

9. Peters, D. A.; Deckert, C. A. J . Electrochem. Soc. 
1979, 126(5), 883. 

10. Beyer, K. D.; Kastl, R. H. J . Electrochem. Soc. 
1982, 129(5), 1027. 

11. Henderson, R. C. J . Electrochem. Soc. 1972, 119(6), 
772. 

12. Joyce, B. A.; Neave, J . H. ; Watts, B. E. Surf. Sci . 
1969, 15, 1. 

13. Thomas, D. J. D. Phys. Status Solidi 1966, 13, 359. 
14. Kern, W.; Poutinen, D. A. RCA Review 1970, 31, 187. 
15. Burkman, D. C. ; Peterson, C. A.; Schmidt, W. R. in 

"Treatise on Clea
Ed.; Plenum Press

16. Burkman, D. C. Semiconductor International 1981, 
4(7), 103. 

17. Amick, J .A. Solid State Technol. 1976, 19(11), 47. 
18. Phi l l ips , B. P.; Burkman, D. C. ; Schmidt, W. R.; 

Peterson, C. A. J . Vac. Sci . Technol. 1983, A1(2), 
646. 

19. Burkman, D. C. ; Schmidt, W. R.; Peterson, C. A.; 
Phi l l ips , B. P. , Proc. Semiconductor 83 
International, Birmhingham, England Sept. 1983. Also 
available from the authors as FSI TR217. 

RECEIVED September 13, 1985 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2 4 

Monitoring of Particles in Gases with a Laser Counter 

C. E. Nowakowski and J. V. Martinez de Pinillos 
Air Products and Chemicals, Inc., Allentown, PA 18105 

The effect of various sampling techniques on the 
particle count and distribution sampled from gas 
streams, has been determined, as a function of gas 
stream Reynolds number and particle size (from 0.176 
to 1.091 μm diameter). Sampling through a tee in 
a piping system has been shown to give higher 
particle counts than Isokinetic sampling, Indicating 
a "worst case" and thus, a conservative method of 
determining the purity of a gas system. The 
Importance of characterizing pressure reducing 
devices has also been demonstrated. 

There has been Increasing Interest 1n the semiconductor Industry 
1n monitoring the particle content of process gases. Advances 1n 
VLSI manufacturing processes have resulted 1n Increased purity 
demands, not only with respect to gaseous contaminants but also 
particulate matter (1-4). Two types of particle counters have 
been preferentially used to monitor submlcron particles: those 
based on coherent light sources and those based on Incoherent 
light sources (5-6). The Incoherent light scattering Instruments 
(tungsten lamps) can detect particles with diameters of 0.3 micron 
or larger. The currently available coherent light devices 
(LASERS) can detect particles as small as 0.09 micron. A study 
was made to determine sampling conditions using a LASER counter. 

Experimental. Results and Discussion 

Laser Aerosol Spectrometer 

All measurements were made using a Particle Measuring Systems Inc, 
Laser Aerosol Spectrometer Model LAS-X. The LAS-X 1s a light 
scattering Instrument which uses a He-Ne laser. The gas sampling 

0097-6156/ 86/ 0295-0377$06.00/ 0 
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378 MICROELECTRONICS PROCESSING: INORGANIC MATERIALS CHARACTERIZATION 

rate 1s adjustable from 0.4-3.0 cc/sec. The sample gas stream 1s 
surrounded by a f i l t e r e d , 20 cc/sec, sheath flow which confines 
the particles to the center of the stream, at the focal point of 
the laser beam as can be seen 1n Figure 1. Particles present 1n 
the sample stream w i l l deflect laser l i g h t . This scattered lig h t 
1s collected by a parabolic mirror, as presented 1n Figure 2, and 
detected by a photodlode which converts the collected l i g h t Into a 
photocurrent. The voltage of this photocurrent, which 1s 
proportional to the amount of l i g h t collected, can then be 
Interpretted as a particle size. 

The LAS-X can detect particles as small as 0.09 micron 
diameter. Several size ranges, within the range 0.09 to 3.05 
micron, are available with both d i f f e r e n t i a l and cumulative 
modes. For any size range a sixteen channel size distribution 1s 
obtained. 

Number of Samples 

To determine the numbe
experimental standard deviation (S) equal to or less than the 
Polsson distribution standard deviation (a), a 1 cc/sec gas flow 
rate and four minute samples were used. The particles were 
generated with a PMS, Inc. par t i c l e generator model PG-100, 
providing a pa r t i c l e count of 2000 part1cles/ft 3 or greater. 

The a of a Polsson distribution can be shown to be equal to 
( N ) 1 / 2 , where N 1s the number of particles counted. An 
experimental standard deviation (S) for counts 1n a l l channels 
less than or equal to o, was chosen as the c r i t e r i o n for number 
of samples to Indicate that the error was due to counting 
s t a t i s t i c s rather than any other experimental parameter. The 
results are presented 1n Table I and a channel size Identification 
1n Table I I . It can be seen that the above c r i t e r i o n was met when 
the number of samples was at least 6. It should be understood 
that when the total number of particles 1s small, Increased 
counting times and number of samples are needed to attain 
s t a t i s t i c a l significance. 

Pressure Reduction Dlffuser 

The device used to sample high pressure l i n e s , and to reduce the 
pressure from the line value to atmospheric, was a PMS dlffuser. 
A photograph of this device 1s presented 1n Figure 3. The gas 
line 1s attached at the narrow end and gas 1s allowed to flow and 
expand Into the larger diameter end (the Isokinetic sampling 
cone). From the sampling cone, gas escapes either through the 
side holes or through the coupling between the dlffuser and the 
Instrument. A sampling needle projects from the Instrument Into 
the dlffuser and Introduces the sample from the Isokinetic 
sampling cone Into the Interrogation zone of the Instrument. 

The minimum pressure needed to assure that particles from the 
outside environment were not being Introduced Into the Isokinetic 
sampling cone, was studied. (Intake of unwanted ambient a i r could 
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NOWAKOWSKI AND MARTINEZ DE PINILLOS Monitoring Gas Particles 

Table I 

Number of Samples Needed to Achieve Statistical Significance 

Counts X 10~3 

Channel 1 2 3 4 5 6 7 8 

N 

1 2.14 1.88 2.92 6.93 19.7 44.2 78.1 142. 
2 2.22 1.84 2.96 6.80 19.4 44.1 78.0 143. 
3 2.10 1.88 2.85 7.00 19.7 44.1 78.3 142. 

Xa(X10-3 ) 2.16 1.86 2.91 6.91 19.6 44.1 78.1 143. 
Sa , 0 1 62.9 24.0 53.2 103. 163 . 84.4 166 . 481. 
<>Poisson ( ' 4 6 4 43.2 54.0 83.1 140. 40.1 280 . 378. 

4 2.12 1.87 2.95 6.82 19.7 44.1 77.8 143. 

X4(X10"3) 2.15 1.87 2.92 6.89 19.6 44.1 78.0 143. 
S4 ... 54.
<>Poisson W **-

5 2.17 1.84 2.91 6.87 19.5 44.1 78.1 143. 

Xs(X10~3) 2.15 1.86 2.92 6.88 19.6 44.1 78.1 143. 
Ss m 48.2 21.7 41.6 83.1 139 . 61.1 186 . 397. 
aPoisson ( ' 46.4 43.1 54.0 83.0 140. 210 . 279 . 378. 

6 2.14 1.85 2.90 6.85 19.6 44.2 77.8 143. 

Xe(X10~3 ) 2.15 1.86 2.92 6.88 19.6 44.1 78.0 143. 
Se 43.4 20.4 38.2 75.3 124 . 64.8 201. 358. 
<>Poisson 1 } *6-3 43.1 54.0 82.9 140 . 210 . 279 . 378. 

Channel 9 10 11 12 13 14 15 16 

N 

1 67.4 24.9 22.2 18.5 13.8 10.7 8.42 22.9 
2 67.4 24.8 22.0 18.5 14.0 10.8 8.42 23.1 
3 66.8 25.1 22.2 18.2 13.7 10.8 8.29 22.9 

Xa(X10~3 ) 67.2 24.9 22.1 18.4 13.8 10.8 8.38 23.0 
Sa i v x 348. 155 . 68.1 159. 153 . 97.0 76.8 126. 
aPoisson { ' 259. 158. 149. 136. 118. 104.0 91.5 152. 

4 67.2 24.8 22.1 18.5 13.8 10.6 8.38 23.0 

X4(XKT 3 ) 67.2 24.9 22.1 18.4 13.8 10.8 8.38 23.0 
S4 fA. 284. 151. 56.0 140. 125. 105. 62.7 104. 
opoisson W 259. 158. 149. 136. 118. 104. 91.5 152. 

5 67.3 24.8 22.1 18.4 13.7 10.7 8.35 23.2 

Xs(X10-3) 67.2 24.9 22.1 18.4 13.8 10.7 8.37 23.0 
Ss 253. 137. 48.6 122. 132. 91.4 55.5 124. 
°Poisson C ' 259. 158. 149. 136. 118. 104. 91.5 152. 

6 67.4 25.0 22.2 18.3 13.7 10.6 8.42 23.2 

Xe(X10"3) 67.2 24.9 22.1 18.4 13.8 10.7 8.38 23.0 
Se 237. 133 . 46.0 119. 123 . 92.0 52.4 128. 
°Poisson W 259. 158. 149. 136. 117. 104 . 91.5 152. 
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Table II 

Channel Number and Particle Diameter Range for PMS LAS-X Counter 

Number Ranqe (urn) 

1 0.09 - 0.11 

2 0.11  0.15 

4 0.20 - 0.25 

5 0.25 - 0.30 

6 0.30 - 0.40 

7 0.40 - 0.50 

8 0.50 - 0.65 

9 0.65 - 0.80 

10 0.80 - 1.00 

11 1.00 - 1.25 

12 1.25 - 1.50 

13 1.50 - 2.00 

14 2.00 - 2.50 

15 2.50 - 3.00 

16 > - 3.00 
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occur due to the f low outwardly of the gas though the holes 1n the 
d l f f u s e r c r e a t i n g a i r cur rents that w i l l f o r c e contaminated 
ambient a i r Into the d l f f u s e r . ) A polypropylene vesse l was 
const ructed that enclosed the d l f f u s e r as presented 1n F igure 4. 
A pressure gauge at the d l f f u s e r In le t monitored the gas pressure 
Into the d l f f u s e r whi le the gas was In jected from a c y l i n d e r . The 
vesse l was maintained at atmospheric pressure or s l i g h t l y h i g h e r . 
P a r t i c l e s of known diameter were In jected Into the vesse l us ing 
the PMS p a r t i c l e generator . P a r t i c l e counts were obtained with 
and without p a r t i c l e s Introduced 1n the vesse l surrounding the 
d l f f u s e r . The gas pressure at the d l f f u s e r In le t was Increased 
u n t i l no s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s were observed 1n 
the proper Instrument channels 1n the two modes of o p e r a t i o n . 

F igure 5 presents the data obtained with a d 1 f f u s e r - c a l l e d 
d l f f u s e r number 1 - f o r p a r t i c l e s generated at 1.09, 0.460 and 
0.176 micron. It can be seen that to exclude the smal ler 
p a r t i c l e s , pressures greater than 85 ps1g were requi red whi le 60 
ps1g were needed to exclud
d l f f u s e r - number 2 - wa
pressures of approximately  ps1g
p a r t i c l e s as shown 1n F igure 6. 

Isok1net1c1ty Requirements 

I s o k i n e t i c sampling requi res that the v e l o c i t y of a gas through a 
sampling tube and Into a measuring d e v i c e , be equal to the 
v e l o c i t y 1n the main gas stream. Under tu rbu lent c o n d i t i o n s , t rue 
I s o k i n e t i c sampling 1s not p o s s i b l e . However, throughout t h i s 
paper , sampling under tu rbu lent c o n d i t i o n s , when the v e l o c i t y at 
the center of the gas stream 1s equ iva len t to the average v e l o c i t y 
1n the sample probe, w i l l be re fe r red to as I s o k i n e t i c or 
pseudo-1sok1net1c. The v e l o c i t y at the center of the gas stream 
f o r turbu lent c o n d i t i o n s was c a l c u l a t e d from known r e l a t i o n s h i p s 
between Reynolds* number and the r a t i o of average v e l o c i t y to 
maximum v e l o c i t y 1n a smooth c i r c u l a r p ipe U±. Under laminar 
c o n d i t i o n s , the maximum v e l o c i t y was c a l c u l a t e d as two times the 
average v e l o c i t y with average v e l o c i t i e s being based on volumetr ic 
f low measurements. 

The e r r o r obtained when an1sok1net1c sampling c o n d i t i o n s are 
chosen can be caused by two f a c t o r s : misalignment of the sampling 
probe and d i f f e r e n t v e l o c i t y 1n the sample tube than 1n the bulk 
stream. The magnitudes of both types of e r r o r are dependent on 
the p a r t i c l e diameter through Stokes number. The Stokes number 
f o r the sampling tube In le t 1s def ined by: 

where T 1S the r e l a x a t i o n time or the time a p a r t i c l e takes to 
re lax to a new v e l o c i t y due to a new c o n d i t i o n of f o r c e s ; VR, 
the gas v e l o c i t y 1n the main gas stream; and 0, the diameter of 
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Figure 3. PMS High Pressure Diffuser. 

PARTICLE GENERATOR 

Figure 4. Apparatus for Determination of Minimum Pressure 
Requirements. 
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Figure 5. Pressure Requirements for Diffuser #1. 
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Figure 6. Pressure Requirements for Diffuser #2. 
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the sampling tube. It can be shown £ 8 1 that 1n terms of p a r t i c l e 
d iameter , f o r a s p h e r i c a l p a r t i c l e , T 1S g iven by: 

P P d 2 Cc 
T = 18 n 

where pp 1s the p a r t i c l e d e n s i t y ; d , I ts d iameter , n, the 
gas v i s c o s i t y ; and C c , the s l i p c o r r e c t i o n f a c t o r . Cc c o r r e c t s 
f o r the assumption made 1n the d e r i v a t i o n of Stokes law that the 
r e l a t i v e v e l o c i t y of the gas at the sur face of the sphere 1s 
ze ro . This assumption 1s not met fo r small p a r t i c l e s whose s i z e 
approaches the mean f ree path of the gas . The p a r t i c l e d iameter , 
d , 1s proport ioned to ( S t k ) . l / 2 If the sample probe diameter 
1s 1 cm and the gas v e l o c i t y 1s 1000 cm/sec , the Stokes number fo r 
1.0 ym p a r t i c l e s 1s l ess than 0.1 and decreases r a p i d l y f o r 
decreas ing d iameters . 

The f r a c t i o n a l e r r o
concent ra t ion when the t ru
(9) to be equal t o : 

Co = 1 * ( C o s 6 " ] ) ( 1 " 1 f 0.55 ( S t k 1 ) exp (0.25 S t k ' ) ) 

where o 1s the angle between the s t reaml ines 1n the mani fo ld and 
the ax is of the sampling tube. S tk ' 1s def ined by: 

S tk ' = Stk exp (0.022 e) 

F igure 7 shows the e f f e c t of misalignment of the sampling 
probe on the concent ra t ion 1f the v e l o c i t y , V$, 1n the sampling 
tube 1s equal to VR. The a b d s s a 1s ( S t k ) 1 / 2 which 1s 
p r o p o r t i o n a l to p a r t i c l e d iameter . For misalignment of l ess than 
15° the e r r o r 1n measured concent ra t ion 1s n e g l i g i b l e fo r 
p a r t i c l e s smal ler than about 5 microns . However t h i s e r r o r 
Increases to about 10% f o r misalignment of 4 5 ° , and more than 30% 
f o r misalignment of 9 0 ° . 

When the probe 1s c o r r e c t l y a l igned and V$ = V^, the 
f r a c t i o n a l e r r o r can be shown i i i to be equal t o : 

Co s 1 + ( V $ " 1 1 ( 1 ' 1 f (2 + 0.62 V $ / V M ) Stk 

F igure 8 shows the r e s u l t of the c a l c u l a t i o n , f o r d i f f e r e n t 
VM/V$. It can be seen that fo r p a r t i c l e s with Stokes numbers 
l ess than 0 . 1 , the e r r o r due to v a r i a t i o n s 1n sampling v e l o c i t y 
r e l a t i v e to the mani fold v e l o c i t y , 1s n e g l i g i b l e . 
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0.1 1.0 5.0 

N / S T K 

Figure 7 . Effect of Probe Misalignment on Concentration Ratio, 
Ve = VM . (Reproduced with permission from Ref. 8 . Copyright 
1 9 8 2 , John Wiley.) 

5-1 

O Q.2 \ | | 

0.1 1.0 5.0 

V S T K 

Figure 8 . Concentration Ratio Versus the Square Root of the 
Stokes Number for Several Values of Velocity Ratio, 6 = 0 . (Repro
duced with permission from Ref. 8 . Copyright 1 9 8 2 , John Wiley.) 
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P a r t i c l e counters can be c a l i b r a t e d f o r p a r t i c l e s i z e by 
pass ing po lys tyrene microspheres of known diameter through the 
In te r roga t ion zone, I n t e r p r e t i n g the In tens i ty of sca t te red l i g h t 
as a d iameter , and p l a c i n g an added count 1n a se lec ted channe l . 
There 1s no method a v a i l a b l e to c a l i b r a t e these Instruments with 
respect to absolute p a r t i c l e count . The number produced by a 
p a r t i c l e counter must be Interpreted as a f i g u r e of m e r i t , or a 
q u a l i t a t i v e rather than absolute q u a n t i t a t i v e number. For the 
purpose of t h i s s tudy , r a t i o s of p a r t i c l e counts between two 
d i f f e r e n t probes, or of the same probe under two d i f f e r e n t 
c o n d i t i o n s w i l l be used to show comparative rather than absolute 
q u a n t i t a t i v e r e s u l t s . It w i l l be assumed that the c o n d i t i o n , or 
the probe, that counts the h ighest number dens i ty 1s at l e a s t , a 
worst p o s s i b l e c o n d i t i o n , 1f not the "true" number d e n s i t y . S ince 
we are In terested 1n q u a l i f y i n g c lean rooms or gas streams, and 
are unable to determine absolute p a r t i c l e counts , the "worst case" 
c o n d i t i o n s w i l l be considered as the most r e l i a b l e . 

The labora tory mani fol
t echn iques , 1s shown 1n
Process Type C chempollshe  purchase
S e r v i c e , Inc. 1n M1lp1tas, CA. Two p o r t s , numbered 1 and 3, were 
f i t t e d with 0.47 mm I.D. chamfered I s o k i n e t i c probes, as shown 1n 
F igure 10, that extended 4.5 Inches Into the tube. Another p o r t , 
2, was I n s t a l l e d by welding a Cajon f i t t i n g on the tube wal l 
forming a t e e , with no I s o k i n e t i c sampling c a p a b i l i t i e s . This 
type of port 1s t y p i c a l l y found 1n f i e l d I n s t a l l a t i o n s . The gas , 
obtained from a n i t rogen lab source , was passed through a T y l a n , 
Corp. mass f low c o n t r o l l e r and a P a l l Corp. 0.1 ym e l e c t r o n i c 
grade f i l t e r . An In le t port was provided to In jec t po lys ty rene 
p a r t i c l e s of known diameter . A high pressure p a r t i c l e generator 
was b u i l t based on F igure 11. Gas from a c y l i n d e r was f i l t e r e d 
through a Ba ls ton 0.1 ym f i l t e r and passed through a rotameter 
p r i o r to the p a r t i c l e genera tor . The p a r t i c l e s used were a 
mixture of Dow's po lys ty rene microspheres of 0.176, 0 .305, 0.460 
and 1.091 ym diameter . 

Three mani fold f low c o n d i t i o n s were chosen with Reynold 's 
numbers of 1800, 6000, and 10500. The f i r s t 1s d e f i n i t e l y 
laminar , the l a t t e r 1s turbu lent and the mid range corresponds to 
the mid-range of the PMS c o u n t e r ' s f low rate c a p a b i l i t i e s . The 
pumping speed 1n the PMS Instrument was chosen so that the l i n e a r 
v e l o c i t y 1n the tubing and 1n the sampling probe were e q u a l , 
r e s u l t i n g 1n I s o k i n e t i c or pseudo-1sok1net1c sampling c o n d i t i o n s . 
The raw data are presented 1n Table III and the c a l c u l a t e d count 
r a t i o s 1n Table IV. 

Measurements were made at port number 3 under I s o k i n e t i c and 
an1sok1net1c c o n d i t i o n s . Two modes of an1sok1net1c sampling were 
used - where the v e l o c i t y 1n the sampling tube, V$. was greater 
than the v e l o c i t y 1n the m a n i f o l d , V^, and v l c e v e r s a . The 
r e s u l t s appear 1n F igure 12 where the r a t i o of the I s o k i n e t i c to 
the an1sok1net1c counts 1s p l o t t e d aga inst the p a r t i c l e d iameter , 
at d i f f e r e n t Reynold 's numbers. Under laminar c o n d i t i o n s , one 
measurement was made (V$ > VR) s ince the PMS Instrument cannot 
pump c o n s i s t e n t l y at a lower rate than 0.6 c c / s e c . Under laminar 
c o n d i t i o n s , a higher count 1s observed under an1sok1net1c 
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Table III 

Particle Counts 

Particle Size (urn) 
Counts X l O ' 3 

Particle Size (urn) 0.176 0.305 0.460 1.091 

Port 3, Vs = Vm 

Turbulent 101. 1.71 34.4 0.380 7.75 + 0.098 0.160 0.007 
Mid-Range 19.5 
Laminar 9.11 

Port 3, Vs > Vm 

Turbulent 106. 0.897 35.3 0.218 7.60 ± 0.062 0.151 ± 0.014 
Mid-Range 19.9 0.567 10.3 ± 0.392 4.10 0.192 0.411 ± 0.024 
Laminar 10.8 0.261 6.96 ± 0.153 3.69 ± 0.100 0.526 ± 0.021 

Port 3, Vs < Vm 

Turbulent 107. 0.809 38.1 ± 0.298 8.11 ± 0.071 0.181 ± 0.011 
Mid-Range 25.1 0.348 13.2 ± 0.285 5.03 ± 0.075 0.463 0.033 

Port 2, Partial Flow Thru Tee 

Turbulent 131. + 5.82 47.1 ± 2.23 9.69 ± 0.468 0.231 + 0.010 
Mid-Range 31.0 0.421 18.0 ± 0.329 6.91 ± 0.188 0.652 ± 0.017 
Laminar 8.49 ± 0.150 5.96 ± 0.121 2.96 ± 0.057 0.396 ± 0.025 

Port 1, Vs = Vm 

Turbulent 145. ± 2.64 47.7 ± 0.304 9.24 ± 0.071 0.131 ± 0.004 
Mid-Range 21.4 ± 0.285 11.1 ± 0.227 4.20 ± 0.053 0.347 ± 0.010 
Laminar 10.5 ± 0.297 7.16 ± 0.110 3.28 0.027 0.480 0.017 

Mean ± t s / ( N ) l / 2 , t = 2.015, N = 6 
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Table IV 

Calculated Count Ratios 

Particle Size (urn) 0.176 0.305 0.460 1.091 

Port 3. Isokinetic 
Port 3, Anisokinetic, Vs > Vm 

Turbulent 0.95 £ 1.060 0.046 
Mid-Range 0.97
Laminar 0.84 £ 

Port 3. Isokinetic 
Port 3, Anisokinetic, Vs < Vm 

Turbulent 0.942 ± 0.009 0.902 ± 0.003 0.955 ± 0.002 0.884 £ 0.014 
Mid-Range 0.777 ± 0.013 0.770 ± 0.007 0.762 £ 0.019 0.737 ± 0.026 

Port 3. Isokinetic 
Port 2, Partial Flow Thru Tee 

Turbulent 0.768 £ 0.019 0.730 £ 0.024 0.800 £ 0.028 0.693 £ 0.001 
Mid-Range 0.628 £ 0.010 0.565 £ 0.007 0.555 £ 0.007 0.523 £ 0.002 
Laminar 1.072 £ 0.054 0.930 £ 0.042 0.854 £ 0.037 0.735 £ 0.029 

Port 3. Isokinetic 
Port 1, Isokinetic 

Turbulent 0.693 £ 0.001 0.721 £ 0.003 0.839 £ 0.002 1.221 £ 0.011 
Mid-Range 0.910 £ 0.015 0.919 £ 0.009 0.913 £ 0.024 0.983 £ 0.003 
Laminar 0.868 £ 0.034 0.776 £ 0.039 0.768 £ 0.042 0.606 £ 0.040 

X YAX-XAY . . w . , / A I » i / 2 . A x , . 1/2 
Y ± (Y+-AY)2' w n e r e A X = ts,/W) » a n d AY=tSy/(N) 
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TURBULENT N R e = 10,500 

PARTICLE SIZE (^m) 

Figure 12. Effect of Anisokinetic Sampling on Particle 
Concentration. 
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c o n d i t i o n s . These r e s u l t s can be understood 1f 1t 1s assumed 
t h a t , under laminar c o n d i t i o n s , segregat ion of the p a r t i c l e s by 
p a r t i c l e s i z e o c c u r s , with the l a rger p a r t i c l e s moving towards the 
w a l l . I s o k i n e t i c sampling w i l l sample the center of the m a n i f o l d , 
and, t h e r e f o r e , w i l l sample a greater number of smal ler s i z e 
p a r t i c l e s . When Vs > V(yj, some l o c a l turbulence 1s c r e a t e d , 
r e s u l t i n g 1n bet te r mixing and a more even d i s t r i b u t i o n of 
p a r t i c l e s 1n a l l s i z e ranges. Under a s t r i c t l y turbu lent regime 
with V$ < V^, l i n e a r behavior 1s observed, p a r t i c l e s i z e 1s 
not a s i g n i f i c a n t f a c t o r , and higher counts are seen under 
a n i s o k i n e t i c c o n d i t i o n s 1n a l l s i z e s . For V$ > Vjyj, p a r t i c l e 
s i z e 1s not a s i g n i f i c a n t f a c t o r e i t h e r . However, higher counts 
are seen under I s o k i n e t i c c o n d i t i o n s f o r p a r t i c l e s l a r g e r than 
0.4um, with smal ler counts seen fo r smal ler p a r t i c l e s under 
s i m i l a r c o n d i t i o n s . In the m1d~range v e l o c i t y , when Vs > VR, 
the trend p a r a l l e l s laminar f low with higher counts observed under 
a n i s o k i n e t i c c o n d i t i o n s . This 1s probably due to some segregat ion 
of the p a r t i c l e s by p a r t i c l  s i z  d iscussed e a r l i e  f o  lamina
f low, I n d i c a t i n g that eve
than 4000, the f low c h a r a c t e r i s t i c
s t r i c t l y t u r b u l e n t . When V$ < V^, the trend 1s s i m i l a r to 
that when V$ > VR, however p a r t i c l e s i z e 1s l ess s i g n i f i c a n t , 
and a n i s o k i n e t i c c o n d i t i o n s produce even l a r g e r counts than when 
V S > V M- T h 1 s m a y b e d u e t o a be t te r mixing when V$ < Vjyj 
s ince the vortex l i n e s crea te more turbulence under these 
c o n d i t i o n s than when Vjyj > V$. 

F igure 13 shows the comparison of counts obtained at port 3 
under I s o k i n e t i c c o n d i t i o n s , with those at port 2. D i v e r t i n g par t 
of the gas stream through a tee to port 2 produces an even greater 
d is turbance than that caused by a 9 0 ° bend 1n the system. 
Impaction at the d is turbance causes p a r t i c l e s to be deposi ted on 
the tube w a l l , with d e p o s i t i o n rates being lower for l a r g e r 
p a r t i c l e s . This reduced d e p o s i t i o n rate may be due to the l a r g e r 
p a r t i c l e s having s u f f i c i e n t momentum to bounce back and become 
re-entra1ned 1n the gas stream. The s u b s t a n t i a l d is turbance 
caused by the tee prevents redevelopment of the v e l o c i t y p r o f i l e , 
min imiz ing the stagnant boundary layer at the tube w a l l . Th is 
e f f e c t w i l l reduce the number of p a r t i c l e s that can remain 
deposi ted on the w a l l , thus causing the counts at port 2 to be 
greater than at port 3. The f low rate which should be laminar 
w i l l a l s o behave more l i k e the turbu lent f low r a t e s , because the 
laminar v e l o c i t y p r o f i l e w i l l not be redeveloped. 

As seen 1n F igure 14, 1f the counts obtained under I s o k i n e t i c 
and laminar c o n d i t i o n s at ports 1 and 3 are compared, 1t 1s found 
that the counts 1n port 1 are l a rger than those 1n port 3 and 
Increase as the p a r t i c l e diameter Increases . This phenomenon 
could be caused by f low d is turbances produced by the 9 0 ° bend. 
Many of the l a rger diameter p a r t i c l e s w i l l lose momentum 1n 
c o l l i s i o n s with the wal l at the bend and become deposi ted on the 
tube w a l l . The smal ler p a r t i c l e s w i l l remain suspended 1n the gas 
with minimal d is turbance due to the bend. On the other hand, t h i s 
e f f e c t may a l s o be caused by a segregat ion of p a r t i c l e diameters 
1n the bulk stream, with p a r t i c l e s having a l a r g e r diameter 
migra t ing away from the center of the stream. P a r t i c l e s with 
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diameters l ess than approximately 0.5 microns move under a 
Brownlan motion regime and those with large diameters are a f f e c t e d 
more by g r a v i t a t i o n a l forces as descr ibed by A l l e n (10) . Under 
tu rbu lent c o n d i t i o n s , p a r t i c l e s are again being deposi ted on the 
tube wal l a f t e r the bend. However, the trend 1s r e v e r s e d , with 
d e p o s i t i o n being greater fo r smal ler p a r t i c l e s . The l a rger 
p a r t i c l e s may have enough momentum to bounce back and become 
re-entra1ned Into the gas stream, whi le smal ler p a r t i c l e s may 
remain deposi ted on the w a l l . The d i f f e r e n c e 1n count between the 
two probes 1s a minimum at l a rger p a r t i c l e d iameters . This 
Ind icates that the losses of the l a rger p a r t i c l e s are minimal 
under turbu lent c o n d i t i o n s . At mid-range v e l o c i t i e s , there 1s 
l i t t l e dependence of counts on p a r t i c l e s i z e at e i t h e r probe. It 
appears that these c o n d i t i o n s are best su i ted for p a r t i c l e 
t r a n s f e r with minimal l o s s e s . 

Conclus ions 

The number of samples neede
d e v i a t i o n less than or
found to be s i x when p a r t i c l e counts were 2000 p a r t 1 c l e s / f t 3 

or g r e a t e r . If the p a r t i c l e concent ra t ion 1s lower, Increased 
count ing times and number of samples w i l l be requi red to a t t a i n 
the same l e v e l of s t a t i s t i c a l s i g n i f i c a n c e . 

The Importance of c h a r a c t e r i z i n g any pressure reducing or 
sampling dev ice with respect to the c o n d i t i o n s requi red to 
e l im ina te Intake of ambient p a r t i c u l a t e s has been demonstrated. 
S i g n i f i c a n t d i f f e r e n c e s 1n c o n d i t i o n requirements are p o s s i b l e 
between seemingly i d e n t i c a l d e v i c e s . 

The e f f e c t of sampling technique on t o t a l p a r t i c l e count and 
p a r t i c l e d i s t r i b u t i o n has a l s o been demonstrated. S ince there 1s 
no standard method of c a l i b r a t i n g p a r t i c l e counters and no 
d e f i n i t e way to determine the "true" p a r t i c l e count or 
d i s t r i b u t i o n 1n a gas stream, fo r the purposes of q u a l i f y i n g c lean 
rooms or gas streams, "worst case" or h ighest p a r t i c l e counts 
should be considered p r e f e r a b l e . Under both laminar and turbu lent 
c o n d i t i o n s , counts Increase over those under I s o k i n e t i c sampling 
c o n d i t i o n s , when f low 1s p a r t i a l l y d i v e r t e d through a tee to 
sample. If f low 1s d is tu rbed by p i p i n g elbows p a r t i c l e counts 
decrease due to d e p o s i t i o n on the pipe w a l l s . Th is e f f e c t 1s 
grea ter f o r l a r g e r p a r t i c l e s under laminar f low c o n d i t i o n s , and 
greater fo r smal ler p a r t i c l e s under turbu lent c o n d i t i o n s . 
P a r t i c l e counts are a l s o Increased by an1sok1net1c sampling except 
under turbu lent c o n d i t i o n s , when the sampling v e l o c i t y 1s greater 
than the main gas v e l o c i t y f o r p a r t i c l e s l a r g e r than about 0.4 
ym diameter . There fo re , f o r p a r t i c l e s with diameters l ess than 
or equal to 1.0 ym, turbu lent f low c o n d i t i o n s and an1sok1net1c 
sampling are p re fe r red to y i e l d the h ighest counts . 
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Microelectronics Processing Problem Solving: 
The Synergism of Complementary Techniques 

J. N. Ramsey 

IBM Corporation, Hopewell Junction, NY 12533 

It has been almost 2
the first application
solution of semiconductor/microelectronics problems(1). The need 
for small area chemical analysis has been strong in this field 
and is growing because of continuing miniaturization(2,3). The 
electron probe microanalyzer (and later the scanning electron 
microscope with energy dispersive analysis capability) has 
developed markedly over these 25 years. This small area 
analysis, almost exclusively elemental, has been essential for 
process development and problem solving. Elemental information, 
however, is often not sufficient. For example, finding hydrogen, 
carbon, oxygen and nitrogen in a particle does not add measurably 
to the identification of a material and its elimination from a 
process. Thus, the search has been for small area molecular 
analysis techniques to complement the elemental analysis. 

X-ray or electron diffraction allows identification of 
crystalline species by the long-used Hannawalt-Dow-ASTM-JCPDS 
system(4). Small particles can be removed for analysis in a 
small rotating specimen X-ray powder camera, or by extraction 
replication and selected area diffraction in a Transmission 
Electron Microscope (5). For those specimens where a residue of 
reactant or corrosion product is too adherent, the material may 
be removed for analysis by micro-bulldozing (with a microhardness 
indentor), micro-jack hammering (with a needle attached to a 
small piezoelectric crystal on a pencil-like rod), and 
micro-boring (with a precision controlled dental drill)(5). 
While these techniques are very useful, they fail with amorphous 
materials, organics and polymers. 

Polarized light microscopy has long been used in chemical 
and mineralogical studies, and was raised to a high level of 
applicability by Walter McCrone and associates, culminating in 
the extensive Particle Atlas(6), which included innumerable 
glasses, organics and polymers. 

Small area molecular spectroscopies are obviously desirable, 
but there have been problems of coupling a microscope and a 
spectrometer and retaining high efficiency energy transfer. This 
was solved for Raman spectroscopy by Dalhaye and 
Dhamelincourt(7), which resulted in 1 micron lateral-dimension 
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Raman i m a g i n g c a p a b i l i t y i n an i n s t r u m e n t ( t h e MOLE) p r o d u c e d by 
J o b i n - Y v o n ( 8 ) . T h i s t e c h n i q u e has been w i d e l y a p p l i e d ( s e v e r a l 
s y m p o s i a have been h e l d ) ( 9 , 1 0 ) i n c l u d i n g t h e f i e l d o f 
m i c r o e l e c t r o n i c s ( 1 1 , 1 2 ) . S m a l l a r e a i n f r a r e d a n a l y s i s h a s been 
made p o s s i b l e w i t h t h e i n t r o d u c t i o n o f a l l - r e f l e c t i n g i n f r a r e d 
m i c r o s c o p e o p t i c s f o r u s e w i t h e i t h e r d i s p e r s i v e o r FT i n f r a r e d 
i n s t r u m e n t s ( 1 3 ) . We have a p p l i e d t h i s t e c h n i q u e e x t e n s i v e l y t o 
p r o c e s s c o n t r o l p r o b l e m s i n m i c r o e l e c t r o n i c s 
m a n u f a c t u r i n g ( 1 4 - 1 6 ) . 

The v i b r a t i o n a l t r a n s i t i o n e n e r g i e s o f t h e m o l e c u l e s , w h i l e 
i n t h e i n f r a r e d p o r t i o n o f t h e s p e c t r u m , a r e " s e e n " a s t h e 
d i f f e r e n c e ( D e l t a ) between t h e i m p i n g i n g v i s i b l e l a s e r l i g h t and 
t h e s c a t t e r e d Raman l i g h t , a l s o i n t h e v i s i b l e . B o t h i n f r a r e d 
and Raman g i v e n o t o n l y a f i n g e r p r i n t o f e a c h m o l e c u l e , b u t a l s o 
i n f o r m a t i o n on i t s f u n c t i o n a l u n i t s and s t r u c t u r e . However, 
b e c a u s e t h e two methods r e s p o n d t o d i f f e r e n t quantum m e c h a n i c a l 
s e l e c t i o n r u l e s , t h e i n t e n s i t i e s o f f u n c t i o n a l g r o u p s and 
s t r u c t u r e s c a n v a r y , g i v i n g sometimes m a r k e d l y d i f f e r e n t 
f i n g e r p r i n t s o f t h e sam
Raman t o s t i m u l a t e i n f r a r e
( 1 1 , 1 7 ) : - S m a l l e r a n a l y t i c a l a r e a ( b e c a u s e t h e d i f f r a c t i o n 

l i m i t ( f o c u s s i n g ) o f v i s i b l e l i g h t l e s s t h a n lum v s . about 
15-20ym f o r i n f r a r e d ) 
Heavy m e t a l compounds w i t h v e r y l o w v i b r a t i o n a l f r e q u e n c i e s 
c a n be s e e n ( b e c a u s e w i t h Raman, t h e r a n g e e x t e n d s downward 
t o b e l o w 100cm , whereas i n f r a r e d s t o p s a t ab o u t 
500-600cm ) 
The s p e c t r u m c a n u s u a l l y be examined i n - s i t u ( b e c a u s e t h e 
Raman c a n be i n t h e r e f l e c t i v e mode, whereas w i t h i n f r a r e d , 
i n t h e t r a n s m i s s i o n mode , t h e s p e c i m e n must be t r a n s f e r r e d 
t o an i n f r a r e d t r a n s p a r e n t s u b s t r a t e - f o r t u n a t e l y f o r 
s i l i c o n d e v i c e w o r k , s i l i c o n i s t r a n s p a r e n t and u s u a l l y 
p a r t i c l e s c a n be a n a l y z e d i n s i t u ) . 

[*N0TE: ADDED IN PROOF: S i n c e t h i s c o n f e r e n c e , 
c o n s i d e r a b l e p r o g r e s s h a s b e e n made i n 
r e f l e c t i o n m i c r o s c o p e a t t a c h m e n t s on FTIR 
i n s t r u m e n t s ( 3 0 ) . ] 

Raman, however, a l s o has s e v e r a l d i s a d v a n t a g e s t h e a t need t o 
be worked a r o u n d . Raman s c a t t e r i n g i s weak, r e q u i r i n g h i g h l a s e r 
o p t i c a l power d e n s i t i e s t h a t may " b u r n " o r v o l a t i l i z e t h e sample 
( a l t h o u g h most s p e c i m e n s c a n be immersed i n a d r o p o f w a t e r , 
u n d e r a c o v e r g l a s s ( 1 7 ) ) . I n a d d i t i o n , t h e s p e c i m e n may 
f l u o r o s e c e , w h i c h w i l l o verwhelm t h e Raman s i g n a l , and a l l 
m a t e r i a l s do n o t have R a m a n - a c t i v e v i b r a t i o n a l b a n d s . T h u s , 
Raman and i n f r a r e d a r e v e r y complementary t e c h n i q u e s . 

L a s e r d e s o r p t i o n / i o n i z a t i o n and mass a n a l y s i s has been 
a v a i l a b l e i n t h e t r a n s m i s s i o n mode f o r s e v e r a l y e a r s ( 1 8 , 1 9 ) . 
T h i s t e c h n i q u e has r e c e n t l y been e x t e n d e d t o t h e much more u s e f u l 
r e f l e c t i o n mode as t h e LAMMA 1000 by L e y b o l d H e r a e u s ( 1 8 , 2 0 ) and 
t h e LIMA by Cambridge Mass S p e c t r o s c o p y Co.(21,22) I n t h e s e 
i n s t r u m e n t s , t h e r e g i o n o f i n t e r e s t i s l o c a t e d u n d e r a 
m i c r o s c o p e . The l a s e r beam i s f o c u s s e d and p u l s e d t h r o u g h a 
m i c r o s c o p e , p r o d u c i n g a p l a s m a t h a t f r a g m e n t s and i o n i z e s t h e 
m o l e c u l e s , w h i c h a r e t h e n a n a l y z e d i n a t i m e o f f l i g h t mass 
s p e c t r o m e t e r . One o f t h e m a j o r p a r a m e t e r s t o be c o n t r o l l e d and 
measured i s t h e l a s e r power, t o g e t r e p r o d u c i b l e f r a g m e n t a t i o n : 
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t h e f r a g m e n t p a t t e r n s h o u l d be r e c o g n i z a b l e t o an o r g a n i c mass 
s p e c t r o s c o p i s t and c l o s e t o t h o s e f r o m e l e c t r o n i m p a c t so t h a t 
t h e e x t e n s i v e l i t e r a t u r e and s p e c t r a l i b r a r i e s c a n be u t i l i z e d . 
I f t h e l a s e r power i s t o o h i g h and f r a g m e n t a t i o n e x t e n d s t o H, C, 
0 and N, t h e n , o f c o u r s e , l i t t l e m o l e c u l a r i n f o r m a t i o n i s 
o b t a i n e d . 

The most p r o d u c t i v e i n t e r a c t i o n o f an a n a l y t i c a l / 
c h a r a c t e r i z a t i o n group and t h e p r o c e s s d e v elopment and 
m a n u f a c t u r i n g p e o p l e who have t h e p r o b l e m , i s t o o p e r a t e i n a 
p r o b l e m - s o l v i n g mode. When y i e l d s , r e l i a b i l i t y , i n - p r o c e s s i n g 
t e s t i n g , o r some o t h e r c r i t i c a l p r o d u c t p a r a m e t e r s t a r t t o d r i f t , 
w h e t h e r i t i s i n d e v elopment o r m a n u f a c t u r i n g , t h e a n a l y s t s h o u l d 
n o t a c c e p t a l a r g e number o f s a m p l e s f o r e x h a u s t i v e e l e m e n t a l 
a n a l y s i s . I t s h o u l d be d e t e r m i n e d what t h e n a t u r e o f t h e p r o b l e m 
i s , o r what a t t r i b u t e s o f t h e p r o c e s s have s h i f t e d , o r what 
changes were made r e c e n t l y . ( E v e r y s o l u t i o n t o a p r o b l e m c a r r i e s 
w i t h i n i t t h e s e e d s o f t h e n e x t p r o b l e m . ) ( 3 ) The a t t i t u d e o f t h e 
a n a l y s t s h o u l d be "We a r e h e r e t o h e l p y o u by g e t t i n g t o know 
y o u r p r o c e s s , and i t
p r o c e s s s t e p s 1 1 . The a n a l y s
show d i f f e r e n c e s and t h e p r o p e r f o r m f o r t h e t e c h n i q u e s t o be 
employed ( f o r e x a m p l e , A u g e r o r ESCA s h o u l d n o t be p e r f o r m e d on a 
sample t h a t has been c a r r i e d a r o u n d i n a someone's h a n d s ) . 
C o n s t a n t and i t e r a t i v e i n t e r a c t i o n i s g e n e r a l l y r e q u i r e d , l e a d i n g 
t o d e s i g n o f e x p e r i m e n t s , c l a r i f i c a t i o n s , more (and d i f f e r e n t ) 
a n a l y s e s , u n t i l t h e p r o c e s s i s u n d e r s t o o d and t h e p r o b l e m i s 
s o l v e d . Sometimes t h e p r o c e d u r e i s s h o r t ; more o f t e n , w i t h t h e 
c o m p l e x p r o c e s s i n t e r a c t i o n s s o common i n t h e m i c r o e l e c t r o n i c s 
f i e l d , i t i s n o t . 

T h i s p r o b l e m s o l v i n g a p p r o a c h i s a l w a y s p r o d u c t i v e b e c a u s e 
e v e r y o n e " w i n s " : t h e p r o c e s s e n g i n e e r has more u n d e r s t a n d i n g f o r 
b e t t e r p r o c e s s c o n t r o l , and t h e a n a l y s t i s n o t j u s t an a n a l y s t 
b u t , by u s i n g b r o a d s c i e n c e and e n g i n e e r i n g c o n c e p t s , t h e a n a l y s t 
i s an i n t e g r a l p a r t o f t h e p r o c e s s i n g team. 

Examples o f P r o b l e m S o l v i n g by M o l e c u l a r A n a l y s i s 

A n a l y s i s o f I n t e r m e t a l l i c s - Need f o r M o l e c u l a r A n a l y s i s . 
The IBM c h i p j o i n i n g s y s t e m u s e s s o l d e r b o n d i n g i n a new l a r g e 
m o d u le, c a l l e d T h e r m a l C o o l e d M o d u l e , w h i c h r e q u i r e s an a b i l i t y 
t o remove and r e p l a c e c h i p s f o r e n g i n e e r i n g c h a n g e s . S t r e s s 
t e s t s made d u r i n g t h e d e v elopment p e r i o d o f t h e p r o g r a m r e q u i r e d 
i n - s i t u a n a l y s i s and c h a r a c t e r i z a t i o n o f t h e p h a s e s formed i n t h e 
r o u g h l y 50 m i c r o n d i a m e t e r v i a s on t h e c h i p s . F i g u r e 1 shows 
e l e c t r o n m i c r o p r o b e v i d e o s c a n s o f t h e i n t e r m e t a l l i c p h a s e s 
r e m a i n i n g on t h e Cr/Cu/Au bond pad v i a m e t a l l u r g y a f t e r s e v e r a l 
r e f l o w s and s u b s e q u e n t e t c h i n g away o f t h e s o l d e r . T h e r e a p p e a r 
t o be two t y p e s o f i n t e r m e t a l l i c s , w i t h d i f f e r e n t m o r p h o l o g i e s 
and d i f f e r e n t l e v e l s o f Cu and Sn ( i t i s n o t p o s s i b l e t o do a 
q u a n t i t a t i v e a n a l y s i s on r e g i o n s as s m a l l and i r r e g u l a r as t h e s e 
p a r t i c l e s s i n c e t h e e l e c t r o n beam c a n n o t be c o n t a i n e d i n a 
p a r t i c l e t o match c o n d i t i o n s w i t h e l e m e n t a l s t a n d a r d s ) . 

M i n i a t u r i z a t i o n i s p r o g r e s s i n g w i t h X - r a y d i f f r a c t i o n : a 
l o c a t a b l e 1 0 - m i c r o n d i a m e t e r a r e a c a n now be a n a l y z e d w i t h a 
m i c r o d i f f r a c t o m e t e r ( 2 3 , 2 4 ) . F i g u r e 2 shows t h a t b o t h Cu~Sn and 

In Microelectronics Processing: Inorganic Materials Characterization; Casper, L.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



25. R A M S E Y Microelectronics Processing Problem Solving 401 

F i g u r e 1 . I n t e r m e t a l l i c s a f t e r s o l d e r r e f l o w — e l e m e n t a l a n a l y s i s 
by e l e c t r o n p r o b e . 
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F i g u r e 2. D i f f e r e n t C u - S n i n t e r m e t a l l i c s f o r m e d on s o l d e r r e f l o w — 
X - r a y d i f f r a c t i o n . 
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Cu,Sn^ are present. The Au i n the Cr/Cu/Au f i l m attachment 
scheme on the S i chip a l s o forms Au-Sn i n t e r m e t a l l i c s , which 
mainly f l o a t i n t o the s o l d e r and have been etched away i n 
preparing these samples. In a d d i t i o n to phase a n a l y s i s , the 
departure from e q u i l i b r i u m l a t t i c e p o s i t i o n s can be i n t e r p r e t e d 
as a measure of the s t r e s s i n a c r y s t a l l i n e substance. Figure 3 
shows the decrease i n s t r e s s i n the Cu^Sn l a y e r as a f u n c t i o n of 
the number of r e f l o w s : the decrease i n s t r e s s was a t t r i b u t e d to 
s t r e s s - r e l i e f by c r a c k i n g and s p a l l i n g i n t o the s o l d e r (which was 
v e r i f i e d by SEM). 

E x t r a c t i o n R e p l i c a t i o n ( C r y s t a l s i n F i r e d Moly). The m u l t i l a y e r 
ceramic package that i s used by IBM has a s i n t e r i n g operation i n 
which the alumina/glass body undergoes s i n t e r i n g - w i t h - a - l i q u i d 
phase simultaneously w i t h the f i r i n g of the molybdenum lands. 
This i s a complex process, r e q u i r i n g c l o s e c o n t r o l over incoming 
m a t e r i a l s and processes(25). The molybdenum surface i s 
e l e c t r o l e s s n i c k e l p l a t e d d e l e c t r o l e s  " f l a s h " gold p l a t e d t
provide a s o l d e r a b l e
the program, there wa
p l a t i n g a f t e r a subsequent thermal operation. Figure 4a shows an 
SEM micrograph of such a b l i s t e r , which has been opened and l a i d 
back w i t h a needle to expose m a t e r i a l f o r a n a l y s i s . A smaller 
b l i s t e r i s seen towards 12 o'clock from the b i g b l i s t e r . Figure 
4b, an enlargement, shows a c a v i t y network under the b l i s t e r and 
Figure 4c shows that the c a v i t y i s l i n e d w i t h needle or rod 
c r y s t a l l i t e s and some p l a t e l e t s . Energy d i s p e r s i v e X-ray 
a n a l y s i s showed p r i m a r i l y aluminum, magnesium and s i l i c o n . The 
c r y s t a l l i t e s were ex t r a c t e d on a r e p l i c a ( 5 ) , and e l e c t r o n 
d i f f r a c t i o n was done: the needles (rods) are m u l l i t e w h i l e the 
p l a t e s are a n o r t h i t e . These unexpected phases were necessary 
clues to i n s t i t u t e process development changes and c o n t r o l s to 
e l i m i n a t e the v o i d s , which had trapped p l a t i n g s o l u t i o n . These, 
i n t u r n , expanded and loosened or burst the p l a t i n g during the 
next thermal excursion. Thus, appropriate small area a n a l y s i s 
gave a proper diagnosis (what appeared to be a p l a t i n g problem 
was r e a l l y a s i n t e r i n g problem) and l e d to greater process 
understanding and c o n t r o l s . P a r t of t h i s was a t i g h t e n i n g of the 
composition l i m i t s on the g l a s s , which i s c o n t r o l l e d by a 
M a t e r i a l s Engineering S p e c i f i c a t i o n . Such s p e c i f i c a t i o n s are 
seen to be " l i v i n g " documents, being tightened or loosened as 
t r a d e - o f f s occur i n y i e l d / c o s t of product/cost of m a t e r i a l s / c o s t 
of c o n t r o l s . 

Au-Sn Braze M a t e r i a l - Why Doesn't I t Work? In the e a r l y 
development stages of a b r a z i n g o p e r a t i o n , Au-Sn b r a z i n g a l l o y 
preforms were used to o b t a i n a hermetic s e a l . A problem arose 
when leakers occurred p e r i o d i c a l l y . The process, good and bad 
product and the m a t e r i a l s (there was no <i p r i o r i i d e n t i f i c a t i o n 
of good and bad) were examined using metallography, e l e c t r o n 
probe, Auger, ESCA, X-ray d i f f r a c t i o n , thermal a n a l y s i s ( f o r 
m e l t i n g p o i n t ) and Plasma Chromatography/Mass Spectroscopy (to 
check f o r p o s s i b l e organic f i l m s , such as r o l l i n g and c u t t i n g 
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Figure 3. C^Sn i n t e r m e t a l l i c stress vs  number of solder reflows-
X-ray d i f f r a c t i o n . 

Figure 4. SEM of b l i s t e r e d n i c k e l over f i r e d molybdenum v i a — 
opened with needle, showing m u l l i t e and anor t h i t e . 
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o i l s t h a t s u r v i v e d t h e c l e a n i n g o p e r a t i o n s ) . N o t h i n g was f o u n d 
t h a t i n d i c a t e d any t y p e o f p r o b l e m , so i t was recommended t o 
c l e a n up and o p t i m i z e t h e p r o c e s s . The p r o c e s s was e v e n t u a l l y 
p u t i n t o m a n u f a c t u r i n g , where p r o b l e m s a g a i n o c c a s i o n a l l y 
d e v e l o p e d b u t t h e y were more g r o u p e d o r c l u s t e r e d i n t i m e . 
S o m e t h i n g new had been added: m a n u f a c t u r i n g l i n e d i s c i p l i n e . 
P r o c e s s and m a t e r i a l s s p e c i f i c a t i o n s had been e s t a b l i s h e d , 
i n c l u d i n g v e n d o r l o t c o n t r o l on t h e p r e f o r m s . M a n u f a c t u r i n g 
p r o c e s s e n g i n e e r s c o u l d now o b s e r v e t h a t t h e r e was a l o t - t o - l o t 
dependence on t h e p r e f o r m s . A g a i n t h e p r o c e s s e s and m a t e r i a l s 
were e x a m i n e d , and a g a i n n o t h i n g was f o u n d t o c o n f i r m t h e 
o b s e r v a t i o n o r t o a s s i s t t h e p r o c e s s e n g i n e e r s . However, a n e w l y 
d e s i g n e d T h e t a - T h e t a X - r a y d i f f r a c t i o n u n i t ( 2 3 ) w i t h h o t s t a g e , 
i n w h i c h t h e s p e c i m e n r e m a i n e d h o r i z o n t a l , a l l o w e d m e l t i n g and 
r e - m e l t i n g s t u d i e s t o be p r e f o r m e d by c y c l i n g t h r o u g h t h e m e l t i n g 
p o i n t ( 2 6 ) u n d e r c o n t r o l l e d e n v i r o n m e n t s . T h i s equipment a l l o w e d 
us t o t e s t t h e h y p o t h e s i s t h a t s i n c e t h e r e were n o t o r g a n i c s (by 
PC/MS) t h e r e must be t i  o x i d  i  t h  s p e c i m e n  Th  p r e f o r
h e l d a few d e g r e e s o v e
h o u r s t o a l l o w any S n 0
( t h e r m o d y n a m i c a l l y , SnO^ s h o u l d n o t decompose a t 283°C), and t h e n 
c o o l e d t o room t e m p e r a t u r e . F i g u r e 5 shows X - r a y d i f f r a c t i o n 
s c a n s o f a "bad 1 1 p r e f o r m b e f o r e and a f t e r t h e r m a l c y c l i n g , i n 
w h i c h t h e b u i l d - u p o f SnO« i s q u i t e e v i d e n t , whereas t h e r e was no 
s u c h b u i l d - u p i n t h e "good" p r e f o r m . T h i s c a n be s e e n i n F i g u r e 
6 i n w h i c h r e f l e c t i o n e l e c t r o n d i f f r a c t i o n shows s i g n i f i c a n t l y 
more S n 0 2 i n t h e "bad 1 1 ( o p t i c a l m i c r o s c o p y a l s o showed a r e d d i s h 
c o l o r ) . T hus, t h e m e l t e d s u r f a c e a f t e r p r e - t i n w o u l d i n d e e d show 
l o t - t o - l o t v a r i a t i o n s w h i c h c o u l d " t i p a p r o c e s s o v e r t h e edge" 
i f i t was n o t p r o p e r l y c e n t e r e d o r o p t i m i z e d . T h i s SnO^ 
i n f o r m a t i o n showed t h a t t h e v e n d o r had been r e - u s i n g s c r a p t h a t 
had o x i d i z e d d u r i n g r o l l i n g and s t a m p i n g i n t h e s t a r t i n g m a t e r i a l 
f o r h i s n e x t r o l l i n g and s a m p l i n g o p e r a t i o n , t h u s a l l o w i n g 
v a r i a t i o n o f S n 0 2 w i t h i n and between l o t s . As a r e s u l t , t h e 
s p e c i f i c a t i o n s and v e n d o r m a n u f a c t u r i n g p r o c e d u r e s were 
t i g h t e n e d . Now t h a t t h e SnO« " n o i s e " i n t h e b r a z i n g p r o c e s s was 
i d e n t i f i e d and e l i m i n a t e d , i t was p o s s i b l e t o u n l a y e r t o t h e n e x t 
m a j o r p r o c e s s d e t r a c t o r ( a c o n t a m i n a t i o n ) w h i c h a l l o w e d a 
r e - o p t i m i z a t i o n o f t h e e n t i r e p r o c e s s . I n c i d e n t a l l y , a 
r e - a n a l y s i s showed t h a t t h e p r e v i o u s p r o b l e m p a r t s i n d e v elopment 
had t h e same SnO^. Thus, an e a r l y s i g n a l was n o t p i c k e d up due 
t o t h e l a c k o f m a n u f a c t u r i n g - s t y l e l i n e d i s c i p l i n e i n t h e 
d e v e l o p m e n t e n v i r o n m e n t and t h e l a c k o f i n s i g h t and c a p a b i l i t i e s 
f o s t e r e d by t h e new i n - s i t u h o t s t a g e XRD m e l t i n g and w e t t i n g 
e x p e r i m e n t s . 

T h e r e was a l a t e r p r o b l e m o f some l o t s o f AuSn b r a z e p a s t e s 
n o t w e t t i n g s a t i s f a c t o r i l y . I n v e s t i g a t i o n o f l i n e y i e l d d a t a 
r e v e a l e d t h a t t h e p r o b l e m s were a c t u a l l y AuSn p o w d e r - l o t 
d e p e n d e n t , even t h o u g h t h e y were w i t h i n s p e c i f i c a t i o n . The 
p r e v i o u s s u c c e s s o f X - r a y d i f f r a c t i o n d i c t a t e d i t s a p p l i c a t i o n t o 
t h i s p r o b l e m . The p r o c e d u r e was r e p e a t e d , w i t h t h e r e s u l t s i n 
F i g u r e 7, where a "bad" l o t o f powder showed no SnO^ a s - r e c e i v e d , 
b u t showed SnO ? a f t e r m e l t i n g u n d e r f o r m i n g g a s . T h i s d i d n o t 
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F igure 6. R e f l e c t i o n d i f f r a c t i o n of Au-Sn preforms a f t e r m e l t i n g , 
(a) "Good preform shows Au-Sn p lus minor Sn02 r e f l e c t i o n s . (b) 
"Bad" preform shows Au-Sn p lus major Sn02 r e f l e c t i o n s . 
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happen w i t h t h e "good" powder. ESCA c o n f i r m e d an i n c r e a s e i n 
Sn0„ on t h e "bad" powder, b u t b e c a u s e t h e r e wase some SnO^ even 
on t h e "good" powder (remember ESCA i s l o o k i n g a t o n l y t h e o u t e r 
3.5-5.0nm) i t l a c k e d t h e d e f i n i t i v e go/no-go d i s t i n c t i o n o f 
F i g u r e 7. The m a r k e d l y d i f f e r e n t a p p e a r a n c e o f t h e two samples 
a f t e r t h e m e l t i n g u n d e r f o r m i n g gas i n t h e X - r a y 0-0 
d i f f T a c t o m e t e r p r o v i d e d an a d d i t i o n a l t e s t f o r i n c o m i n g l o t s o f 
powder: t h e SnO^ t h e n f l o a t e d t o t h e s u r f a c e upon m e l t i n g 
p r o v i d e d a d i s t i n c t i v e r e d d i s h v i s u a l c a s t even t h o u g h i t was 
d i f f i c u l t t o p h o t o g r a p h . The "bad" powder c o u l d , o f c o u r s e , be 
s a l v a g e d by e t c h i n g . 

I n a d v e r t e n t E-Beam P o l y m e r i z e d F i l m . T h i s i s an example o f t h e 
s o l u t i o n t o a p r o b l e m b e i n g t h e b a s i s o f f u t u r e p r o b l e m s . 

I n e l e c t r o n o p t i c s c o l u m n s , t h e r e a r e e l e c t r o n beam 
f o r m i n g / s h a p i n g a p e r t u r e s t h a t d e v e l o p c o n t a m i n a t i o n f i l m s w i t h 
u s e due t o t h e p o l y m e r i z a t i o n o f h y d r o c a r b o n s by t h e e l e c t r o n 
beam i n t h e vacuum. T h i  i n s u l a t i n  f i l  i
o r d e r t o e l i m i n a t e t h
t h e beam c a u s e d by c h a r g i n
s o l u t i o n f o r t h i s p r o b l e m o f f r e q u e n t down-time has been t o h e a t 
t h e a p e r t u r e s t o a h i g h enough t e m p e r a t u r e t o g i v e a z e r o 
s t i c k i n g c o e f f i c i e n t . T h u s , s m a l l t h i n f i l m r e s i s t o r s were 
d e s i g n e d i n t o an E-beam p h o t o r e s i s t e x p o s u r e s y s t e m . The s y s t e m 
was u s e d q u i t e s u c c e s s f u l l y f o r s e v e r a l y e a r s by m a i n t a i n i n g a 
s c h e d u l e f o r a l l p a r t s , i n c l u d i n g t h e a p e r t u r e h e a t e r s . 
R e c e n t l y , beam r e s o l u t i o n and d e f l e c t i o n p r o b l e m s began t o 
a p p e a r . I t was f o u n d t h a t t h e s h a p i n g a p e r t u r e p l a t e had 
d e v e l o p e d a f i l m a r o u n d t h e a p e r t u r e i n t h e c h a r a c t e r i s t i c 
c i r c u l a r beam p a t t e r n . I t was p o s t u l a t e d t h a t a new p h o t o r e s i s t 
was o u t g a s s i n g and p r o v i d i n g t h e c o n t a m i n a t i o n f i l m , and i t w o u l d 
be n e c e s s a r y t o know what m a t e r i a l was i n v o l v e d . R e f l e c t a n c e 
F o u r i e r T r a n s f o r m I n f r a r e d ( F T I R ) was r e q u i r e d f o r a m o l e c u l a r 
a n a l y s i s o f t h e f i l m . To c h e c k f o r p o s s i b l e s u r f a c e p o l a r i z a t i o n 
d i s t o r t i o n s i n g r a z i n g a n g l e s p e c t r a , two a n g l e s were u s e d - as 
s e e n i n ^ F i g u r e 8. The s p e c t r a a r e t h e same a t 82° and 88°; t h e 
1734cm a b s o r p t i o n i s t h e c a r b o n y l o f e s t e r , w h i l e t h e 1271 i s 
t h e C-0 s t r e t c h o f a r o m a t i c e s t e r . T h i s i n d i c a t e s t h a t t h e 
unknown m a t e r i a l was an a r y l e s t e r , p o s s i b l y a p h t h a l a t e , o r , 
more l i k e l y , an a l k y d r e s i n . W h i l e i t was known t h a t none o f t h e 
v a r i o u s r e s i s t s , s o l v e n t s , c l e a n i n g s o l u t i o n s and vacuum s y s t e m 
l u b r i c a n t s w o u l d m a t c h , s p e c t r a were r u n anyway on t h e chance 
t h a t s o m e t h i n g was c o n t a m i n a t e d . T h e r e were no m a t c h e s . When, 
a f t e r c l e a n i n g , t h e a p e r t u r e p l a t e a g a i n d e v e l o p e d an i n s u l a t i v e 
f i l m , t h e E-beam u n i t was s t r i p p e d down f o r c l e a n i n g , 
p r e v e n t a t i v e m a i n t e n a n c e , and f u r t h e r d e t e c t i v e work. An a l e r t , 
e x p e r i e n c e d t e c h n i c i a n n o t e d t h a t t h e a p e r t u r e h e a t e r was brown 
i n s t e a d o f b e i n g c l e a r , as u s u a l . An i s o p r o p y l a l c o h o l ( I P A ) 
e x t r a c t i o n was a n a l y z e d by FTIR. The s p e c t r u m i s shown i n F i g u r e 
9, a l o n g w i t h a s p e c t r u m f r o m F i g u r e 8 f o r c o m p a r i s o n . The match 
i s o b v i o u s . The m a t e r i a l was o u t g a s s i n g a t t h e o p e r a t i n g 
t e m p e r a t u r e o f t h e r e s i s t o r h e a t e r . 
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Figure 8. FTIR spectra of contamination layer on E-beam aperture at 
two r e f l e c t i v e angles. 

Figure 9. FTIR spectra of contamination layer on E-beam aperture, 
and IPA extract of new r e s i s t o r coating. 
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What a r e t h e l e s s o n s t o be l e a r n e d f r o m t h i s example? The 
e a r l y q u e s t i o n we a s k i s , "What have y o u changed i n t h e p r o c e s s ? " 
The answer was " n o t h i n g " — and t h i s was c o r r e c t . The r e s i s t o r 
h e a t e r v e n d o r changed an S i O - c o a t i n g t o an o r g a n i c c o a t i n g as a 
c o s t r e d u c t i o n . We had q u a l i f i e d t h e h e a t e r w i t h S i O ^ and had 
b u i l t p u r c h a s e s p e c i f i c a t i o n s a r o u n d i t . T hese were v i o l a t e d by 
t h e v e n d o r who made p r o c e s s / m a t e r i a l changes w i t h o u t o u r 
knowl e d g e . A l s o , t h e change was n o t n o t i c e d by r e l a t i v e l y new 
p e r s o n n e l d o i n g t h e l a s t two p r e v e n t a t i v e m a i n t e n a n c e o p e r a t i o n s . 
The h i g h v a l u e o f good o b s e r v a t i o n by e x p e r i e n c e d p e o p l e ( n o t i n g 
t h e b r o w n i s h h e a t e r ) s a v e d c o n s i d e r a b l e a n a l y s i s t i m e o f 
v i r t u a l l y e v e r y t h i n g i n t h e E-beam column t o t r a c k down t h e 
s o u r c e o f t h e v a p o r . 

I s Y o u r S o l d e r Pad J o i n i n g " H a i r y " ? As p a r t o f a s o l d e r / f l u x / 
c l e a n i n g p r o c e d u r e , t h e r e s i d u e i n F i g u r e 10 ( i n s e r t ) was 
p r o d u c e d . The r e s i d u e c o n s i s t s o f 6xl0um l e a f - l i k e c r y s t a l s on a 
c e r a m i c s u b s t r a t e . The l o c a t i o n o f t h e r e s i d u e p r e v e n t e d i t s 
a n a l y s i s i n - s i t u , so
some o f t h e c r y s t a l s f o
t e c h n i q u e s , as needed. E l e c t r o n p r o b e m i c r o a n a l y s i s showed l e a d , 
c a r b o n and o x y g e n , w h i c h c o u l d i n d i c a t e many p o s s i b i l i t i e s . 
S m a l l a r e a i n f r a r e d a n a l v ^ i s p r o d u c e d t h e s p e c t r u m i n F i g u r e 10; 
t h e a b s o r p t i o n a t 1400cm was i n t e r p r e t e d as b a s i c l e a d 
c a r b o n a t e . T h i s was a l s o c o n f i r m e d by e l e c t r o n d i f f r a c t i o n o f 
t h e same c r y s t a l s . Raman m i c r o p r o b e gave c o n f l i c t i n g d a t a 
b e c a u s e t h e l e a d c a r b o n a t e decomposed u n d e r t h e l a s e r beam, 
g i v i n g a m i x t u r e o f " d a u g h t e r " p r o d u c t s ( m i x t u r e s c o n s t i t u t e a 
" r e a l w o r l d " a n a l y t i c a l p r o b l e m ) . 

Who E x f o l i a t e d i n t h e C l e a n i n g Tank? A c o n t a m i n a t i o n p r o b l e m 
d e v e l o p e d i n a d e v i c e l i n e c l e a n i n g o p e r a t i o n : p a r t i c u l a t e 
c o n t a m i n a t i o n m o n i t o r s ( f l a m e d S i w a f e r s ) showed many 
p a r t i c u l a t e s , as i n F i g u r e 11. [(d o n e i n - s i t u b e c a u s e S i i s 50% 
t r a n s m i s s i v e i n t h e i n f r a r e d . ) ] The i n - s i t u s m a l l a r e a i n f r a r e d 
s p e c t r u m ( i n d i c a t e s ) z e i n , a c o r n - d e r i v e d p r o t e i n , w h i c h h a s o v e r 
100 c o m m e r c i a l u s e s , many i n p a p e r p r o c e s s i n g . However, as b a r e 
p a p e r i s n o t a l l o w e d i n t h i s c l e a n a r e a , a n o t h e r s o u r c e o f z e i n 
had t o be f o u n d . Z e i n i s a l s o w i d e l y u s e d i n c o s m e t i c s as a 
powder o r " p a n c a k e " make-up b a s e . T h u s , i n a l l l i k e l i h o o d , some 
o p e r a t o r had v i o l a t e d t h e r u l e s r e g a r d i n g c o s m e t i c s i n t h e c l e a n 
room, and " e x f o l i a t e d " o v e r t h e c l e a n i n g s t a t i o n t a n k s . 

P a r t i c l e s on R e c o r d i n g S u r f a c e . One o f o u r development l i n e s had 
a p r o b l e m , w i t h ~10um p a r t i c u l a t e c o n t a m i n a t i o n on a r e c o r d i n g 
s u r f a c e , w h i c h c a u s e d , " d r o p p e d b i t s " on r e a d i n g , and s u b s e q u e n t 
r e - w r i t i n g ( 2 7 ) . I n - s i t u s m a l l a r e a Raman a n a l y s i s ( t o p two 
s p e c t r a o f F i g u r e 12) showed t h e m a t e r i a l t o be p o l y p r o p y l e n e 
( c o m p a r i n g i t w i t h t h e b o t t o m s p e c t r u m ) . P o l y p r o p y l e n e , we were 
t o l d , was n o t a p o s s i b l e c o n t a m i n a n t b e c a u s e t h e r e was no 
p o l y p r o p y l e n e i n t h e m a t e r i a l s o f c o n s t r u c t i o n o r p a c k a g i n g . A 
f u r t h e r l o o k a t t h e package r e v e a l e d t h a t a p a p e r - l i k e m a t e r i a l 
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800 1000 1200 1400 1600 1800 

WAVE NUMBER (cm" 1) 

Figure 12. Particles on recording surface—by small area Raman. 
(Reproduced with permission from Ref. 21_. Copyright 1983 Inter
national Conference on X-ray Optics and Microscopy.) 
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was u s e d t o " c l e a n " t h e s u r f a c e on command. T h i s m a t e r i a l was 
" t e a s e d " a p a r t and examined m i c r o s c o p i c a l l y ( i n s e r t F i g u r e 1 3 ) . 
T h e r e a r e s m a l l n o d u l e s i n t h e f i b e r s t o h e l p h o l d t h e f i b e r s 
t o g e t h e r . The f i b e r s a r e shown t o be c e l l u l o s i c by c o n v e n t i o n a l 
i n f r a r e d a n a l y s i s and by p o l a r i z e d l i g h t t e c h n i q u e s . The n o d u l e s 
a r e shown t o be p o l y p r o p y l e n e by s m a l l a r e a Raman ( t h i r d 
s p e c t r u m , F i g u r e 12) and by s m a l l a r e a i n f r a r e d ( F i g u r e 1 3 ) . Was 
t h i s i n d e e d t h e s o u r c e o f t h e p r o b l e m p o l y p r o p y l e n e p a r t i c l e s ? 
We c o u l d n o t be s u r e b e c a u s e , w h i l e t h i s was t h e o n l y known 
s o u r c e , t h e r e were no d i s t i n g u i s h i n g e l e m e n t s u n i q u e t o t h e s e 
p o l y p r o p y l e n e s ( e l e c t r o n m i c r o p r o b e and LAMMA showed T i , b u t t h a t 
i s t h e u s u a l c a t a l y s t i n p o l y p r o p y l e n e s ) . The " p r o o f " came when 
a d i f f e r e n t v e n d o r ' s f i l t e r p a p e r ( w i t h o u t n o d u l e s o f any t y p e ) 
was u s e d w i t h o u t s u b s e q u e n t p r o b l e m s . 

What d i f f i c u l t i e s d i d we e n c o u n t e r w i t h t h e s e a n a l y s e s ? The 
p a r t i c l e s were embedded i n t h e r e c o r d i n g medium and were 
d i f f i c u l t t o remove, g i v i n g f r a g m e n t s w h i c h were d i f f i c u l t t o 
c o l l e c t t o g e t h e r on a  i n f r a r e d t r a n s p a r e n t s u b s t r a t  f o  s m a l l 
a r e a i n f r a r e d . The f i b e r
f o r s m a l l a r e a i n f r a r e d
a r e a IR f a i l e d . LAMMA f r a g m e n t e d t h e f i b e r s and n o d u l e s t o o 
much: i t a l s o f a i l e d ( s e e l a t e r f o r LAMMA s u c c e s s e s ) . 

P a r t i c u l a t e A n a l y s i s : I s i t N y l o n o r S k i n ? N y l o n and human 
s k i n a r e v e r y common c o n s t i t u e n t s o f c o n t a m i n a t i o n i n c l e a n rooms 
(and n o t - s o - c l e a n rooms, t o o ) . The N y l o n comes f r o m garments and 
b u s h i n g s / g e a r s , w h i l e humans a r e c o n s t a n t l y e x f o l i a t i n g s k i n 
f l a k e s and f r a g m e n t s . We have had g r e a t s u c c e s s w i t h s m a l l a r e a 
i n f r a r e d ( 1 4 , 1 5 , 1 6 ) and s m a l l a r e a R a m a n ( l l , 1 2 ) . However, R.M. 
S c o t t p o i n t e d o u t ( 1 5 ) t h a t , as N y l o n and s k i n a r e b o t h a m i d e s , 
t h e i r i n f r a r e d s p e c t r a a r e q u i t e s i m i l a r , r e q u i r i n g f u l l w i d t h a t 
h a l f maximum measurements on h i g h r e s o l u t i o n s p e c t r a t o 
d i s t i n g u i s h . F i g u r e 14 i s t h e IR s p e c t r u m o f f l u o r e s c e n t 
h e m i s p h e r i c a l p a r t i c l e s f o u n d on o u r modules a f t e r a b r a z i n g 
o p e r a t i o n , s h o w i n g t h a t N y l o n s h r e d s o r t h r e a d s h ad m e l t e d . 
F i g u r e 15 shows t h e IR s p e c t r u m o f s k i n . Raman and p o l a r i z e d 
m i c r o s c o p y were e x p l o r e d a s i m p r o v e m e n t s , w i t h t h e l a t t e r b e i n g 
e s p e c i a l l y s u c c e s s f u l . The v e r y h i g h b i - r e f r i n g e n c e o f drawn 
N y l o n (1.580 i n d e x o f r e f r a c t i o n a x i a l l y , w i t h 1.520 t r a n s v e r s e ) 
c o u p l e d w i t h i t s d i s t i n c t i v e h e m i s p h e r i c a l f o r m w i t h d i m p l e d 
c r a t e r s a f t e r m e l t i n g (~265°C) a l l o w s u n e q u i v o c a l d i f f e r e n t i a t i o n 
f r o m s k i n , w i t h i t s l o w b i - r e f r i n g e n c y (~1.530 i n d e x o f 
r e f r a c t i o n ) w i t h no change o f shape ( b u t d a r k e n i n g i n c o l o r ) on 
b e i n g h e a t e d t o ~ 2 6 5 ° C ) . I n a d d i t i o n , t h e o i l s and s a l t s i n s k i n 
o u t g a s a t room t e m p e r a t u r e (and e s p e c i a l l y a f t e r ~265°C).(27) 

A n a l y s e s W i t h The LAMMA 1000. As m e n t i o n e d e a r l i e r , t h e d e g r e e 
o f f r a g m e n t a t i o n o f a m o l e c u l e c o n t r o l s t h e amount o f u s e f u l 
i n f o r m a t i o n t o l e a d t o a m o l e c u l a r a n a l y s i s . I m e n t i o n e d two 
examples o f e x c e s s i v e f r a g m e n t a t i o n . T h e r e f o r e , p r e c i s e c o n t r o l 
and measurement o f v e r y l o w l a s e r power a p p l i e d t o t h e s p e c t r u m 
i s e s s e n t i a l . F r a n k A n d e r s o n , a n a l y t i c a l c h e m i s t o f my 
l a b o r a t o r y , c a r r i e d o v e r a c o n c e p t f r o m h i s T r a n s m i s s i o n E l e c t r o n 
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M i c r o s c o p y e x p e r i e n c e , v i z , t h r o u g h - f o c u s s e r i e s , i n t o t h e LAMMA. 
D e f o c u s s i n g o b v i o u s l y r e d u c e s t h e e n e r g y d e n s i t y o f t h e beam i n 
t h e s a m p l e , a l l o w i n g one t o i r r a d i a t e t h e sample w i t h o u t even 
v o l a t i l i z a t i o n and i o n i z a t i o n . Then, by p r o g r e s s i v e l y i m p r o v i n g 
t h e f o c u s and p u l s i n g t h e l a s e r , one c a n go t h r o u g h i n i t i a l 
d e s o r p t i o n and s o f t f r a g m e n t a t i o n and i o n i z a t i o n t o t h e p o i n t o f 
extre m e f r a g m e n t a t i o n , where t h e s p e c t r u m i s n o t r e c o g n i z a b l e . 
T hus, w h i l e t h e l a s e r power, p e r s e , i s c o n s t a n t and s t a b i l i z e d , 
t h e power t o t h e s p e c i m e n i s v a r i a b l e and c o n t r o l l e d , a l l o w i n g 
f r a g m e n t a t i o n t h a t c a n be r e c o g n i z e d by an e x p e r i e n c e d o r g a n i c 
mass s p e c t r o s c o p i s t ( 2 7 ) . F r a n k A n d e r s o n and Hans H e i n e n ( o f 
L e y b o l d - H e r a e u s ) worked o u t t h i s p r o c e d u r e w h i c h has been 
d i s c u s s e d e l s e w h e r e ( 2 8 ) , and have p r o v i d e d some o f t h e i r e a r l y 
r e s u l t s t o known o r g a n i c m a t e r i a l s , w h i c h e n a b l e d them t o 
i d e n t i f y an unknown m a t e r i a l w i t h i n t h e scope o f t h i s p r e s e n t 
p a p e r , namely s m a l l a r e a m o l e c u l a r a n a l y s i s a p p l i e d t o 
m i c r o - e l e c t r o n i c d e v i c e f a b r i c a t i o n p r o b l e m s . The a t t e m p t was t o 
g e t LAMMA f r a g m e n t a t i o  r e p r o d u c i b l d t  p r o d u c  s p e c t r
r e c o g n i z a b l e t o an " o r g a n i c
and m e a s u r i n g t h e l o
sample m a t e r i a l s , w e l l c h a r a c t e r i z e d by E l e c t r o n Impact/Mass 
S p e c t r o s c o p y , were c h o s e n and a r e g i v e n b e l o w . 

F i g u r e 16 shows t h e LAMMA 1000 n e g a t i v e s p e c t r u m f r o m 
Benzophenone, an a r o m a t i c k e t o n e w i t h a m o l e c u l a r mass o f 182. 
The b a s e peak by LAMMA i s 183, p r o b a b l y f r o m t h e p r o t o n a t i o n by 
t h e a b s t r a c t i o n o f h y d r o g e n f r o m a s e c o n d m o l e c u l e o f 
benzophenone. T h i s p r o c e s s c o u l d o c c u r b e c a u s e o f t h e h i g h e r 
v a p o r p r e s s u r e o f benzophenone i n t h e l a s e r beam. T h i s r e a c t i o n 
w o u l d be p r e s s u r e s e n s i t i v e and p o s s i b l y even l o w e r l a s e r powers 
w o u l d g i v e 182. EI/MS a l s o g i v e s t h e 105 and 77 p e a k s . 

F i g u r e 17 shows t h e LAMMA 1000 n e g a t i v e s p e c t r u m o f 
Rhodamine B, an i n d i c a t o r d y e . N e i t h e r LAMMA o r E I " s e e s " t h e 
f u l l m o l e c u l e (478) b e c a u s e HC1 i s l o s t , g i v i n g a p a r e n t peak o f 
442. As i n d i c a t e d , a l l E I mass peaks a r e f o u n d i n LAMMA, a l o n g 
w i t h many e x t r a n e o u s p eaks t h a t m i g h t c o n f u s e a n o v i c e mass 
s p e c t r o s c o p i s t , b u t e x p e r i e n c e d o r g a n i c mass s p e c t r o s c o p i s t s c a n 
" s e e " t h e p e r t i n e n t p e a k s . T h i s p o i n t s o u t t h e h i g h l e v e l 
b a c k g r o u n d r e q u i r e d i n t h e e a r l y ( ? ) s t a g e s o f any 
a n a l y t i c a l / c h a r a c t e r i z a t i o n t e c h n i q u e , e s p e c i a l l y f o r o r g a n i c s . 

F i g u r e 18 shows t h e LAMMA 1000 n e g a t i v e s p e c t r u m f o r P o l y 
A l p h a M e t h y l S t y r e n e , an u n z i p p a b l e p o l y m e r (meaning t h a t i t 
b r e a k s a p a r t s e q u e n t i a l l y as monomers). A g a i n , an E I mass 
s p e c t r o s c o p i s t w o u l d r e c o g n i z e t h e m a t e r i a l . 

F i g u r e 19 shows t h e LAMMA 1000 p o s i t i v e s p e c t r a o f I r g a n o x 
1010 ( C i b a G e i g y W ) , a h i g h m o l e c u l a r w e i g h t ( 1 1 7 6 ) , 
m u l t i f u n c t i o n a l a n t i - o x i d a n t and t h e r m a l s t a b i l i z e r . The LAMMA 
matches t h e E I s p e c t r a w e l l , w i t h t h e LAMMA g i v i n g a d d i t i o n a l 
i n f o r m a t i o n : t h e t - b u t y l , p h e n y l and b e n z y l i o n s s u g g e s t an 
a r o m a t i c compound. 

F i g u r e 20 shows t h e LAMMA 1000 n e g a t i v e s p e c t r u m o f G l y c e r o l 
m o n o s t e a r a t e , a m o n o - e s t e r o f g l y c e r i n e u s e d as an e m u l s i f i e d and 
l u b r i c a n t . As s t a t e d , t h e m a j o r E I pe a k s a r e a l s o i n t h e LAMMA 
s p e c t r u m . Of p a r t i c u l a r i n t e r e s t a r e t h e s t r o n g 358 and 340 
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BENZOPHENONE 
0 

C|3HICP NEGATIVE SPECTRUM FROM LAMMA 1000 
183 M + H 

EI/MS GIVES 182(see text), 105 a 77 105 
M - PHENYL 

183-Probably protonatlon of molecular 
ion due to high pressure 
of material in laser beam. 

77 
PHENYL 1 

ATOMIC MASS UNITS 

Figure 1 6 . Benzophenone—by LAMMA. (Reproduced with permission from 
Ref. 2J7. Copyright 1 9 8 3 I n t e r n a t i o n a l Conference on X-ray Optics and 
Microscopy.) 

ATOMIC™ MASS UNITS 

Figure 17. Rhodomine B—by LAMMA. (Reproduced with permission from 
Ref. 27. Copyright 1983 Inte r n a t i o n a l Conference on X-ray Optics and 
Microscopy.) 

POLY ALPHA METHYL STYRENE 
Unzippable polymer 

NEGATIVE SPECTRUM 
FROM LAMMA 1000 

r=H8 

I05(M-CH2)+H 

EI/MS GIVES 118, 105, 
103,91 ft 78 

105 
(by hydrogen 

transfer 9) 

91 BENZYL ION 

78 BENZENE ION 

118 MONOMER 

ATOMIC MASS UNITS 

Figure 18. Poly alpha methyl styrene, an unzippable polymer—by 
LAMMA. (Reproduced with permission from Ref. 2T7. Copyright 1983 
Inte r n a t i o n a l Conference on X-ray Optics and Microscopy.) 
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peaks by LAMMA, representing a l o s s of H^O, t y p i c a l of the 
rearrangement l o s s i n a l c o h o l or aldehydes: t h i s information i s 
l a c k i n g i n EI. 

These LAMMA "successes" (defined as recognizable to EI/MS) 
gave confidence to t r y an unknown, a residue discovered a f t e r an 
etching and cl e a n i n g process i n device manufacture. Figure 21 
showed the m a t e r i a l to be n i t r o benzene s u l f o n i c a c i d . (Note the 
overlap of the two mass range s p e c t r a , w i t h 157 on both.) 

Figure 22 shows the spectra from 1,4 diphenoxy benzene, a 
polyphenyl ether, taken on the LIMA, r e c e n t l y run w i t h Frank 
Anderson's method, as o u t l i n e d above: again, recognizable 
fragments are produced. This shows that the method i s u n i v e r s a l , 
as expected. 

While i t i s evident that the sp e c t r a of these unknown 
organic m a t e r i a l s c o n t a i n recognizable fragments, there are many 
extraneous peaks beyond EI that add a great d e a l of u n c e r t a i n t y 
i n a n a l y z i n g unknown organic m a t e r i a l s . Considerable and ra t h e r 
b a s i c s t u d i e s of the fragmentatio  path f t h i d 
d i f f e r e n t means of i o n i z a t i o
c o n c e n t r a t i o n , proton
technique should be very u s e f u l f o r analyses of organics. 

Conclusions 

The problem-solving mode o f f e r s great advantages i n developing 
and maintaining the high l e v e l of process c o n t r o l required i n the 
m i c r o e l e c t r o n i c i n d u s t r y today (and tomorrow). The a n a l y t i c a l / 
c h a r a c t e r i z a t i o n group can q u i c k l y show that i t i s a v i t a l p a r t 
of the e n t i r e s e r i e s of process steps from research and 
development to manufacturing and i n t o the f i e l d . The 
problem-solving mode of c l o s e , mutually-accepted cooperation 
between the ana l y s t and the person (process e n g i n e e r / s c i e n t i s t ) 
i s e s s e n t i a l , w i t h the ana l y s t f o l l o w i n g up on who u l t i m a t e l y 
"owns" the problem to see that f i x e s are put i n t o process - and 
documented to minimize repeats of the problem(29). To be 
s u c c e s s f u l , the group must be equipped w i t h a v a r i e t y of 
techniques, used i n a complementary manner to o b t a i n the high 
l e v e l of synergism inherent i n the a n a l y s i s of complex problems. 
There i s no u n i v e r s a l technique. 
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| POSITIVE SPECTRUM 
EMULSiFJER'' AND LUBRICANT FROM LAMMA 1000 
OVER 240, EI/MS GIVES 241,255, 267, 284.285.327 

H 8 
HC-0-C-(CH2)|6CH3 
HC-0H 
HC-OH 

H M.W.«358 267 

84 
241254 p^li9Q 

340 
M-H 20 

358 

ATOMIC MASS UNITS 

Figure 20. 1-Glycol monostearim—by LAMMA. 

SPECTRA FROM LAMMA 1000 
RESIDUE AFTER ETCHING a CLEANING 

NITROBENZENE SULFONIC ACID 
C6H5NO5S 

M* 203 N02 

0 
SO3H 

46-N02 

80 SO3 

JUk L 

157 M-NOE 

ILL jJuJ 

NEGATIVE SPECTRA 
203 Parent (M) 

n 157 M-N02i 173 M-NO 

JLjubJi JL^_u.. jLLau JJIIUIJ. J jU^JikJk. 

C isotope peaks 

Figure 21. Residue a f t e r etching and c l e a n i n g — b y LAMMA. (Repro
duced with permission from Ref. 27. Copyright 1983 Int e r n a t i o n a l 
Conference on X-ray Optics and Microscopy.) 
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1,4 DIPHENOXY BENZENE 

*~ ° ~ @ ) ~ 0 M o l e c u , a

0 5 0 

77 141 218 234 

1 0 0 2 0 0 2 5 0 ^ " 3 0 0 

POSITIVE SPECTRUM FROM LIMA AT 4F 

Figure 22. 1,4 Diphenyl benzene—by LIMA. (Reproduced with 
permission. Copyright Cambridge Mass Spectroscopy Ltd.) 
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I n s u l a t o r s , thermal , thermal-wave 
s p a t i a l r e s o l u t i o n , 254t 

In tegrated c i r c u i t p r o c e s s i n g , 
a n a l y t i c a l requ i rements , 14-15 

In tegrated c i r c u i t t echno logy , s c i e n c e 
and eng ineer ing d i s c i p l i n e s , 2f 

I n t e n s i t y o f l i g h t t ransmi t ted through 
a plane p a r a l l e l p l a t e , 219,220 

I n t e r f a c e s 
c h a r a c t e r i z a t i o n by o p t i c a l 

r e f l e c t a n c e and e l l i p s o m e t r i c 
t e c h n i q u e s , 192-206 

study by XPS, 158 
I n t e r f a c i a l p r o f i l i n g , use o f 

NDP, 171-173 
In te r fe rence f r i n g e s , e l i m i n a t i o n i n 

FTIR i n s t r u m e n t s , 215,219 
In te r fe rogram, s i l i c o n wafer , 218f 
I n t e r m e t a l l i c s , molecu lar 

a n a l y s i s  400-403f 

semiconductor f a b r i c a t i o n , 213 
I o n ( s ) , s t a b i l i t y o f , 268-269 
Ion beams, e f f e c t on specimen be ing 

a n a l y z e d , 124 
Ion chromatogram 

conformal c o a t i n g on w i r i n g 
board , 279f 

s p i n - o n f l u i d so lven t package, 276f 
Ion chromatograph, c o n f i g u r a t i o n , 325f 
Ion chromatography 

study of phosphi te i o n s , 326-328f 
study o f plasma p h o s p h o s i l i c a t e g l a s s 

f i l m s , 327f 
v s . c o l o r i m e t r y f o r we ight -percent 

phosphorus d e t e r m i n a t i o n s , 329t 
Ion c y c l o t r o n resonance , 267 
Ion imaging , SIMS, 111-113 
Ion- imaging mic roscopy , d i r e c t , 85-88 
Ion microprobe , SIMS, 98,111 
Ion ic contaminat ion on a 

s u r f a c e , 367-368 
Irgonax 1010, LAMMA 1000 negat ive 

spect rum, 420f 
I r r a d i a t i o n of samples dur ing 

a c t i v a t i o n a n a l y s i s , 301 
I s o k i n e t i c sample probe , 388,389f 
I s o k i n e t i c i t y requ i rements , moni tor ing 

o f p a r t i c l e s i n gases u s i n g a l a s e r 
c o u n t e r , 383,386-396 

Isopropy l a l c o h o l e x t r a c t of new 
r e s i s t o r c o a t i n g , FTIR 
s p e c t r a , 409f 

I s o t o p i c ana lyses o f semiconductor 
m a t e r i a l s u s i n g ICP-MS, 284-293 

I s o t o p i c d i l u t i o n , use f o r copper 
d e t e r m i n a t i o n , 286,289f,290 

I s o t o p i c s t u d i e s , SIMS, 108-110 
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J 

Japan Electronics Development 
Association, recommendations for 
impurity content determinations of 
s i l i con wafers, 226 

Junction delineation by spreading 
resistance probes, 81-83 

Junction depth, semiconductor materials 
and devices, 26 

Junction location, preferential 
etching, 79-83 

K 

Kinetic energy of photoelectrons, 148 
Kinetics of activation 

analysis, 298-300 
Knowledge, definit ion of the a r t i f i c i a l 

intell igence community,
Knowledge representation, majo

themes, 5-6 

L 

Laboratory manifold used to test 
different sampling 
techniques, 388,389f 

Laminar samples, optical data 
analysis, 194-195 

Laminar systems, thickness 
determinations, 198-199 

LAMMA 1000, analyses with, 414,418-423 
Laser, for generating and detecting 

thermal waves, 182 
Laser aerosol spectrometer, 377-380f 
Laser-annealed s i l icon on s i l i con 

oxide, study with Raman 
microprobe, 236-238f 

Laser-annealing processes, 105 
Laser-beam deflection signal 

relat ive amplitude as a function of 
f i lm thickness, 190f 

relat ive amplitude as a function of 
thermal-wave frequency, 190f 

Laser-beam deflection technique 
schematic, I84f 
used to measure thin-f i lm 

thickness, 183-191 
Laser counter, monitoring of part icles 

in gases, 377-396 
Laser desorption-ionization and mass 

analysis, 399-400 
Laser-probe beam, schematic depiction 

of physical processes 
affect ing, I85f,l89f 

Leaching, study by NDP, 173-175f 

Lead bonding, study by AES, 128-131f 
Lead samples, ICP-MS analysis, 292f,293 
Least-squares regression analysis, use 

in optical data analysis, 195 
Light transmitted through a plane 

paral le l plate, intensity, 219,220 
LIMA spectra, 1,4-diphenoxybenzene, 423 
Locked-in interface, nondestructive 

analysis, 202-204f 
Low-beam-energy SEM image, photoresist 

pattern, 70 
Low-pressure chemical vapor deposition, 

thin films deposited by, 200-202 

M 

Magnetic f ie ld separation of donors, 
def in i t ion, 248 

Magneto-optical photoluminescent 

Magnificatio
analytical image space, 8-9 
determination of optimal range, 12f 

Manifold, laboratory, used to test 
different sampling 
techniques, 388,389f 

Mass analyzer, SIMS instrument, 97 
Mass spectra 

epoxy-bonded die contaminant, 281f 
ethanol, 277f 
indium phosphide sample, 288f 
s i l i c o n , 3l4,317f 
SIMS, 107-108 
transit ion metals, 287f 
trichlorotrif luoroethane, 280f 

Mass spectrometry, inductively coupled 
plasma (ICP-MS), analyses of semi
conductor materials, 284-293 

Material(s) 
analysis, 200-204f 
characterization by optical 

reflectance and ellipsometric 
techniques, 192-206 

control in semiconductor manufacture, 
use of FTMS, 275 

information provided by SEM 
images, 54t 

Metal-can integrated c i rcu i ts , 
analyses, 274,275t 

Metal ions, removal from s i l i con wafers 
with hydrogen f luoride, 372 

Metal-oxide-semiconductor f ie ld-ef fect 
transistor, characterist ics, 19-21 

Metal-oxide-semiconductor technology, 
gate oxides, 4 

Metallic contamination on a 
surface, 367-368 
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Metallization pattern on the surface of 
a transistor, 86f 

Metallography, use of thermal-wave 
imaging, 257,259f,260 

Microanalysis 
break in wire connect, use of Raman 

microprobe, 236 
organic contamination, use of Raman 

microprobe, 231,233-236 
problems, rules used by experts in 

solving, 6-8 
Microelectronics 

applications 
of AES, 118-140 
of Raman microprobe to 

analyt ical problems, 230-238 
processing problem solving, synergism 

of complementary 
techniques, 398-423 

service laboratory, FTMS, 267-282 
Microelectronics devices 

building blocks, 10f 
characterization 

analyt ical approaches, 1-17 
expert systems, 1-17 

Microelectronics materials 
applications, XPS, 144-159 
characterization, SIMS, 96-114 
processing, application of 

NDP, 163-177 
Microstructurally inhomogeneous 

samples, optical data 
analysis, 194-195 

Microwave ref lect ion measurement of the 
recombination l i fetime of 
electrons, 27,28f 

Miniaturization in the microelectronics 
industry 

effect of contaminants, 1,4 
effect of defects, 1,4 
impact, 1,4 

Misfi t dislocat ion, external 
gettering, 83,84f 

Mobility 
def in i t ion , 32 
semiconductor materials and 

devices, 31-32 
Modulated reflectometry 

characterization of al loy 
compositions, 196-197 

characterization of carrier 
concentrations, 196-197 

description, 194 
Moisture analysis, use of 

FTMS, 271,273-277 
Molecular analysis, problem solving by, 

examples, 400-423 
Molecular contamination on a 

surface, 367 

Molybdate blue reaction 
oxoacids of phosphorus, time 

study, 322f 
phosphosilicate glass f i lms, time 

study, 324f 
Molybdenum, f i red , blistered nickel 

over, SEM, 402,403f 
Molybdenum ni t r ide , SIMS depth 

prof i les , 106 
Molybdenum s i l i c i d e , SIMS depth 

pro f i l es , 106 
Monitoring of particles in gases using 

a laser counter, 377-396 
Multilayer corrections, spreading 

resistance system, 41-42 
Multiplet sp l i t t ing , occurrence of , 148 

N 

 diagram,
secondary electron SEM 

photograph, 58f 
Negative-positive ion mode, SIMS, 113 
Neutral donor states, exciton 

transitions from, 245-250f 
Neutron activation analysis (NAA) 

basic features, 295-303 
consequences of using nuclear 

reactions, 297-298 
electronics materials, 294-305 
histogram of detection l imi ts , 297f 

Neutron depth prof i l ing (NDP), 45 
advantages, 177 
applications to microelectronic 

materials processing, 163-177 
boron implants, 45 
foundations, 164-169 

Neutron i r radiat ion, act iv i t ies of 
semiconductors af ter , 299t 

New donors, silicon-oxygen 
complexes, 211 

Nickel 
Auger electron maps, 136f 
bl istered, over f ired molybdenum, 

SEM, 402,403f 
Nickel-chromium, vacuum deposited, 

process control for the 
fabrication of reproducible 
thin-f i lm resistors , 333-347 

Noncontacting measurements, 
semiconductor materials and 
devices, 21 

Nonrigid-rotational states, excitons 
bound to, 244-245 

Nonrigid-rotator model, excited states 
in InP and GaAs, 244 
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Nonspecularly reflected l ight , 
information obtained from, 193 

Nuclear analyt ical techniques, 304-305 
Nuclear magnetic resonance, plasma 

phosphosilicate glass 
f i lms, 330,331f 

Nylon, IR spectrum, 4l6f 

0 

Optical characterization techniques, 
real-time applications, 202,205-206 

Optical ef fects, thermal-wave 
measurement of thin-f i lm 
thickness, I88,l89f 

Optical f ibers , characterization with 
Raman microprobe, 237-238 

Optical microscopy, for examining 
semiconductor wafer surfaces  75-79 

Optical photograph, of VLSI
transistor, 55f 

Optical reflectance and ellipsometric 
techniques, characterization of 
materials, thin f i lms, and 
interfaces, 192-206 

Optics diagram, laser aerosol 
spectrometer, 379f 

Organic cleaning procedures, s i l i con 
wafers, 368 

Oscil lator strength of bound and 
in t r ins ic excitons, 242 

Oxidation 
effect on sheet resistance of thin 

f i lms, 339,34lf 
effect on temperature coefficient of 

resistance of thin 
f i lms, 339,34lf 

reaction, phosphorus tr ioxide, 321 
Oxide f i lm , defects i n , 11,14 
Oxide layers 

on a s i l i con wafer, removal, 368-369 
on a stepped s i l i con substrate, 

high-resolution TEM 
micrographs, 92f 

Oxide removal, influence on cleaning of 
s i l i con wafers, 372 

Oxygen 
and carbon content of s i l i con wafers, 

measurement by FTIR, 208-226 
Auger electron maps, 136f 

P 

Packaging of samples prior to 
activation analysis, 301 

Part ial pressure of gases in deposition 
chamber, control in thin-f i lm 
resistor fabricat ion, 339 

Particle(s) 
characterization by AES, 125-127 
counter cal ibrat ion, 388 
diameter range, laser aerosol 

spectrometer counter, 378,382t 
high-pressure generator, 388,389f 
in gases, monitoring with a laser 

counter, 377-396 
Particulate analysis, nylon vs . 

skin, 4l4,4l6-4l7f 
Peroxide solutions, silicon-wafer 

cleaning, 369 
Phonon frequency, Raman, laser-annealed 

s i l i con on s i l i con oxide, 237,238f 
Phosphate ions 

analysis with and without 
oxidation  322f 

f i lms, 320-321 
Phosphorus 

determinations, colorimetry vs. ion 
chromatography, 329t 

suboxide determinations, 321 
weight percent, plasma doped 

oxides, 330t 
Phosphorus compounds that give positive 

Mo ion tests without a reducing 
agent, 324f 

Phosphorus-doped oxide(s), plasma, 
characterization of 
components, 320-332 

Phosphorus-doped oxide f i lms, 
quantitative analysis by EDS, 6lf 

Phosphorus molybdate blue reaction, 
oxoacids of , time study, 322f 

Phosphorus oxides and acids, 323f 
Phosphorus tr ioxide, oxidation 

reaction, 321 
Phosphosilicate glass films molybdate 

blue reaction, time study, 324f 
Photodetectors, UV-visible, 

characterist ics, 193 
Photoelectric ef fect , 144 
Photoelectrons 

binding energy, 148 
kinetic energy, 148 

Photoluminescence studies, high 
resolution, of GaAs, 243-245 

Photoluminescent spectroscopy, 
magneto-optical, characterization 
of GaAs, 240-251 

Photoresist pattern, low-beam-energy 
SEM image, 70 
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Photoresist stripping methods, 368 
Physical characterist ics, spin-on glass 

f i lms, 352 
Physical constraints, microelectronic 

devices, 9,11 
Physics of NDP, 164-165 
Piping bends, effect on part icle 

concentration, 393,395f 
Planarization and adhesion 

characterist ics, spin-on glass 
f i lms, 355,356f 

Planarizing d ie lec t r ics , spin-on glass 
f i lms, characterization of , 349-364 

Plasma etching 
AES survey spectra from aluminum 

surfaces exposed to, 138f 
spin-on glass f i lms, 354-355 

Plasma phosphorus-doped oxides, 
characterization of 
components, 320-332 

Plasma phosphosilicate glass
suboxides of phosphoru

Plasma phosphosilicate glas
ion chromatographic study, 327f 
NMR, 330,331f 

Platinum-silicon, AES sputter depth 
prof i les , 133f 

Polarimetry, description, 194 
Polarized l ight microscopy, general 

discussion, 398 
Poly(ethylene terephthalate), 

identi f icat ion on a s i l icon wafer 
with Raman microprobe, 233 

Poly(a-methylstyrene), LAMMA 1000 
negative spectrum, 4l9f 

Positive-negative ion mode, SIMS, 113 
Postirradiation chemistry, activation 

analysis, 301-302 
Preferential etching, junction 

locat ion, 79-83 
Pressure-reduction di f fuser , laser 

aerosol spectrometer, 378,383-385f 
Pretreatment of samples for activation 

analysis, 300 
Primary ion source, SIMS instrument, 97 
Probability distr ibut ions, 

microelectronics devices, 11 
Probes, spreading resistance 

technique, 35-41 
Problem solving 

by molecular analysis, 
examples, 400-423 

expert systems, 5-6 
guidelines, 7-8 
microelectronics processing, the 

synergism of complementary 
techniques, 398-423 

Process background and requirements, 
thin-f i lm resistor 
fabrication, 334-338 

Process control of vacuum-deposited 
nickel-chromium for the fabrication 
of reproducible thin-f i lm 
resistors, 333-347 

Process development 
thin-f i lm resistor 

fabrication, 335,338f-341 
use of AES, 130-140 

Process history, thin-f i lm resistor 
fabrication, 335,336t 

Process influence and improvements, 
thin-f i lm resistor 
fabricat ion, 344,346-347 

Prompt Y-ray activation analysis, 
histogram of detection l imi ts , 297f 

Quantitative aspects of AES, 121 

R 

Radiative recombination, exciton bound 
to a neutral donor, 246f 

Radioactivity assay, activation 
analysis, 302 

Radioactivity of a radionuclide at the 
end of an irradiation interval , 298 

Radio-frequency spark source, 313f 
Radiotracer methods, evaluation of 

metallic and ionic cleaning 
procedures, 370 

Raleigh distr ibut ion, small spherical 
part ic les, 11 

Raman microprobe 
application to analytical problems of 

microelectronics, 230-238 
characterization of optical 

f ibers , 237-238 
characterization of 

semiconductors, 237-238 
general instrument design, 231,232f 
study of laser-annealed s i l i con on 

s i l i con oxide, 236-238f 
use in microanalysis of break in wire 

connect, 236 
use in microanalysis of organic 

contamination, 231,233-236 
Raman phonon frequency, laser-annealed 

s i l i con on s i l i con oxide, 237,238f 
Raman scattering, description, 230 
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Raman spectroscopy, general 
discussion, 398-399 

Reaction ion etching, spin-on glass 
f i lms, 354 

Real-time applications of opt ical 
charact e r i za t ion 
techniques, 202,205-206 

Recombination-generation l ifetime of 
electrons, 26-29 

Recording surface, contamination 
problem, 410,413-415 

Reflectance-based optical techniques 
characterization of materials, thin 

f i lms, and interfaces, 192-206 
general pr inciples, 193-195 

Reflection electron d i f f ract ion , Au-Sn 
preforms, 404,406f 

Reflectometers, use in thickness 
determinations in laminar 
systems, 198 

Reflectometry, description
Reflow glass process for planarizin

inter level d ie lectr ic layers, 350 
Refractive index of a i r , 187 
Relaxation time for a par t ic le , 

def in i t ion, 386 
Reproducibility of IR absorption 

spectroscopy, s i l i c o n 
wafer, 22^\ ,222f 

Residual donors in GaAs, 243-244 
Residual gas analyzer traces, use in 

thin-f i lm resistor fabricat ion, 339 
Residues, determinations using 

TMS, 275,278-280f 
Resistance, effect on drain and 

transconductance, 32 
Resistance plots using wafer 

mapping, 22f 
Resist ivi ty 

of contacts, study by AES, 128,129f 
of semiconductor materials and 

devices, 21-22 
Resistor performance, effect of major 

process variables, 335,33bf-341 
Resolution of NDP, 167 
Rhodamine B, LAMMA 1000 negative 

spectrum, 4l9f 
Rigid-rotator model, excited states in 

CdTe, 244 
Rutherford backscattering 

thin- f i lm analysis, 83 
use with NDP, 176 

Rydberg, ef fect ive, def in i t ion, 243 

S 

Sampling through a tee, effect on 
particle concentration, 393,394f 

Satel l i te structure, 
description, 146,148 

Scanning electron microscopy (SEM) 
advantages, 49-50 
beam-specimen interactions, 52-53 
blistered nickel over f ired 

molybdenum, 402,403f 
cross-sectional analysis, 56 
e lec t r ica l techniques, 62-67 
imaging techniques, 52-56 
role in VLSI processing, 67,69-72 
semiconductor materials character

izat ion, 49-72 
thermal-wave imaging, 253-265 
wafer inspection, 67,70,72 
working pr inciple , 50-52 
X-ray microanalysis, 56,59-62 

Schottky barrier heights, study by 
XPS, 157 

Secondary electron SEM photograph 

Secondary ion detector, SIMS 
instrument, 97 

Secondary ion mass spectroscopy (SIMS) 
characterist ics, 99-102 
chemical sequence comparison, 375 
comparison to spreading resistance 

technique, 45-47 
description, 96-97 
detection l imits for dopants, 100t 
images 

factors affect ing, 111-112 
uses, 112 

impurity analysis in semiconductor 
matrices, 83,85-88 

instruments, 97-100 
low levels of contamination on 

s i l i con surfaces, 370-375 
microelectronic materials 

characterization, 96-114 
modes of analysis, 102-113 
semiconductor e lect r ica l 

characterization, 24 
spin-on glass f i lms, 357 
use with NDP, 174,176 

Semiconduc tor(s) 
after neutron i r radiat ion, 

a c t i v i t i e s , 299t 
charac te r i zat ion 

e l e c t r i c a l , 18-33 
elemental and isotopic, using 

ICP-MS, 284-293 
using SEM techniques, 49-72 
with Raman microprobe, 238 

defect diagnostics for submicro-
meter VLSI technology, 75-94 

impurities, vibrational 
modes, 216f 
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Semiconductor(s)—Continued 
matrices, impurity analysis, 

SIMS, 83,85-88 
technology, application of 

SSMS, 315-319 
XPS studies, 157-158 

Sensi t iv i ty , analyt ical image 
space, 8-9 

Sequencing, chemical, silicon-wafer 
cleaning, 370,372-375 

Sheet resistance of thin f i lms, effect 
of oxidation, 339,34lf 

Shewhart control charts in s t a t i s t i c a l 
quality control , 342-344 

Shorted metal l ines 
secondary electron SEM 

photograph, 65f 
voltage contrast SEM photograph, 65f 

S i l i c a films 
absorption bands, 357,358f 
chemical vapor deposition

Si l ic ides 
formation, study by AES,
study by XPS, 154,157 

Si l icon 
AES spectrum, 139f 
Auger electron maps, 134f 
Brewster's angle, 219 
bulk, size distr ibution of 

defects, 13f 
composite ion image, 87f 
c rys ta l , s t r ia t ion , 76,77f 
device, subsurface mechanical 

defects, 258f 
donors, in GaAs, 245-251 
integrated c i rcu i t processing, 

recombination-generation l i fet ime 
of electrons, 29 

laser annealed, on s i l i con oxide, 
study with Raman 
microprobe, 236-238f 

mass spectra, 314,317f 
oxygen and carbon i n , 209-215 
2p photoelectron 

region, 147f,152f,156f 
sample impurities, comparison, 316t 
secondary electron images, 139f 
solar c e l l 

electron micrograph, 263f 
thermal-wave images, 262-263f 

spin-on glass interface 
studies, 357,359-36lf 

surface image, 89f 
trace element characterization, 303 
XPS studies, 153-156f 

Silicon-carbon complexes 
absorption bands, 213,214f 
carbon distr ibut ion, 213 
e lec t r ica l ly active defects, 213,215 

Silicon-chromium thin-f i lm res is tors , 
l ight optical photograph, 134f 

Silicon-oxygen complexes 
absorption bands, 209,211 
effects of annealing on the 

configuration, 21Ot 
e lec t r ica l ly active defects, 211 
energy-level diagrams, 212f,2l4f 
new donors, 211 

Si l icon wafer(s) 
cleaning, effects of various 

chemistries, 366-375 
interferogram, 218f 
IR transmission spectra, 217f 
oxygen and carbon content, 

measurement by FTIR, 208-226 
with a rough back surface, absorption 

spectrum, 222f 
Si l icone, identi f icat ion on a s i l i con 

wafer with Raman microprobe, 233 

general discussion, 398-399 
Soft XPS, 153 
Solder pad joining, 410,411f 
Solder reflow, Cu-Sn intermetallics 

formed on, X-ray 
d i f f ract ion, 400-403f 

Sol ids, thermal conductivity of , 
temperature dependence, 187 

Spark source mass spectrometry (SSMS) 
application to semiconductor 

technology, 315-319 
common interferences, 314-315 
data interpretation, 309,315 
history, 309-310 
instrument design, 309,311-313f 
mass spectra, 314-315,317f 
sample requirements, 311> 314 
trace element survey analyses, 308-31 

Specimen preparation, AES, 124-125 
Spectra obtained from NDP, 165-167 
Spectroscopic ellipsometry, 

description, 194 
Specularly reflected l ight , information 

obtained from, 193 
Spin-on and cure procedure, spin-on 

glass f i lms, 352 
Spin-on d ie lec t r ics , 350-352 
Spin-on f lu id solvent package 

composition, 275t 
gas chromatogram, 276f 
ion chromatogram, 276f 

Spin-on glass films 
as interlevel d ie lec t r ics , 350-352 
as planarizing d ie lec t r ics , 

characterization of, 349-364 
Auger depth pro f i le , 361f 
Auger studies, 357 
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Spin-on glass films—Continued 
d ie lect r ic properties, 353t 
e lec t r ica l characterist ics, 353-354 
ESCA studies, 357 
etch rates, 354 
f i lm composition and structure, 355 
f i lm thickness as a function of spin 

speed, 352t 
general characterist ics, 352 
IR spectra, 355,357,358f 
physical characterist ics, 352-353 
planarization and adhesion 

characterist ics, 355,356f 
SIMS studies, 357 
spin-on and cure procedure, 352 
stress, 359,362-364 

Spin-on g lass-s i l icon interface 
studies, 357,359-36lf 

Spreading resistance probes, junction 
delineation, 81-83 

Spreading resistance techniqu
accuracy, 42,45 
applications, 47-48 
comparison to SIMS, 45-47 
doping prof i les , 34-48 
general discussion, 35-42 
semiconductor e lec t r ica l 

characterization, 24 
use with NDP, 176 

Sputter-etching technique for 
planarizing interlevel d ie lect r ic 
layers, 350 

Static SIMS 
general discussion, 110 
instrument, 99 

Sta t is t ica l analysis, thin-f i lm 
resistor fabricat ion, 335,337-338f 

Sta t is t ica l quality control 
charts, 342-344 

Sta t is t ica l signif icance, number of 
samples needed, 378,38lt 

Stokes number for a sampling tube 
in le t , def in i t ion, 383 

Stress 
laser-annealed s i l i con on s i l i con 

oxide, study with Raman 
microprobe, 236-238f 

spin-on glass f i lms, 359,362-364 
Submicrometer VLSI technology, 

semiconductor materials defect 
diagnostics, 75-94 

Suboxide determinations, 
phosphorus, 321 

Subsurface mechanical defects, 
detection with a thermal-wave 
microscope, 257,258f 

Success, def in i t ion, 6 

Sulfur donors, in GaAs, 245-251 
Superconducting magnet 

instrumentation using, 268 
of the FTMS, block diagram, 270f 

Surface 
and sample quality, characterization 

with a focused-spot 
reflectometer, 195-197f 

contaminants on, 367-368 

T 

Tantalum 4f photoelectron region, 151f 
Tantalum s i l i c i d e on s i l i c o n , depth 

prof i le , 151f 
Temperature coefficient of resistance 

of thin films 
effect of chromium 

Temperature dependence, thermal 
conductivity of so l ids , 187 

Texels 
analytical image space, 9 
def in i t ion, 1 

Thermal conductivity of so l ids , 
temperature dependence, 187 

Thermal-cooled module, 400 
Thermal lens ef fects, thermal-wave 

measurement of thin-f i lm 
thickness, I83,l85f,l87 

Thermal oxide f i lm , Auger depth 
prof i le , 360f 

Thermal wave(s) 
detection, 182,254 
generation and description, 253 
images 

GaAs crysta l , 265f 
GaAs device, 262f 
s i l i con solar c e l l , 262-263f 

imaging 
in an SEM, 253-265 
physical processes, 255f 

measurement of thin-f i lm 
thickness, 181-191 

micrographs 
aluminum-zinc a l loy , 259f 
cobalt-chromium a l loy , 259f 

microscope system as part 
of an SEM, 258f 

Thermoacoustic probe for detecting 
thermal waves, 182 

Thermoacoustic waves, description, 254 
Thickness determination in laminar 

systems, 198-199 
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Thin fi lm(s) 
characterization 

by AES, 130-135 
by optical reflectance and e l l i pso 

metric techniques, 192-206 
deposited by low-pressure chemical 

deposition, 200-202 
deposition procedure, 334-336t 
NDP study, 173-175f 
SIMS depth pro f i l ing , 105-107 
th i ckne s s , therma1-wave 

measurement, 181-191 
Thin-fi lm resistor(s) 

AES study, 132,134f 
requirements, 336t 

Thin-film resistor fabrication 
control chart for percent 

chromium, 342-345f 
process background and 

requirements, 334-338 
process control of vacuum-deposite

nickel-chromium, 333-34
process development and 

characterization, 335,338f-341 
process influence and 

improvements, 344,346-347 
Tin-copper intermetallics formed on 

solder reflow, X-ray 
d i f f ract ion, 400-403f 

Tin-gold braze material, 402,404-408 
Titanium metal, photoelectron 

spectrum, I47f 
Titanium-sil icon, AES sputter depth 

prof i les , 133f 
Trace element survey analyses by 

SSMS, 308-319 
Trace methods of analysis, 31Of 
Transfer of samples during activation 

analysis, 301 
Transistor, metallization pattern on 

the surface, 86f 
Transition metals, mass spectrum, 287f 
Transitions from neutral donor states, 

excitons, 245-250f 
Transmission electron microscopy 

(TEM), 88,90-92 
Trichloroethane sample, analysis of 

impurities, 319t 
Trichlorotrifluoroethane, mass 

spectrum, 280f 

V 

Vacuum-deposited nickel-chromium, 
process control , for the 
fabrication of reproducible 
thin-f i lm res is tors , 333-347 

Very large scale integration (VLSI) 
bipolar transistor 

backscatter electron SEM 
photograph, 57f 

electron-beam-Induced current 
photograph, 68f 

optical photograph, 55f 
secondary electron SEM 

photograph, 55f,68f 
Y-modulation SEM photograph, 57f 

processing, role of SEM, 67,69-72 
technology 

sensit iv i ty to defects and 
contamination, 4 

submicrometer, semiconductor 
materials defect 
diagnostics, 75-94 

Vibrational modes, semiconductor 
impurities, 216f 

Visible-UV photodetectors, 

,
SEM photograph, shorted metal 

l i n e s , 65f 

W 

Wafer(s) 
inspection, use of SEM, 67,70,72 
mapping, recombination l i fetime 

of electrons, 27,28f 
s i l i c o n , effects of various chemis

tr ies on cleaning, 366-375 
Wavelength dispersive X-ray 

spectroscopy, performance 
characterist ics, 60f 

Wiring board, conformal coating on 
gas chromatogram, 279f 
ion chromatogram, 279f 

X 

X-ray di f fract ion 
Cu-Sn intermetallics formed on solder 

reflow, 400-403f 
general discussion, 398 
poorly wetting Au-Sn 

preform, 404,405f 
X-ray microanalysis, SEM, 56,59-62 
X-ray photoelectron spectroscopy (XPS) 

general discussion, 146-153 
microelectronic materials 

applications, 144-159 
X-ray photon, generation, 56,59 
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